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(i) Abstract 

	
  
The immune system, which defends the body against a wide array of threats, is gaining a 

growing role in the fight against cancer. For an immunotherapy to be successful, it needs to 

overcome intrinsically weak tumour-specific immune responses.  There are two broad 

approaches to achieving this goal: targeting the various arms of the immune system or 

targeting the cancer and its microenvironment.  The experiments discussed in this thesis adopt 

the second approach.  Tumours were transduced with a combination of costimulatory 

molecules: CD48, CD54, CD70 & CD86, the chemokine CX3CL1 and the cytokines: IFNγ, GM-

CSF and IL-12.  Transduction of costimulatory molecules enhances priming in-vitro and cause 

tumour rejection and delayed tumour growth in-vivo.  This effect is demonstrated with single 

costimulatory molecules but is more pronounced when multiple costimulatory molecules are 

transduced.  Addition of the cytokines and chemokine enhanced tumour rejection, and also 

resulted in partial rejection of contralateral parental tumours.  Attempts to enhance anti-

tumour memory by fusing IL-2 and IL-15 to their respective receptors are also discussed. Work 

in a human/mouse chimeric PD-1 mouse model shows that transduction of multiple 

costimulatory molecules is able to overcome intrinsic anti-PD-1 resistance. Radiation is known 

to result in upregulation of several costimulatory molecules within tumours or their infiltrating 

dendritic cells. The experiments presented here suggest that radiation therapy may be useful in 

overcoming anti-PD-1 therapy resistance.  In human trials, approximately three quarters of 

cancers fail to respond to anti-PD-1 therapies. Understanding and potentially overcoming anti-

PD-1 therapy resistance is therefore of great interest.  

 
 
 
 
 
 

Submitted to the Department of Oncology, University of Oxford in partial fulfilment for the 
degree of Doctor of Philosophy. Trinity term 2014 
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(v) Abbreviations 
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B16-CD70: B16-F10 transduced with CD70 
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CX3CL1: Chemokine (C-X3-C motif) ligand 1 
Cy7: Cyanine 7 
DCs: Dendritic Cells 
DKO: See BALB/c DKO 
DMEM: Dulbecco's Modified Eagle's Medium 
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FDA: United States Food and Drug Administration 
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Fox-3: Forkhead box p3 
GCN2: General control nonderepressible 2  
G-CSF: Granulocyte colony stimulating factor 
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Gy: Gray (SI unit of ionizing radiation) 
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IFNγ: Interferon gamma 
IL: Interleukin (eg. IL-12) 
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MHC: Major Histocompatibility Complex 
NF-κβ: Nuclear factor kappa-light-chain-enhancer of activated B cells 
NK: Natural Killer 
NKT: Natural Killer T cells 
NNMU: N-nitroso-N-methylurethane 
PE: Phycoerythrin  
PD-1: Programmed Cell Death -1 
PD-L: Programmed Cell Death Ligand -1 
PD-L2: Programmed Cell Death Ligand -2 
PI3K: Phosphoinositide 3-kinase 
PFU (pfu): Plaque forming units 
PSA: Prostate-Specific Antigen  
R0: RPMI 1640 without supplementation 
R10: RPMI 1640 supplemented with 10% FBS 
SEM: Standard error of the mean 
SNPs: Single nucleotide polymorphisms  
TCR: T Cell Receptor 
TNFR: Tumor necrosis factor receptor 
TLR: Toll-like receptor 
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1. Introduction 

1.1	
  Overview	
  

There is much current interest in targeting the immune system as an anti-cancer therapy. The 

link between the immune system and the development of cancer was first proposed by Rudolf 

Virchow, the father of modern pathology who observed a “lymphoreticular infiltrate” within 

tumours in 1863.1,2 One hundred and fifty years later, successful anti-cancer immunotherapy 

treatments are for the first time entering routine clinical practice and are making a real 

difference to the lives of patients.  

 

The immune system is the body’s main defence against an array of threats.  Although its 

primary role is to differentiate self from non-self and to defend the body against an array of 

foreign threats, it is also involved in identifying the body’s own cells that have undergone 

changes to become cancerous.  During this process of carcinogenesis, whereby normal cells 

undergo series of mutations to become cancer cells, there is an evolutionary pressure on 

developing cancers to evade immune surveillance.  Amongst changes described are the loss of 

MHC-I expression and β-2 microglobulin3-7, the presence of regulatory T Cells5,8-14 and myeloid 

derived suppressor cells (MDSCs)5,15,16 in the tumour microenvironment along with the secretion 

of immunosuppressive cytokines.17 The net result of these changes is that tumour-specific 

immune responses are weak.  Broadly, there are two approaches that can be taken towards 

reversing this situation. It is possible to target either the various arms of the immune system or 

target the cancer and its microenvironment.  The experiments discussed in this thesis adopt the 

second approach, through genetic modification of tumour cells, with the aim of simultaneously 

activating multiple arms of the immune system.  
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1.2	
  Immune	
  recognition	
  of	
  cancers	
  

1.2.1	
  Tumour	
  sensing	
  and	
  recognition	
  by	
  the	
  adaptive	
  and	
  innate	
  immune	
  
systems	
  

The immune system is continually exposed to dead and dying cells that arise from physiological 

processes such as cell turn over and repair following injury and pathological processes such as 

infection or malignancy.  In some instances it is appropriate for dead and dying cells to activate 

the immune system, whilst in other situations this would lead to autoimmunity.  It therefore 

stands to reason that mechanisms exist to differentiate these various triggers. With regard to 

infected cells, the presence of pathogen-associated molecular patterns (PAMPs)18 that include 

components of the bacterial cell wall and viral DNA, are able to trigger an immune response.  

The immune system is also able to recognise dying cells through damage-associated molecular 

patterns (DAMPs). This is a more general process that relies on various immunogenic signals 

arising from the dying cells. 

 

Anti-cancer therapies such as chemotherapy, radiotherapy or biological therapies that result in 

tumour cell death have the ability to trigger an immune response.  The term “cell death” 

encompasses a number of physiological processes including apoptosis, autophagic death, 

necrosis and mitotic catastrophe (reviewed in Galluzzi et al19 and Green et al20).  Whilst dying 

cells share a common fate, their mode of death can result in divergent effects on the immune 

system, resulting in either immunogenic cell death or conversely induction of immune 

tolerance.  In addition to the mode of tumour cell death, the immunological outcome of the 

encounter between dying tumour cells and the immune system is also dependent upon the 

intrinsic antigenicity of the tumours and the presence of immune cells in the tumour 

microenvironment. Radiation therapy, and some classes of chemotherapeutic drugs, eg 

anthrocyclines along with the platinum agent oxaliplatin have been shown to be able to 
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activate the adaptive arm of the immune system. Tumour derived peptide epitopes, which are 

discussed in greater detail in section 1.2.3 below, can be presented to CD8 T cells in a process 

that involves the calreticulin pathway, Toll-Like Receptor 4 (TLR4) and High-Mobility Group Box 

1 (HMGB1).21-25 This however, is not true of all chemotherapeutic agents. Alkylating agents 

such as cyclophosphamide and other chemotherapeutic agents including the platinum agent 

cisplatin cause tumour cell death without activating these pathways.  Rather than activating 

the immune system this second class of chemotherapeutic agents have instead been shown to 

contribute to immune tolerance.25,26 

1.2.2	
  Immunoediting	
  and	
  Immune	
  Surveillance	
  

Immunoediting and immune surveillance are host protection processes involved in both 

eliminating nascent tumours and sculpting the immunogenic phenotypes of tumours that 

eventually form in immunocompetent hosts. They can be broken down into three distinct steps: 

elimination, equilibrium and escape.27 Several immune effector cells and secreted cytokines 

play a critical role in pursuing each process. Nascent transformed cells can initially be 

eliminated by an innate immune response by NK or NKT cells.28-30 If the elimination stage is 

fully successful, all tumour cells are removed with no sequelae. If there is only partial 

elimination of the tumour however, the developing tumour and immune system enter an 

equilibrium phase.31 Whilst in equilibrium, tumour cells can either remain dormant or continue 

to evolve, with the immune system exerting a counter-selective pressure, immune editing, 

which eliminates susceptible tumour clones. Escape occurs at such a time that the tumours 

evolve a mechanism of escaping immune control.32 A variety of tumour-derived soluble factors 

contribute to the emergence of complex local and regional immunosuppressive networks, 

including vascular endothelial growth factor (VEGF)33, IL-1034, TGF-β35, prostaglandin E236, 

soluble Fas37 and soluble FasL10038. These secreted factors are able to exert their effects both 
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locally within the tumour, and also in local lymph nodes, thereby promoting both local invasion 

and distant metastases.32-38 

1.2.3	
  Tumour	
  Antigens	
  

Tumour antigens are a term used to describe antigen preferentially expressed by tumour cells 

compared to normal tissues.  They can be derived from any protein or glycoprotein synthesised 

by the tumours.  They can be primarily found in any of the subcellular compartments and can 

be membrane-bound, cytoplasmic, nuclear-localised, or secreted.39 They are categorised as 

follows: 

• Oncofoetal Antigen: These are defined as antigens expressed only in foetal tissues and in 

cancerous somatic cells. Carcinoembryonic antigen (CEA) is the most important antigen in 

this class and is reviewed by Shively et al.40 and discussed further in section 3.1.6.40-42 

• Oncoviral Antigen: These are tumour antigens encoded by tumorigenic transforming 

viruses.  The main clinical relevance of this relates to Human papillomavirus (HPV) induced 

squamous cell carcimonas of the cervix, anus and oropharynx.43 

• Overexpressed Antigen: Tumour antigens of this class are present in normal tissues, but are 

found at increased frequency in tumours. The Her-2/neu oncogene is the most clinically 

important tumour antigen in this class and is reviewed in references 43 & 44.43,44 

• Cancer-Testis Antigen: These are expressed in cancer cells along with reproductive tissues, 

particularly testis and placenta e.g. MAGE45 and NY-ESO-146-48 

• Lineage-Restricted Antigen: expressed principally by one cancer histotype. This subtype 

includes Prostate-specific antigen (PSA)49 along with the melanoma antigen Melan-

A/MART-150, Gp100/pmel1751, TRP-152 and TRP-253,54 

• Mutated Antigen: This class of antigen is expressed by cancer cells as a result of either a 

genetic mutation, or alteration in transcription. The melanoma antigen MART-2 is one such 
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example.55 

• Posttranslationally Altered Antigen: This class of antigen arises through alterations in 

glycosylation. One such example of this antigen class is the breast antigen MUC-156,57 

• Idiotypic Antigen: These are highly polymorphic genes where a tumour cell expresses a 

specific “clonotype”. This type of antigen is more pertinent to haematological malignancies 

than solid tumours and is particularly relevant in B cell, T cell lymphoma and leukaemia 

which result from clonal aberrancies.58,59 

 

1.3	
  The	
  Tumour	
  Microenvironment	
  

In addition to the neoplastic cells themselves, the tumour microenvironment comprises stromal 

cells epithelial cells, blood vessels, lymphatic vessels, soluble factors including cytokines, 

chemokines and several different infiltrating immune cells. Tumours are able to manipulate the 

microenvironment to the advantage of the tumour and detriment of the host.  This process 

involves key cell types including Regulatory T Cells and Myeloid Derived Suppressor Cells.  

Understanding the mechanisms by which they facilitate tumour growth opens potential 

therapeutic options to disrupt these processes.  

 

1.3.1	
  Regulatory	
  T	
  Cells	
  

Regulatory T Cells evolved to maintain a balance between the occasionally conflicting goals of 

the immune system: targeting harmful stimuli whilst avoiding autoimmunity. Regulatory T cells 

were initially defined on the basis of CD4 and CD25 expression8, however subsequent attempts 

to further refine this population have led to the current definition on the basis of forkhead 

family transcription factor, forkhead box p3 (Foxp3) positivity.60 In addition to being CD4 and 
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CD25 positive, this population of cells usually express high levels of cytotoxic T-lymphocyte 

associated molecule-4 (CTLA-4) and low levels of the IL-7 receptor (CD127).  Congenital 

absence of the human Foxp3 gene gives rise to Immune dysregulation, Polyendocrinopathy, 

Enetropathy, X-linked (IPEX) syndrome which is fatal within the first year of life.61,62 The 

transgenic Scurfy mouse which also has mutation in the Foxp3 gene has a similar 

phenotype.61,62 When regulatory T cells are removed from adult mice in an in-vivo tumour 

model, it is possible to inhibit tumour growth in B16 and other animal tumour models.8. A new 

class of drugs targeting regulatory T cells such as Ipilumumab, a fully humanised monoclonal 

antibody against CTLA-4, have now entered clinical use.  These agents will be discussed in 

greater detail in section 1.4.1 below. 

 

1.3.2	
  Myeloid-­‐Derived	
  Suppressor	
  Cells	
  (MDSCs)	
  

MDSCs arise from immature myeloid cells of granulocytic and monocytic origin that fail to 

differentiate into mature myeloid cells. Instead they expand and are activated within the 

tumour microenvironment where they suppress both innate and adaptive immune 

functions.15,63-65 They have been characterised in both mice and humans. Compared to normal 

controls, high levels have also been identified in the blood of patients with a variety of tumour 

types including non small cell lung cancer, breast cancer, head and neck cancers and renal cell 

cancer.66-68 Their presence correlates with worst clinical outcomes.69-71 The majority of MDSCs 

are granulocytic and exert their immunosuppressive effects predominantly via production of 

reactive oxygen species64,72 Their monocytic counterparts, though less in number are more 

potent in their immunosuppressive function and act via production of inducible nitric oxide 

synthase (iNOS) and arginase-1.64,73-76 The ratio of tumour derived granulocyte colony 

stimulating factor (G-CSF) to granulocyte-macrophage colony stimulating factor (GM-CSF) is a 
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determinant of the relative size of the respective populations, with G-CSF driving granulocytic 

MDSC differentiation.77 Adoptive transfer of MDSCs promotes tumour growth.78 Monocytic 

MDSCs have been implicated in tumourigenesis via inducible nitric oxide production, with 

abolishment of MDSC proliferation in tumour bearing iNOS deficient mice.79 Conversely, it is 

possible to enhance anti-tumour response by elimination of MDSCs in pre-clinical models.80,81 

Several chemotherapeutic agents including 5-Fluorouracil82, docetaxel83, paclitaxel84 and 

gemcitabine85 are believed to owe some of their anti-cancer activity to their ability to suppress 

MDSCs. 

 

1.3.3	
  Indoleamine	
  2,3-­‐dioxygenase	
  (IDO)	
  

IDO is the rate-limiting enzyme of tryptophan catabolism in the kynurenine pathway.  It is a 

negative regulator of T cells via several complimentary pathways. It is expressed in the 

placenta where it plays a physiological role in pregnancy, protecting the growing foetus from 

maternal T cells.86 It is also expressed by many human tumours leading to non-physiological 

immunosuppression, which correlates with aggressive, advanced disease and worst 

prognosis.87-95 This is mediated by several complimentary pathways, it activates the GCN2 

(general control nonderepressible 2) kinase pathway leading to arrest of T cell proliferation and 

anergy.96 Some tryptophan metabolites also mediate lymphocyte apoptosis.97 In addition, IDO 

regulated decrease in tryptophan induces a regulatory T Cell phenotype in naïve T Cells within 

the tumour98-101 and draining lymph nodes102.  Attempts to inhibit IDO using the small molecule 

inhibitor 1-methyl-L-tryptophan (1-MT) are under current evaluation, showing delayed tumour 

growth in murine tumour models87,89,103 and IDO inhibitors are also undergoing evaluation in 

several early phase clinical trials104-106 
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1.3.4	
  Tumour	
  Associated	
  Macrophages	
  (TAMs)	
  

Tumour Associated Macrophages (TAMs) are derived from circulating monocytes or resident 

tissue macrophages and have been identified within the tumour microenvironment of many 

different tumour types.107-110 TAMs are a heterogeneous population comprising M1 and M2 

macrophages. M1 macrophages are characterised by LPS and IFNγ mediated activation and 

secretion of high levels of IL-12 and low levels of IL-10.  They are also termed “classically 

activated” or “killer” macrophages. In contrast M2 phenotype macrophages, also termed 

“alternatively activated” or “repair” macrophages are characterised by IL-4 mediated 

activation and secretions of high levels of IL-10 and TGFβ and low levels of IL-12.111 In several 

tumour types, TAMs appear to undergo intratumoural differentiation such that there becomes a 

preponderance of M2 Macrophages.  This in turn promotes tumour growth and is associated 

with worse clinical outcomes.112 

1.3.5	
  Experimental	
  animal	
  tumour	
  models	
  	
  

Several experimental animal tumour models are available for investigating tumour growth and 

response to treatment in a preclinical setting. The benefits and disadvantages of genetically 

engineered tumour models, humanised mouse tumour models and transplantable tumour 

models are discussed below: 

 

Genetically engineered tumour model: many mouse strains with mutations in immune response 

genes have a susceptibility to the development of cancer.  This predisposition can be used 

either using a temporal model where mice are allowed to age and frequency and nature of 

tumours studied.  Alternatively the genetic predisposition can be combined with a further insult 

such as exposure to carcinogens (eg. 3-Methylcholanthrene, MCA) akin to the Knudson two-hit 

theory for tumour development113.  The benefit of this model is its ability to reproduce the 
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multistage pathogenesis of cancer along with imitating the interaction between cancer cells 

and their microenvironment. This model has also proven useful in developing an understanding 

of the mechanisms involved in immunoediting and immune surveillance114-116, which were 

discussed in section 1.2.2. Because of the considerable variability in onset and nature of 

tumours that develop, this model does not lend itself well to comparative studies of different 

interventions for which in one would aim to have several animals developing comparable 

tumours starting at the same point of time.   

 

Humanised mouse models of cancer: This model utilises human tumours xenografted into 

immunodeficient mice.  Using actual human tumours has certain advantages over other 

experimental models, particularly in the investigation of novel biological and cytotoxic agents.  

From an immunological perspective, whilst it is technically possible to immunologically 

reconstitute these mice117, when it comes to studying the interaction between tumour and cells 

of the immune system, other tumour models have clear advantages. 

 

Transplantable tumour model: Tumour cell lines including B16, CT26 and EL4 are injected 

subcutaneously, orthotopically (e.g. injection of breast cancer cell line into mammary fat pad) 

or intravenously.  Benefits of this model include the speed and reproducibility of tumour 

growth. The technique also lends itself well to expression of transduced model antigens, 

including ovalbumin, which coupled with the availability of mice expressing transgenic T cell 

receptors specific for such antigen, allows investigation of T cell - tumour interactions.118 

Transduced foreign antigens, such as ovalbumin, are more immunogenic than intrinsic antigen 

and as such may result in T cell tolerance. This issue can be overcome by using endogenous 

tumour antigens, recognised by CD4 or CD8 T cells.119-121 Possible disadvantages to using 

transplantable tumour models include that both local injection and sudden delivery of a large 

number of tumour cells at a site will induce a degree of local inflammation that may affect 
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therapeutic responses. This would be predicted to be particularly problematic with tumour 

lines, such as EL4, that are intrinsically immunogenic as compared to those, such as B16, which 

are poorly immunogenic.122 Most importantly, as discussed further in sections 1.4, 3.1, 4.1 and 

5.1 of this thesis, experimental transplantation tumour models have in several cases 

successfully identified active immunotherapy targets that have subsequently been shown to 

also have activity against human tumours in the clinical setting.  In other instances, also 

discussed in sections 3.1, 4.1 and 5.1, successful immunotherapeutic interventions in 

transplantation tumour models have failed to translate to the clinic or have failed to predict 

toxicities in man and further research to better predict both is therefore required. 

 

Whilst none of the experimental tumour models provide a perfect model for human tumours, 

the experiments described in this thesis utilise the transplantable tumour model in view of its 

considerable advantages over the other models discussed. 

 

1.4	
  Immunological	
  anti-­‐cancer	
  therapies	
  

Immunotherapies, together with other biological therapies are gaining a role in cancer 

treatment alongside the established treatment modalities of surgery, radiotherapy and 

chemotherapy.   

There are three main classes of immunotherapies that are of clinical interest, and which will be 

discussed in further detail below.  These approaches are not mutually exclusive and in fact 

compliment one another. 

1. nonspecific stimulation of the immune system 

2. active immunization using cancer vaccines 

3. adoptive cell transfer immunotherapy 
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1.4.1	
  Non-­‐specific	
  stimulation	
  of	
  the	
  immune	
  system	
  

These are immunological therapies that do not target a specific cancer antigen but rather 

represent therapies that are able to change the existing immune homeostasis in favour of 

enhanced anti-tumour responses. 

 

1.4.1.1	
  Cytotoxic	
  T-­‐Lymphocyte	
  Antigen	
  4	
  (CTLA-­‐4)	
  	
  

CTLA-4, also known as CD152, is a member of the immunoglobulin superfamily which also 

includes the structurally related molecule CD28.  The genes for both molecules are located 

adjacent to one another in both humans (chromosome 2) and mice (chromosome 1).123,124 Both 

molecules form homodimers and both bind the ligands CD80 and CD86 which are expressed on 

antigen presenting cells.125 The binding affinity is different as are the downstream signals with 

CD28 enhancing T Cell activation and CTLA-4 inhibiting T Cell activation through the TCR.126-131 

Inhibition of CTLA-4 has been demonstrated to cause tumour rejection in several pre-clinical 

murine tumour models.132-136 Although classified as non-specific, the tumour rejection seen is 

mediated through enhanced response to tumour antigen.137 Ipilimumab, a fully humanised 

CTLA-4 blocking monoclonal antibody, has been licensed by the FDA for the treatment of 

unresectable or metastatic melanoma.  Several phase 2 and phase 3 clinical trials 

demonstrated its efficacy in the treatment of advanced melanoma.138-141 It also appears to have 

activity in the treatment of prostate cancer and pancreatic cancer.142,143 Tremelimumab, a 

second monoclonal antibody targetting CTLA-4 has also shown activity in patients with 

advanced melanoma, but to date no improvement in overall survival in a randomised 

controlled trial setting.144-147 It appears to have little anti-tumour activity in several other 

tumour types investigated.145,148-150 
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1.4.1.2	
  Programmed	
  Cell	
  Death	
  -­‐1	
  (PD-­‐1)	
  and	
  its	
  ligands	
  

PD-1 is another immunoregulatory molecule. Naïve T cells do not express PD-1, but T cell 

activation leads to its expression in both humans and mice.151,152 Activated B cells and 

monocytes also express PD-1 as do several other cell types including NK cells and DCs.152 PD-1 

has two known ligands, PD-L1, alternatively named CD274 or B7-H1153,154 and PD-L2, 

alternatively named CD273 or B7-DC155,156. PD-L2 has a higher affinity for PD-1 than PD-L1.157 

Whilst mRNA encoding for PD-L1 is found in a large number of normal tissues in both mice and 

humans153,154,158, the molecule itself is normally expressed only on cells of macrophage lineage.  

This is not the case with tumours where it is found to be expressed on many murine tumour 

cell lines along with most human tumours.158-162 Manipulation of the PD-1 / PD-L1 axis is 

showing some promise in several clinical settings.  Recent trials show improved survival in 

metastatic melanoma.163-167 Patients with non-small cell lung cancers recruited into two 

separate phase I clinical trials targeting PD-166 and PD-L167 have also shown good responses to 

inhibition of the PD-1/PD-L1 pathway, with overall response rates in approximately one quarter 

of heavily pretreated patients.  In patients whose tumours expressed high levels of PD-L1 

however, the response rate was considerably higher with more than two thirds of such patients 

responding to blockade of the PD-1/PD-L1 pathway.168,169 The pathway has also been targeted 

in patients with relapsed follicular lymphoma.  A Phase II clinical trial using combined blockade 

of PD-1 and CD20 appears to improve survival compared to previously published data for 

blockade of CD20 alone.170 

 

1.4.1.3	
  Interleukin-­‐2	
  (IL-­‐2)	
  

Anti-tumoural effects of IL-2 have been recognised for over 30 years and result from expansion 

and activation of specific T cells. 171,172 It owes its anti-tumour properties to its ability to expand 
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and activate specific T cells. In prospective and retrospective trials in patients with melanoma, 

whilst the treatment is associated with considerable toxicities, 15-20 per cent of patients with 

metastatic melanoma demonstrate an objective response to high-dose IL-2 therapy with 

approximately 5% achieving a complete response.172-175 

 

1.4.2	
  Active	
  immunization	
  using	
  cancer	
  vaccines	
  

The last few years have been an exciting time for anti-cancer vaccines, as exemplified by the 

following two examples. FDA approval has recently been given to the first anti-cancer vaccine 

shown to prolong survival in a phase III randomised controlled trial. Provenge (Sipuleucel-T) is 

a personalised vaccine against prostate acid phosphatase (PAP), a tissue antigen expressed by 

most prostate cancers. Autologous peripheral blood mononuclear cells (PBMCs) obtained by 

leukapheresis were incubated with the fusion protein PA2024, which combines recombinant 

PAP with recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF). Antigen-

presenting cells within the autologous PBMCs were activated by the GM-CSF leading to 

activation and induced replication of PAP-specific immune T cells able to recognize and kill 

PAP-positive prostate cancer cells.  This therapy has been shown to improve 2 year survival in 

patients with metastatic castration resistant prostate cancer by 10% compared to placebo 

(31.7% versus 21.7%) and prolongs mean survival by just over 4 months.176,177 

 

Another cancer vaccine which is generating some interest in late phase trials, albeit with mixed 

results, is the gp100 melanoma antigen vaccine.  In one phase III trial, patients were 

randomised to receive high dose IL-2 in the control arm or IL-2 with gp100 peptide 

administered with incomplete Freund’s adjuvant, in the trial arm. Patients randomised to 

receive the gp100 arm had significantly better response rates of 16% compared to only 6% in 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 22 

the control arm. There was also a 6.7 month improvement in median survival to 17.8 months in 

favour of the trial medication.178 This trial is slightly difficult to interpret in view of the low 

overall survival of 6% in the control IL-2 arm being considerably lower than the historical 

predicted rate of 15-20%.172-175 Furthermore in a phase III trial comparing gp100 alone, 

ipilumumab alone or ipilumumab with gp100, the gp100 vaccine appears to have little single 

agent activity and does not enhance the effects of ipilumumab.179 

 

A related vaccine approach involves using irradiated autologous tumour cells transduced to 

secrete GM-CSF and injected intradermally as a vaccine.  This approach which has to date been 

assessed in phase I and phase I/II trials appears to have therapeutic activity in patients with a 

wide spectrum of malignancies including melanoma180-182, renal cell carcinoma183, prostate 

cancer184, pancreatic cancer185, bronchioalveolar and other non-small cell lung cancers186,187, but 

has not yet been assessed in a randomised phase 3 trial. 

 

1.4.3	
  Adoptive	
  cell	
  transfer	
  immunotherapy	
  

A third therapeutic approach involves adoptive transfer of immune cells.  This approach was 

touched upon briefly in the context of the Provenge (Sipuleucel-T) personalised vaccine, but 

does not by necessity rely upon co-administration of exogenous vaccine.  Tumour infiltrating 

lymphocytes (TILs), which can be isolated from tumours and expanded and activated in-vitro 

and then returned to patients is an approach which is showing promise in patients with 

melanoma.  In three separate small phase II trials including 68 patients with metastatic 

melanoma approximately half of treated patients consistently have measurable responses with 

approximately one in ten having a complete response.188-190 
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1.5	
  Thesis	
  Aims	
  

As outlined above, there are several hurdles that need to be overcome for cancer 

immunotherapy to be successful. Genetic modification of tumour cells, with the aim of 

simultaneously activating multiple arms of the immune system, has the potential to overcome 

many of them and this approach is investigated in the following chapters. 
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2. Materials and Methods 

2.1	
  Tissue	
  Culture	
  

All tissue culture work was carried out using sterile technique in a HEPA-filtered, laminar-flow 

microbiological safety cabinet. All cell lines were incubated at 37°C and 5% CO2. Sterile, 

disposable plastic pipettes, flasks and tubes were used. 

 

2.1.1	
  Tumour	
  Cell	
  lines	
  

2.1.1.1	
  B16-­‐F10	
  Cell	
  Line	
  

B16-F10 is a murine melanoma tumour cell line on C57Bl/6 background which is maintained in 

DMEM media supplemented with 10% FBS, L-glutamine, 1% non-essential amino acids (v/v), 

50U/ml penicillin, 50mg/ml streptomycin.  This cell line was transduced with CD54, CD70 and 

CD86 individually and in combination, using lentiviral vectors and sorted for the relevant 

molecule(s) as described in section 2.3.1 below.  Despite several attempts, it was not 

technically possible to transduce this cell line with either CD48 or a lentiviral vector cassette 

containing CX3CL1, IFNγ, IL-12 and GM-CSF. 

 

2.1.1.2	
  CT-­‐26	
  Cell	
  Line	
  

CT-26 is an murine colorectal tumour on the BALB/c background originally generated by intra-

rectal N-nitroso-N-methylurethane-(NNMU) injection, maintained in RPMI 1640 supplemented 

with 10% FBS, 2mM glutamine, 100µg/ml streptomycin, 100U/ml penicillin.  This cell line was 

transduced with CD48, CD54, CD70 and CD86 both separately and all four in combination 

using lentiviral vectors.  The cell line was also transduced using a lentiviral cassette containing 

4 genes encoding CX3CL1, IFNγ, IL-12 and GM-CSF in combination.  In addition this cell line 
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was also transduced with all eight of the above genes in combination.  Cells were sorted for 

their respective molecule(s) as indicated in below.  

 
 B16 CT26 
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Tumour 

  
dsRed 
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Multiple 
Costimulatory 

 
 

 

 
Multiple 
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Figure	
  2.1:	
  Cartoon	
  illustration	
  of	
  lentiviral	
  constructs	
  transduced	
  onto	
  B16-­‐F10	
  &	
  CT26	
  tumour	
  cells	
  
lines 

 

2.1.1.3	
  EG7	
  Cell	
  line	
  

The EG7-OVA cell line was obtained from the American Type Culture Collection and is a mouse 

T lymphoma line transfected with an ovalbumin encoding vector conferring aminoglycoside 

resistance.191 EG7 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, L-
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glutamine, 1% nonessential amino acids (v/v), 50 U/ml penicillin, 50 mg/ml streptomycin and 

2-ME. Geneticin® (G418, #11811-031, Invitrogen) 0.4 mg/ml was added to maintain 

ovalbumin expression. This cell line was transduced with CFP and the EG7-CFP tumours 

transduced with IL-2 / IL2R and/or IL-15 / IL-15R lentiviral constructs as described in section 

2.3.1and summarized in figure 2.2 below. 

 

 

Abbreviation Definition Lentiviral Construct 
EG7-CFP EG7 tumours transduced with Cyan Fluorescent 

Protein but not with any IL-2 or IL-15 constructs 
 

EG7-CFP-IL-2 
 

EG7-CFP cells transduced with IL-2 fused to the α-
subunit of the IL-2 Receptor 

 
EG7-CFP-IL15 EG7-CFP cells transduced with IL15 fused to the α-

subunit of the IL-15 Receptor 
 

EG7-CFP-FF EG7-CFP cells transduced with both IL-2 and IL-15 
fused to the α-subunits of their respective receptors 

 
EG7-CFP-FS EG7-CFP cells transduced with IL-15 fused to the α-

subunit of its receptor, along with IL-2 and the α-
subunit of its s receptor which are not fused (split) 

 
Figure	
  2.2:	
  Cartoon	
  illustration	
  of	
  lentiviral	
  constructs	
  transduced	
  onto	
  EG7	
  cells	
  line 

 

2.1.1.4	
  EL4	
  Cell	
  line	
  	
  

The EL4 tumour cell line was originally derived from ascetic fluid of a C57BL/6N mouse 

lymphoma and are therefore typed as lymphoblastic. They are maintained in a similar manner 

to EG7-OVA, with the exception that G418 is not added to the media. 

 

	
   	
  

pHR-IL2 Fusion

pHR-IL15 Fusion

pHR-Fusion Fusion

pHR-Fusion(IL15) Split (IL2)



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 27 

2.1.2	
  Cell	
  Sorting	
  Efficiency	
  

Cells Sorting by FACS Aria at the Weatherall Institute of Molecular Medicine FACS sorting 

facility.  Cells were sorted to the following percentage positivity:  B16-CD54 98.0%, B16-CD70 

96%, B16-CD86 93%, B16-multiple costimulatory molecules 93.3% triple positivity (individual 

molecules sorted to 97.3-98.0% positivity), B16-dsRed 92%, CT26-CD48 99.3%, CT26-CD54 

98.4%, CT26-CD70 99.9%, CT26-CD86 100%, CT26-dsRed 58.9%, CT26-multiple 

costimulatory molecules 91.5% quadruple positivity (individual molecules 97.0-98.6% 

positivity), CT26 tumours expressing the cytokines and chemokine were sorted on the basis of 

surface CX3CL1 to 62.3% positivity. Multiple costimulatory molecules, cytokines and 

chemokine were sorted to CX3CL1 58% positivity and costimulatory molecules to 96.9% for all 

four (individual molecules 98.0-99.8% positivity). 

 

2.1.3	
  Cell	
  Counting	
  	
  

Adherent cells were lifted from the flask in PBS supplemented with 1% EDTA. Non-adherent 

cells were removed from the flask and counted directly.  20µL of cellular suspension and equal 

quantity of trypan blue were mixed and counted manually using a haemocytometer with 

assessment of cell viability on the basis of uptake of the trypan blue through compromised 

membranes. 

 

2.1.4	
  Freezing,	
  Thawing	
  and	
  Storage	
  of	
  Cells	
  	
  

Following the successful transfection of cells, aliquots were frozen to preserve the lines. To 

freeze, adherent cells were initially lifted from the surface of the flask in PBS supplemented 

with 1% EDTA. Cells were counted and 10x106 cells were spun at 1500rpm for 3 minutes and 
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the pellet resuspended in 1ml freezing solution (10% dimethyl sulphoxide in foetal calf serum). 

The suspension was transferred to cryovials and frozen at -80°C in a freezing chamber that 

allows for a gradual decrease in temperature. Cryovials were then transferred to liquid 

nitrogen. To resuscitate cells, vials were removed from the liquid nitrogen and defrosted at 

37°C and the cell suspension washed in 30mls of warm tissue culture medium. Cells were spun 

out at 1500rpm for 3 minutes and the pellet resuspended in 10mls of fresh tissue culture 

medium before transferring to a 25cm2 flask. The viability of the cells was assessed 

microscopically and incubated prior to experimental use.  

 

2.1.5	
  Mycoplasma	
  Testing	
  

Mycoplasma testing of all cell lines was undertaken at regular intervals and prior to in vivo 

injection. 

	
  

2.1.6	
  Cell	
  irradiation	
  

Where indicated, cells were irradiated with Caesium-137 irradiator located in the Biomedical 

Service Unit of the John Radcliffe Hospital. Dose to cells quoted in Gray, Gy, as calculated on 

the most recent calibration in 2007 and known rate of Caesium 137 decay. 

 

2.2	
  Mice	
  

All mouse experiments were conducted in accordance with the Animals (Scientific Procedures) 

Act 1986 under approved personal and project licenses issued by the United Kingdom Home 

Office.  All mice were aged six to twelve weeks and sex matched at commencement of 

experiments.   Mice were housed in a specific pathogen free animal facility unit of the 
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Biomedical Services Unit, John Radcliffe Hospital, Oxford, UK. To maintain high standards of 

animal welfare and minimise the risk of any suffering, all mice were assessed daily with regular 

monitoring of tumour burden, and assessment for the presence of tumour ulceration, weight 

loss and other signs of distress.  Animals with weight loss of 20% of body weight, tumour 

burden of 1000 mm3, tumour ulceration or signs of distress including subdued or unresponsive 

behaviour, hyperactivity, piloerection, hunching and/or abnormal gait for more than 24 hour, 

diarrhoea or dehydration (skin tenting) or neurological symptoms such as peripheral 

neuropathy were culled immediately using an approved home office schedule 1 method. 

 

2.2.1	
  C57Bl/6	
  

C57Bl/6 mice were bred and housed in the Biomedical Services Unit of the John Radcliffe 

Hospital. 

 

2.2.2	
  C57Bl/6	
  RAG1-­‐/-­‐	
  

C57Bl/6 RAG-1 knock out mice were kindly provided by Dr Andrew Bushell.  These mice are 

deficient in RAG-1, Recombination activating gene 1, which is involved in activation of 

immunoglobulin V-D-J recombination.  They therefore lack mature B or T lymphocytes.192 

	
  

2.2.3	
  BALB/c	
  

BALB/c mice bred and housed in the Biomedical Services Unit of the John Radcliffe Hospital.  
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2.2.4	
  BALB/c	
  Common	
  Gamma	
  Chain	
  RAG	
  Knockout	
  Mice	
  

BALB/c recombination–activating gene 2 knockout and common γ chain knockout (BALB/c 

Rag2−/−/γ−/−) is a double knock out transgenic mouse.  These mice lack both the RAG-2, 

Recombination Activating Gene 2 and the interleukin-2 receptor subunit gamma (CD132).  This 

gene is also known as the common gamma chain as it is common sub-unit to several cytokine 

receptors: IL-2, IL-4, IL-7, IL-9, IL-15 and interleukin-21 receptor.  Functionally, these mice lack 

T cells, B cells and NK cells.193 The strain was originally obtained from Charles River 

Laboratories, bred and housed in the Biomedical Service Unit, John Radcliffe Hospital and were 

a gift from Dr Andrew Bushell.  

 

2.2.5	
  F5	
  T	
  Cell	
  Receptor	
  Transgenic	
  mouse	
  

The F5 T Cell Receptor transgenic mouse expresses a T-cell receptor isolated from the cytotoxic 

T Cell clone F5 on most (>80%) of thymocytes and peripheral T cells.194 This T Cell clone is CD8 

positive and recognizes αα366-374 of the nucleoprotein (NP 366-374) of influenza virus 

(A/NT/60/68), in the context of Class, MHC Db.195 Mice were bred and housed in the Biomedical 

Service Unit, John Radcliffe Hospital. 

 

	
  

2.2.6	
  FELIX	
  Chimeric	
  PD-­‐1	
  mouse	
  

The FELIX mouse is a transgenic knock-in mouse strain, on the C57Bl/6 background, which 

expresses human/mouse chimeric PD-1. The exon encoding the ligand binding V-set IgSF 

domain of the endogenous murine pdcd1 gene has been swapped for the equivalent exon from 

the human PDCD1 gene.196 Mice were bred and housed in the Biomedical Service Unit, John 

Radcliffe Hospital and were a gift from Professor Simon Davis.  
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2.2.7	
  GFP	
  mice	
  

The GFP mouse strain used in these experiments is UBI-GFP/BL6. GFP is expressed on all 

tissues examined with the highest levels present in hematopoetic cells. B cells, T cells, and 

dendritic cells express distinct levels of GFP fluorescence.197 The strain was originally obtained 

from the Jackson Laboratories, bred and housed in the Biomedical Service Unit, John Radcliffe 

Hospital and were a gift from Professor Richard Cornall.  

 

2.2.8	
  OT-­‐1	
  OVA	
  T	
  Cell	
  Receptor	
  Transgenic	
  mouse	
  

CD8+ T cell specific for ovalbumin 257-264 in the context of Kb 

OT-I mice express the Va2, V65 T cell receptor derived from the Ovalbumin restricted peptide 

OVA257-254-specific cytotoxic T cell clone 149.42. This T cell uses rearranged Va2Ja26 and 

Vf35-D82-Jf32.6 T cell receptor α- and β-chains, respectively.198-200 This strain is bred and 

housed in the Biomedical Service Unit, John Radcliffe Hospital 

 

2.2.9	
  GFP-­‐OT1	
  

These mice are the first generation offspring of UBI-GFP/BL6 transgenic and OT-1 OVA T Cell 

Receptor Transgenic strains described above. These mice were bred, characterised and 

maintained by me in the Biomedical Service Unit, John Radcliffe Hospital. 

 

2.3.	
  Techniques	
  

2.3.1	
  Lentiviral	
  Transduction	
  and	
  Cell	
  Sorting	
  

10,000 tumour cells were plated in 96 well flat bottom plates, and left to adhere at 37°C for 2 
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hours.  Media removed and replaced with 100µL lentivirus.  After a further 2 hour incubation 

at 37°C, 100µL media added and cells returned to incubator overnight.  The following 

morning, supernatant removed and replaced with fresh media.  Cells bulked and then sorted on 

the WIMM FACS Aria machine for molecule(s) selected. 

 

2.3.2	
  Tumour	
  injection	
  

All tumours were washed twice in RPMI media and resuspended in sterile PBS prior to 

injection. B16-F10 tumours with or without transduced molecules were injected in the 

subcutaneous tissues of the loin with 1x106 cells in 100µL PBS per mouse using a 29 gauge 

needle.  In the intravenous lung metastasis model, cells were injected in 200µL PBS into the 

tail vein.  For C57Bl/6 mice 5x105 cells were injected and for FELIX mice 1x106 cells.   CT26 

tumours with or without transduced molecules were injected subcutaneously, 1x105 cells in 

100µL PBS per mouse.  For experiments involving two separate cell types, 0.5x105 of each cell 

type were injected per mouse.  Single tumour type controls were also injected with 0.5x105 

cells. EG7 tumours with or without transduced molecules were injected in the subcutaneous 

tissue of the loin at concentrations of 0.5 – 5x106 cells in 100µL PBS.  Mice were monitored 

daily throughout. 

	
  

2.3.3	
  T-­‐Cell	
  Adoptive	
  transfer	
  

T Cells obtained from the generated GFP-OT-1 transgenic mouse described above, were  

adoptively transferred into C57Bl/6 mice with the aim of detecting them in tissues obtained 

from mice injected with Ovalbumin expressing tumours 
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2.3.4	
  Tumour	
  Infiltrating	
  Lymphocyte	
  (TIL)	
  extraction	
  
Tumours were removed under sterile technique and placed in petri dish and diced into small 

pieces with scalpels and then forced through a 70µM filter using sterile 2ml syringe plunger.  

Flowthrough was collected in 10ml cold FACS wash and spun for 5 minutes at 1200rpm and 

then resuspended in 5ml cold PBS, which was layered above 3ml cold lymphoprep.  This was 

then spun for 10 minutes at 2000rpm with slow acceleration and deceleration.  The 

lymphocytes at the interface between the PBS and lymphoprep were collected by pastette and 

placed in FACS tubes. Lymph nodes were extracted as positive controls and were filtered 

through 70µM, washed and spun at 1200rpm for 2 minutes and pellet retained. Preliminary 

FACS analysis performed to assess percentage live cells along with TcRβ, CD4 and CD8 positive 

populations.  In-vitro parental and transduced tumours were plated at 1x105 cells per well in 96 

U-bottomed well plates and irradiated to an approximate dose of 20Gy using the BMSU Cs-137 

irradiator. Wells containing no tumours (labelled as no APCs) were also included.  50µL 

supernatant removed for ELISA at 24 and 48 hours and wells replenished with fresh mR10. At 

day 7 fresh irradiated (20Gy) parental or transduced tumour cells were added to the 

appropriate wells and the cells were returned to incubator and  cultured at 37°C for 14 days in 

total. After this time cells were removed and FACS analysis performed with staining for live 

cells, TcRβ, CD4 and CD8 positive cell populations. 

 

2.3.5	
  Splenocyte	
  harvesting	
  	
  

Fresh spleens were individually mashed up in warm R10, passed through a cell strainer and 

spun .The pellet was resuspended in 2ml of RBC lysis buffer and left at room temperature for 1 

min prior to the addition of 20ml R10.  Following an additional spin, the resulting pellet was 

resuspended in 20ml of R10 and cells counted. 
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2.4.	
  Assays	
  

2.4.1	
  Fluorescence-­‐activated	
  cell	
  sorting	
  (FACS)	
  

	
  
All preparation was performed on ice with cold reagents protected from direct light.  

Centrifuges were refrigerated to 4°C. Plates were initially washed with PBS twice prior to a 20 

minute incubation with 50μl/well with the mastermix of vital (LIVE⁄DEAD® Fixable Aqua Dead 

Cell Stain, Invitrogen #L34957, used at a 1:400 dilution) and surface stains for the particular 

experiment. Samples were analysed using CyAN™ ADP 9 Colour Analyzer by Beckman Coulter. 

A minimum of 104 relevant events were collected, stored ungated and the data analysed with 

TreeStar FlowJo software v8.7 for Mac. Gating strategy unless otherwise indicated involved 

exlusion of dead cells and removal of pulse width, forward scatter and side scatter outliers. 

Statistical analysis and graph plotting was undertaken using Graphpad PRISM v6.0c for Mac. 

	
  

2.4.1.1	
  Antibodies	
  

The cell surface antibodies listed in table 3.1 on the next page were used as part of the 

experiments undertaken for this thesis.  Unless otherwise indicated all are conjugated anti-

mouse antibodies. 

	
  
	
  

2.4.2	
  Carboxyfluorescein	
  succinimidyl	
  ester	
  (CFSE)	
  Proliferation	
  Assay	
  	
  

Parental B16-F10 tumours and B16-F10 tumours transduced with the costimulatory molecules 

CD54, CD70 or CD86 individually and in combination were plated on 12 well plates.  Tumours 

were either pulsed for 1 hour at 37°C with 10-7M FluNP peptide, 10-10M FluNP peptide or 

unpulsed.  Cells were washed twice, placed in incubator at 37°C for two hours and then 

irradiated in a CS-137 irradiator for 2 minutes at a dose rate of approximately 10Gy/min.  Cells 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 35 

were then combined at a 1:1 ratio with splenocytes harvested from 3 female F5 transgenic 

mice and labelled with 0.5µM CFSE.  Cells were incubated at 37°C for 48 hours and then 

analysed using a FACSCalibur with CellQuest & Flowjo software, with gating on CD8+ cells 

excluding dead cells and surviving tumours cells.  Experiments were performed in triplicate 

with results presented as FACS plots, CFSE histogram and proliferation index. The proliferation 

index is calculated mathematically, using the inverse of the mean CFSE level. 

 

Antibody Fluorochrome Clone Manufacturer Catalogue 
Number 

CD11b APC M1/70 eBioscience 17-0112 
CD152 (CTLA-4) PE UC10-4B9 eBioscience 12-1522 
CD25 Alexa Fluor®488 PC61.5 eBioscience 53-0251 
CD25 eFluor®780 PC61.5 eBioscience 47-0251 
CD25 FITC PC61.5 eBioscience 53-0251 
CD25 PE PC61.5 eBioscience 12-0251 
CD273 (PD-L2) PE TY25 eBioscience 12-5986 
CD274 (PD-L1) PE M1H5 eBioscience 12-5982 
CD4 APC GK1.5 eBioscience 17-0041 
CD4 eFluor®450  GK1.5 eBioscience 48-0041 
CD4 PE-Cy7 GK1.5 eBioscience 25-0041 
CD4 FITC RM4-5 eBioscience 11-0042 
CD4 APC-eFluor®780 RM4-5 eBioscience 47-0042 
CD45R (B220) FITC RA3-6B2 eBioscience 11-0452 
CD45R (B220) PE RA3-6B2 eBioscience 12-0452 
CD45R (B220) eF450® RA3-6B2 eBioscience 48-0452 
CD48 Pacific Blue HM48-1 BioLegened 103417 
CD54 Alexa Fluor®647 YN1/1.7.4 BioLegend 116113 
CD69 PE-Cy7 H1.2F3 eBioscience 25-0691 
CD70 PE FR70 eBioscience 12-0701 
CD8a PE-Cy7 53-6.7 eBioscience 25-0081 
CD8a PerCP 53-6.7 BD Biosciences 553036 
CD8b APC H35-17.2 eBiosicence 17-0083 
CD8b FITC H35-17.2 eBiosicence 11-0083 
CD86 Pacific Blue GL-1 BioLegend 105022 
IL-15Ra PE DNT15Ra eBioscience 12-7149 
F4/80 APC BM8 eBiosicence 17-4801 
FoxP3 Alexa Fluor®647 MF23 BD Pharmingen 560401 
Live/Dead Aqua N/A Invitrogen L34957 
Live/Dead Near-IR N/A Invitrogen L10119 
Live/Dead Far Read N/A Invitrogen L10120 
NK1.1 APC PK136 eBiosicence 17-5941 
NK1.1 PE-Cy7 PK136 eBiosicence 25-2941 
F(ab’)2 IgG PE Polyclonal eBiosicence 12-4010 
{ mCX3CL1 IgG2A 
{ anti-Rat IgG2A 

Purified Rat 
FITC 

1265315 
MRG2a-83 

BioLegend 
BioLegend 

MAB571 
407505  
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PD-1 FITC J43 eBioscience 11-9985 
PD-1 PE RMP1-30 eBioscience 12-9981 
TcRβ APC-eFluor® 780 H57-597 eBioscience 47-5961 
TcRβ PE H57-597 eBioscience 12-5961 
Figure	
  2.1:	
  Antibodies	
  used	
  in	
  Flow	
  Cytometry	
  experiments	
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2.4.3	
  VITAL	
  (in-­‐vivo)	
  cell	
  killing	
  assay	
  

VITAL – (in vivo technique for assessing lysis) Cell killing assay: This technique was initially 

described by Hermanss et al.201 Spleens were harvested from male, strain-matched donor mice 

(one spleen per three recipients), combined and then separated into four tubes suspended in 

mR10 media in volume of 1ml per tube.  Two candidate peptides along with an irrelevant 

peptide (negative control) were added to 3 tubes at a concentration of 10µM.  The fourth tube 

was not pulsed with peptide as an additional negative control.  Cells were incubated at 37°C 

for 2 hours and then washed.  For CFSE Stained splenocytes, cells were washed in PBS and 

resuspended at concentration of 2x1O7/ml.  CFSE was prepared in PBS at the following 

concentrations: 2.5µM, 0.5µM and 0.1µM and resuspended with cells in equal volume to 

achieve a final concentration of 1x1O7 cells/ml.  Cells were then incubated at room temperature 

for 8 minutes after which an equal volume of FCS was added to quench stain and sharpen 

population intensity.  Cells were then spun immediately, washed twice in mR10 media, and 

transferred to new tube after each wash.  Cells were then resuspended in RPMI media for 

injection.  For Cell Tracker Orange (CTO) stained splenocytes, cells were washed in pre-warmed 

mR10 and suspended at a concentration of 1x1O7 cells/ml. CTO was added for final 

concentration of 10µM and cells were vortexed. Cells were then incubated at 37°C for 15 

minutes, spun and then resuspended in pre-warmed mR10 media for a further 20 minutes at 

37°C.  Cells were then washed twice in RPMI media and resuspended in RPMI for injection.  

Finally, target cells were mixed together in equal proportions (at a ratio of 1:1:1:1) and 1x1O7 

cells/mouse injected intravenously via the tail vein. Mice were tail bled 24 hours later and the 

presence and quantification of fluorescent cells was performed by FACS analysis.  The 

percentage survival and killing of candidate peptide-pulsed targets relative to those pulsed 

with irrelevant FluNP peptide was calculated and analysed by unpaired two-sided t-test using 

GraphPad Prism statistical analysis software. 
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2.4.4	
  Assessment	
  of	
  in-­‐vivo	
  tumour	
  growth	
  

Mice were assessed daily and subcutaneous tumours measured along the longest and shortest 

axis every 24-72 hours with callipers. Surface area was then calculated by multiplying the two 

results. In the intravenous lung metastasis model, assessment of tumour volume was made at 

post mortem, using the same lung lobe, photographed in the same orientation to enable 

comparison.  Lung surface area occupied by metastases as a percentage of total lung surface 

area was calculated, in a blinded manner. The calculation was automated using either Adobe 

Photoshop® or ImageJ® with the assistance of the WIMM Computational Biology Group. 

2.4.5	
  Quantifying	
  IgG	
  antibodies	
  against	
  tumours	
  

Serum isolated from mice that survived a CT26 tumour challenge was incubated with 0.5x106 

fresh CT26 tumours at a ratio of 1:25 for one hour at room temperature. Cells were washed 

twice with cold PBS and Goat anti-mouse IgG was added for 20 minutes and then washed off 

with cold PBS. FACS analysis was performed with dead cells excluded by live staining and 

percentage IgG positive cells quantified as previously described by Simon et al.202 Serum from 

C57Bl/6 mice immunised with intraperitoneal CT26 tumours was used as a positive control and 

from naïve BALB/c mice as negative controls. 

 

2.4.5	
  IL-­‐2	
  /	
  IL-­‐15	
  Biological	
  Activity	
  Assay	
  

To confirm that the IL-2 and IL-15 genes transduced into EG7-CFP tumours have biological 

activity, cells were cultured with CTLL-2, an IL-2 and IL-15 dependent cell line.203,204 CTLL-2 

survival was titrated using exogenous human IL-2 demonstrates that than 50 U/ml of human 

IL-2 is required for normal CTLL-2 survival. Viability of CTLL-2 cells was assessed using a 

live/dead stain to calculate percentage survival by FACS. 
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2.5.	
  Statistical	
  Analysis	
  

2.5.1	
  Unpaired	
  Student’s	
  t	
  test	
  	
  

The Unpaired Student’s t test was used to calculate statistical significance of transduced 

tumours as compared to parental tumour controls. 

 

	
  

2.5.2	
  The	
  Log-­‐Rank	
  Test	
  	
  

Log-Rank (Mantel Cox) test was used to asses the statistical significance of differences 

observed in Kaplan Meir survival curves.  
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3. Results Chapter: Transduction of costimulatory 
molecules on to B16 Tumours 

 

3.1	
  Introduction	
  

Co-signalling molecules play a crucial role in regulating T cell activation during the 

presentation of antigen by MHC molecules to T cell receptors.  These co-signalling molecules, 

which can be either costimulatory or co-inhibitory receptors, often co-localise with the T cell 

receptor at the immunological synapse.  As their name suggests, costimulatory molecules are 

cell surface receptors that transduce signals into T cells to positively modulate T cell receptor 

signalling.  By converse, co-inhibitory receptors are involved in negative modulation of T cell 

signalling.205-207 In this chapter, the focus will be on the following three costimulatory molecules 

CD86, CD54 and CD70. 

	
  

3.1.1	
  CD86	
  

CD86, alternatively known as B7-2, is a costimulatory molecule normally found on antigen 

presenting cells (APCs) which binds to CD28 on the T-Cell surface.208-210 Although T Cell priming 

is initiated when tumour antigens are processed within APCs and presented to the T Cell via 

the MHC molecules, this alone is not sufficient for priming an immune response.  For this to 

occur, either CD80 (B7-1) or CD86 (B7-2) must also be present on the antigen presenting cell 

and bind to CD28 on the T-Cell surface.  This dual signalling is then able to unlock downstream 

signalling via the PI3K/Akt pathway, upregulating transcription factor NF-κβ together with 

other pro-survival signals including Bcl-2 and BCL-XL.211 The expression of both CD80 and 

CD86 are modulated by the activation state of antigen presenting cells.  CD86 is constitutively 
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expressed at low levels on antigen presenting cells with transcription, translation and 

transportation of both CD80 and CD86 to the cell surface occurring in response to various 

stimuli including infection, cellular stress and damage.209,212.  Under normal conditions CD80 is 

more immunogenic than CD86, however in tumour cells where MHC Class I expression is 

frequently low, the converse has been shown to be the case.3,213 When transduced onto MC38 

murine colorectal tumours both CD80 and CD86 result in tumour rejection and protection 

against subsequent parental tumour challenge.214 However, in a related experiment using the 

A20 B cell lymphoma cell line, transducing CD86 prevented tumour growth whereas 

transduced CD80 did not.215 CD86 transduction onto B16 tumours together with MHC class II 

has also been shown to partially protect against development of lung metastases in an IV 

tumour challenge model.216 The presence of CD86 expressing cells within human 

nasopharengeal carcinoma is a good prognostic sign217, and upregulation of CD86 along with 

CD70 on tumour infiltrating DCs following irradiation has been suggested as contributing to 

the beneficial effects of radiotherapy.218,219 Presence of CD86 on tumour cells has been shown 

to prevent anergy of activated T cells.220 In human lymphomas, loss of CD86 expression is 

associated with reduced number of tumour infiltrating lymphocytes221. This particular study did 

not characterise the nature of the tumour infiltrating lymphocytes, and further interpretation is 

therefore not possible.  By expressing CD86 on a tumour cell in these experiments it is 

theorised that MHC expressing cells within the tumour will be able to present tumour antigen 

to tumour infiltrating lymphocytes and also prevent anergy of activated T cells.  

 

3.1.2	
  CD54	
  	
  

CD54 is the murine analogue of human intercellular cell adhesion molecule-1 (ICAM-1).  CD54 

and ICAM-1 are cell-surface glycoproteins which are ligands for Lymphocyte Function-



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 42 

Associated Antigen 1 (LFA-1).222 The ligand-receptor interaction leads to CD4 & CD8 positive T 

cell mediated tumour killing223,224 along with non-MHC restricted cytotoxicity mediated by NK 

cells224-227 and monocytes228. In several experimental animal models, the presence of CD54 has 

been shown to dramatically reduce tumour growth.223,228,229 Exposure to CD54-transduced 

tumours has also been shown to be protective against subsequent exposure to the parental 

tumour.229 In an in vitro human pancreatic cancer cell model, the presence of either ICAM-1 or 

ICAM-2 (CD102), is required for tumour-specific-antigen independent γδ-T cell mediated 

tumour killing.230 In an orthotopic gastric cancer mouse model, expression of ICAM-1 also 

results in a reduced risk of lymph node metastases.231 This finding is supported by several 

clinical patient cohorts where expression of ICAM-1 on lymphomas, gastric, breast and 

colorectal cancers, was shown to correlate with increased number of tumour infiltrating 

lymphocytes, reduced risk of lymph node and liver metastases and improved clinical outcomes 

compared to patients with non-ICAM-1 expressing tumours.221,232-234 It should be noted 

however, that whilst the majority of published clinical cohorts show a favourable association 

between ICAM-1 expression on tumours and clinical outcomes, this was not a universal 

finding, with some cohorts demonstrating either non-statistical differences or even a reverse 

correlation between ICAM-1 expression and prognosis.235,236 CD54/ICAM-1 has been found to 

be increased in irradiated cell lines and in irradiated normal tissues sampled from patients 

undergoing radiotherapy treatment.237-243 CD54 is also found to be elevated in tumour cell lines 

following exposure to radiation.238,244 It has also been implicated with both post-irradiation 

inflammatory reaction and anti-tumour effect.244,245 The post-irradiation inflammatory effect is 

abolished in CD54 knockout mice.246 

 

3.1.3	
  CD70	
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In both humans and mice, CD70 is the ligand for TNFR family member CD27.247 In both species, 

CD27 is found on T cells, B cells, and NK cells.248-250 CD70 is constitutively expressed on 

epithelial cells of the thymus in both mice and humans.250-252 Cells of the immune system 

including DCs250,253-256, B cells257, T cells including regulatory T cells250,257-259 and NK cells252 are 

able to transiently express CD70 on activation, and thereby regulate the CD70-CD27 

interaction, which is involved in survival, proliferation, and lymphocyte differentiation.250-261 

Transduction onto B16-F10 tumours has been shown to result in some growth delay compared 

to parental B16-F10.262,263 These findings have been confirmed in TS/A murine mammary 

adenocarcinoma tumours, which express high levels of MHC Class I relative to the low levels 

seen in B16-F10 tumours, using both surface CD70262 and secretory CD70, the latter of which 

also resulted in some protection against rechallenge with the parental TS/A tumour.264 In 

another murine model, subcutaneous or intracranially implanted tumours were rejected 

following addition of CD70, which also lead to subsequent protection against the parental 

glioma cell line.265 A related experiment demonstrated this effect was abrogated by depletion 

of CD8+ T cells.266 As is the case with CD86, tumour infiltrating DCs have been shown to have 

higher levels of CD70 following irradiation which is postulated to contribute to the beneficial 

effects of radiotherapy.218,267  

 

3.1.4	
  Experimental	
  Model	
  

The B16-F10 murine melanoma cell line on C57/Bl6 background was transduced with the 

above three costimulatory molecules individually and in combination.  This was performed 

using lentiviral constructs designed and made by Dr David Sleep and Professor Simon Davis.  In 

addition, a lentiviral construct expressing the non-immunologically active fluorescent protein 

Discosoma red fluorescent protein (dsRed)268 was also transduced into the same tumour cell 
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line for use as a negative control.   Expression was validated by FACS analysis. The constructs 

are illustrated diagrammatically in Figure 3.1 below: 

 
 Costimulatory Molecules Transduced 

Parental Tumour 

 

 

dsRed 

 

 

CD54 

 

Multiple Costimulatory 
 
 

	
  
 

 

CD70 

 
CD86 

 
Figure	
  3.1	
  Diagrammatic	
  representation	
  of	
  the	
  molecules	
  transduced	
  on	
  to	
  B16-­‐F10	
  tumours	
  

 

3.1.5	
  Pre-­‐clinical	
  Evidence	
  for	
  activity	
  of	
  multiple	
  costimulatory	
  molecules	
  

The literature available linking transduction of the single costimulatory molecules discussed 

above with enhanced anti-tumour activity in vitro and in animal tumour models, as reviewed 

above, is now quite strong.  However, whilst there is evidence that transducing more than one 

costimulary molecule is possible, the evidence that this confers greater anti-tumour activity is 

less robust than for the individual costimulatory molecules.  Of particular note, the combination 

of costimulatory molecules assessed here has not previously been assessed.    A review of the 

related literature found two papers supporting the use of multiple costimulatory molecules 

highlighted only two relevant publications.  Grosenbach et al269 explored the in vitro effect up 

to four transduced costimulatory molecules CD54, CD58 (LFA-3), CD80 and CD252 (OX40L) on 
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T cells.  They demonstrated enhanced initial and sustained activation of naïve and effector T 

cells, but did not investigate anti-tumour effect in vivo.  Guinn et al.215 transduced CD80 and 

CD86 along with CD137, a member of the tumour necrosis factor receptor family, into the A20 

B cell lymphoma cell line and were able to abrogate tumour growth with subsequent 

protection against the parental tumour.   

 

3.1.6	
  Clinical	
  Evidence	
  for	
  activity	
  of	
  multiple	
  costimulatory	
  molecules	
  

The literature regarding use of costimulatory molecules in human clinical trials is very sparse. 

Those few trials that exist, were undertaken as part of cancer antigen vaccination strategies, 

and were therefore not designed to assess the role of transduced costimulatory molecules. An 

18 patient phase I clinical trial by Hörig et al,41 attempted to improve immunisation to the CEA 

cancer antigen by presenting it in combination with transduced CD80.  Patients received serial 

intramuscular injections with 3 increasing doses of recombinant non-replicating  

canarypoxvirus expressing both Carcinoembryonic Antigen (CEA) and CD80.  The results were 

somewhat disappointing, with no tumour shrinkage documented.  The majority of patients 

developed progressive disease.  Three patients, who received the lowest of the three doses did 

demonstrate stable disease at 4 months.    

 

PROSTVAC-VF, a phase II randomized controlled trial in patients with metastatic prostate 

cancer investigated a related approach, combining costimulatory molecules with a cancer 

antigen rather than whole tumour cells.  Patients were injected intradermally with poxviruses 

(either vaccinia or fowlpox viruses).  The poxviruses expressed the cancer antigen, Prostate-

Specific Antigen (PSA) along with CD48, CD54 and CD80 injected together with GM-CSF as an 

adjuvant.  In addition to the 82 patients who received the active treatment arm above, an 
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additional 40 patients received control therapy (2:1 randomisation in favour of active treatment 

arm).  The control arm consisted of empty vector vaccinia and fowlpox virus administered 

together with normal saline “adjuvant”. All patients received the vaccinia based vector as 

priming followed by 6 fowlpox based vector boosts.  Although the trial failed to achieve the 

primary endpoint of improved disease free survival, there was an improvement in median 

overall survival (25.1 versus 16.6 months) but no improvement in overall survival, which was 

similar in both groups.270 The phase 3 PROSPECT trial, which is further evaluating this 

approach, is currently underway.271 

 

 

3.2	
  Results	
  

3.2.1	
  Genetically	
  Modified	
  B16-­‐F10	
  tumours	
  in-­‐vitro	
  results	
  

To assess whether genetically modified tumours are able to more efficiently prime T Cells, an 

in-vitro CFSE proliferation assay was performed.  B16-F10 tumours transduced with the 

costimulatory molecules CD54, CD70 and CD86, either individually or in combination, were 

compared to the parental B16-F10 tumour. Irradiated tumour cells pulsed with two 

concentrations of the influenza nucleoprotein, FluNP, or unpulsed, were co-cultured with CFSE 

labelled F5 splenocytes, which specifically recognise the FluNP epitope.  As illustrated in figure 

3.2 A and B below, no increased T Cell proliferation above baseline is observed in the presence 

of single costimulatory molecules but the presence of multiple costimulatory molecules does 

result in increased proliferation.   



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 47 

A 

 
  

   

 

  

 
Parental 
Tumour 
 

Single 
CD54 
 

Single  
CD70 
 

Single 
CD86 
 

   Multiple 
Costimulatory 
 
 B	
    

Parental 
Tumour	
  

 
Single 
CD54	
  

 
Single 
CD70	
  

 
 Single 
 CD86	
  

 
Multiple 

Costimulator
y	
  

 

       

	
  

	
  

 
	
  

 

	
  
 

 

	
  

Figure	
   3.2:	
   A:	
   CFSE	
   Proliferation	
   Index	
   B:	
   CFSE	
   Proliferation	
   Histogram.	
   Improved	
   T	
   Cell	
   priming	
  
observed	
  in	
  the	
  presence	
  of	
  multiple	
  costimulatory	
  molecules.	
  CFSE	
  labelled	
  F5	
  splenocytes	
  proliferation	
  in	
  
response	
   to	
   irradiated	
   parental	
   or	
   transduced	
  B16-­‐F10	
   tumours	
   pulsed	
  with	
   FluNP	
  peptide	
   at	
   concentrations	
  
indicated,	
  or	
  unpulsed.	
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3.2.2	
  In-­‐vivo	
  tumour	
  growth	
  

On the basis of the in-vitro results, B16-F10 tumours were injected subcutaneously in-vivo.  

Individual tumour growth is plotted in figures 3.3A-E below and summarised in figure 3.3F.  

There is a statistically significant difference between the parental tumour size (figure 3.3A) and 

the tumour transduced with multiple costimulatory molecules (figure 3.3E).  By day 14, when 

the first mice reached the humane endpoint, statistically significant differences (figure 3.3G) 

were seen between tumour sizes of those tumours transduced with the individual costimulatory 

molecules CD86 (figure 3.3D) and multiple costimulatory molecules (figure 3.3E) as compared 

to the parental tumour.  Tumours  transduced with CD54 (figure 3.3B) and CD70 (figure 3.3C) 

show a subtle growth delay but this failed to reach statistical significance. As illustrated in the 

Kaplan Meier plot below (figure 3.3H), all the parental tumour injected mice had reached 

humane endpoint by day 22, with a mean survival of 16 days and the the single costimulatory 

molecule tumours, by day 25 (mean survival 20 days).  The mean survival in the mice with 

multiple costimulatory molecules was significantly longer at 35 days with one mouse still 

tumour free when the experiment was terminated at day 50. 
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Figure	
   3.3:	
   Parental	
   B16	
   tumours	
   versus	
   B16	
   tumours	
   transduced	
  with	
   costimulatory	
  molecules:	
   The	
  
presence	
   of	
   costimulatory	
   molecules	
   impairs	
   tumour	
   growth	
   in	
   an	
   additive	
   manner	
   with	
   three	
  
costimulatory	
  molecules	
  resulting	
  in	
  greater	
  effect	
  than	
  any	
  of	
  individual	
  costimulatory	
  molecule.	
   	
  Mice	
  
injected	
  with	
  parental	
  B16	
   tumours	
  were	
   compared	
   to	
   those	
   injected	
  with	
   individual	
   costimulatory	
  molecules	
  
(CD54,	
  CD70	
  or	
  CD86	
  as	
  indicated)	
  and	
  mice	
  injected	
  with	
  tumours	
  expressing	
  multiple	
  costimulatory	
  molecules	
  
(CD54,	
  CD70	
  and	
  CD86).	
  Experiments	
  performed	
  in	
  C57Bl/6	
  x	
  HHD	
  F1	
  mice	
  with	
  5	
  mice	
  per	
  group	
  except	
  single	
  
B16-­‐CD70	
  group,	
  which	
  contained	
  4	
  mice.	
  [A-­‐E]	
  Individual	
  tumour	
  growth	
  plots,	
  illustrating	
  exponential	
  growth	
  
in	
   parental	
   [A]	
   B16	
   tumours,	
  with	
   broadly	
   similar	
   growth	
   seen	
   in	
   tumours	
   transduced	
  with	
   [B]	
   CD54,	
   subtle	
  
growth	
  delay	
  in	
  [C]	
  CD70	
  and	
  [D]	
  CD86	
  expressing	
  tumours,	
  as	
  seen	
  by	
  tumour	
  size	
  at	
  day	
  15	
  (red	
  dotted	
  line),	
  
and	
   [E]	
   significantly	
   impaired	
  growth	
  delay	
  when	
  all	
   three	
  costimulatory	
  molecules	
  present.	
   [F]	
  Mean	
   tumour	
  
growth	
   with	
   SEM.	
   	
   The	
   difference	
   between	
   B16-­‐parental	
   and	
   B16-­‐Multiple	
   Costimulatory	
   Molecules	
   is	
  
statistically	
  significant	
  (p	
  =	
  	
  0.0014,	
  two-­‐tailed	
  t-­‐test).	
  	
  There	
  was	
  an	
  apparent	
  hierarchy	
  for	
  tumours	
  expressing	
  
single	
  costimulatory	
  molecules,	
  with	
  [B]	
  CD54	
  demonstrating	
  least	
  effect,	
  [C]	
  CD70	
  intermediate	
  effect	
  and	
  [D]	
  
CD86	
   the	
   most	
   effect,	
   however,	
   with	
   the	
   exception	
   of	
   [D]	
   CD86	
   these	
   differences	
   did	
   not	
   reach	
   statistical	
  
significance	
  when	
  compared	
  to	
  [A]	
  parental	
   tumour	
  growth.	
   	
  [F]	
  Day	
  15	
  statistics:	
  Two	
  sided	
  t-­‐test	
  comparing	
  
individual	
  tumours	
  to	
  B16-­‐Parental	
  tumours.	
  [G]	
  Survival	
  plot	
  –	
  All	
  mice	
  injected	
  with	
  parental	
  B16	
  tumours	
  or	
  
B16	
  with	
  single	
  costimulatory	
  molecules	
  had	
  reached	
  the	
  humane	
  endpoint	
  by	
  day	
  25.	
  	
  By	
  contrast,	
  3	
  of	
  5	
  mice	
  
injected	
  with	
  B16-­‐multiple	
  costimulatory	
  molecule	
   tumours	
  are	
  still	
  alive	
  at	
   this	
   time	
  with	
  one	
  mouse	
   tumour	
  
still	
  alive	
  and	
  tumour-­‐free	
  at	
  the	
  end	
  of	
  the	
  experiment.	
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3.2.3	
  Characterising	
  the	
  role	
  of	
  T	
  &	
  B	
  Cells	
  in	
  tumour	
  growth	
  and	
  rejection	
  

The reduced tumour growth rate seen in-vivo (figure 3.3 above and 3.4A&B below) is 

dependent on the presence of B or T-Cells.  In C57Bl/6 RAG Knock Out mice, which lack these 

cell types, the difference in growth rates between parental tumours (figures 3.4C) and tumours 

transduced with multiple costimulatory molecules (CD54, CD70 & CD86) is abolished (figure 

3.4D). This is confirmed in the Kaplan Meier plot (figure 3.4E) which shows a statistically 

significant difference between tumours expressing multiple costimulatory molecules between 

wild type and RAG mice but not in parental tumours. 

	
  
 A        Parental Tumour  B   Multiple Costimulatory   C        Parental Tumour  D    Multiple Costimulatory  

	
   	
   	
   	
  

    
C57Bl/6 Wild Type Mice C57Bl/6 RAG-/- Mice 

	
  

 E	
  

	
  
Figure	
   3.4:	
   The	
   effect	
   of	
   the	
   multiple	
   costimulatory	
   molecules	
   requires	
   B	
   and/or	
   T	
   Cells	
   and	
   is	
   thus	
  
abolished	
  in	
  C57Bl/6	
  RAG-­‐/-­‐	
  mice.	
   	
  B16	
  parental	
  tumours	
  and	
  B16	
  tumours	
  expressing	
  multiple	
  costimulatory	
  
molecules	
   were	
   injected	
   subcutaneously	
   into	
   C57Bl/6	
  WT	
  mice	
   and	
   C57Bl/6	
   RAG-­‐/-­‐.	
   	
   n=5/group.	
   	
   Individual	
  
tumour	
  growth	
  plots	
  show	
  that	
  in	
  C57Bl/6	
  wild	
  type	
  mice	
  [A]	
  B16	
  tumours	
  grow	
  normally	
  in	
  all	
  5	
  mice,	
  whereas	
  
[B]	
  B16-­‐Multiple	
  Costimulatory	
  tumours	
  demonstrate	
  delayed	
  or	
  absent	
  growth	
   in	
  3	
  of	
  5	
  mice,	
  confirming	
  the	
  
results	
   in	
   figure	
   3.3.	
   	
   In	
   contrast,	
   there	
   is	
   no	
   difference	
   between	
   [C]	
   B16	
   tumours	
   and	
   [D]	
   B16-­‐Multiple	
  
costimulatory	
  molecules	
   in	
  C57Bl/6	
  RAG-­‐/-­‐	
  mice,	
  with	
  normal	
   tumour	
  growth	
   in	
  all	
  5	
  mice	
   in	
  both	
  groups.	
   [E]	
  
Kaplan	
  Meier	
  Curve	
  demonstrates	
  statistically	
  significant	
  difference	
  (p	
  =	
  0.0428	
  by	
  log	
  rank	
  test)	
  when	
  tumours	
  
with	
  multiple	
  costimulatory	
  molecules	
  are	
  injected	
  into	
  C57Bl/6	
  RAG-­‐/-­‐	
  as	
  compared	
  to	
  C57Bl/6	
  wild	
  type	
  mice.	
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3.2.4	
  Characterisation	
  of	
  possible	
  Trp2	
  antigen	
  specific	
  response	
  to	
  B16-­‐
F10	
  

To determine whether the delayed growth in figures 3.3 and 3.4 above is peptide specific, the 

role of two candidate melanoma associated antigens was assessed. The melanoma associated 

antigen tyrosinase and tyrosine-related protein-2, Trp2 (SVYDFFVWL)202,272,273 and Gp100 

(EGSRNQDWL)202,273 along with an irrelevant peptide, influenza nucleoprotein, FluNP 

(KLGEFYNQMM)274, were assessed by VITAL in-vivo cell killing assay201.  On day 22 of the above 

experiment, described in figure 3.3, the surviving C57Bl/6 mice were injected with peptide-

loaded splenocytes, labelled with various concentrations of CFSE, and tail bled 24 hours later.  

For control purposes, two additional groups of mice were included in the VITAL in-vivo cell 

killing assay, naïve age and sex matched control mice and F5 strain194 naïve mice, which 

specifically recognise the irrelevant FluNP peptide.  When comparing mice previously injected 

with B16 tumours expressing one or more costimulatory molecules to naïve mice of the same 

strain, no statistically significant decrease in Gp100 peptide loaded splenocytes compared to 

splenocytes loaded with the irrelevant FluNP peptide is seen (figure 3.5B), however a small but 

statistically significant decrease in splenocytes labelled with the melanoma antigen Trp2 is 

seen compared to splenocytes labelled with FluNP (figure 3.5A).  As predicted, the Naïve F5 

mice specifically reject the FluNP peptide loaded splenocytes (figures 3.5A & B).  It is important 

to note that only two known B16-F10 candidate peptides were assessed and it is therefore 

possible that other known or unknown B16-F10 epitopes play a greater role in the delayed 

tumour growth observed. 
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A	
   B	
  

	
  
Figure	
   3.5:	
  Melanoma	
   associated	
   antigen	
  Trp2,	
   but	
   not	
  Gp100,	
  may	
  be	
   implicated	
   in	
   the	
   growth	
  delay	
  
observed	
   in	
   B16-­‐F10	
   tumours	
   expressing	
   costimulaotry	
   molecules.	
   	
   VITAL	
   in-­‐vivo	
   cell	
   killing	
   assay	
  
performed	
  to	
  investigate	
  the	
  role	
  of	
  candidate	
  antigens	
   [A]	
  Trp2	
  and	
   [B]	
  Gp100	
  as	
  compared	
  in	
  each	
  case	
  to	
  an	
  
irrelevant	
  FluNP	
  peptide.	
  

 
 

3.2.5	
  	
  Effect	
  of	
  multiple	
  costimulatory	
  molecules	
  in	
  a	
  lung	
  metastasis	
  
model	
  

As discussed in chapter 1 (Introduction), one potential clinical use of transducing multiple 

costimulatory molecules onto tumours would be in the metastatic setting. One technique for 

studying metastatic disease in an experimental model is the intravenous B16 lung metastases 

model.  This technique utilises the black colour of B16-F10 tumours, which derives from their 

melanocytic origin, to identify metastatic deposits of intravenously injected B16 tumours within 

the lungs.  Parental tumours or tumours expressing control dsRed, CD54, CD70, CD86 or 

multiple costimulatory molecules (CD54, CD70 and CD86) were injected intravenously  into 

C57Bl/6 mice.  After 14 days the mice were culled and lungs removed for FACS analysis and 

quantification of lung metastases number.  In the subcutaneous B16-F10 tumour model used in 
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the experiments above, the results demonstrate that B or T cells are the most important cell 

type involved in the differences in tumour growth rates seen.  It is known that in intravenous 

B16-F10 tumour lung metastases models, NK cells play an important role in tumour 

development.275 

 

A single lobe from each mouse was removed to formalin for quantification of the lung 

metastases (figure 3.6) with the remaining lung tissue collected into R10 media for FACS 

Analysis.  The lungs collected in formalin were photographed, and quantification was 

performed in Adobe Photoshop® based on a colour threshold, calibrated according to the 

lungs from naïve mice.  The percentage of lung surface area occupied by tumour deposits was 

used as a marker of tumour burden.  Compared to dsRed expressing control tumours there is a 

statistically significant decrease in the burden of lung metastases that develop in mice injected 

with tumours expressing CD86 and an even greater decrease in tumours expressing multiple 

costimulatory molecules (figure 3.6A&B).  Lungs of some mice injected with CD54 expressing 

tumours had a lower tumour burden (figure 3.6A) compared to the control dsRed injected mice 

but this did not reach statistical significance (figure 3.6B). CD70 expression appeared to offer 

no protection against the development of lung metastases. (figure 3.6A & B) 

 

The remaining lung lobes taken from mice in figure 3.6 above were processed and stained for 

FACS analysis.  Cells were gated on live cells with additional staining for T Cells (TcR), B Cells 

(B220) NK cells (NK1.1) and PD-L1.  As illustrated in figure 3.7 below there is an increase in T 

Cells, B Cells, NK Cells and granulocytes within the lungs of the mice injected with tumours 

expressing multiple costimulatory molecules.  In the case of NK Cells, there is a statistically 

significant increase seen also in the lungs of mice injected with CD86 expressing tumours.   
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Figure	
   3.6:	
   Presence	
   of	
   transduced	
   CD86	
   or	
   multiple	
   costimulatory	
   molecule	
   is	
   partially	
   protective	
  
against	
   development	
   of	
   lung	
  metastases	
   [A]	
  Lungs	
  harvested	
   from	
  either	
  naïve	
  mice,	
  or	
  mice	
   injected	
  with	
  
tumours	
   as	
   indicated	
   on	
   far	
   left	
   column.	
   	
   Same	
   lobe	
   acquired	
   wherever	
   possible	
   unless	
   damage	
   at	
   time	
   of	
  
removal	
   prohibited	
   this.	
   5	
   mice	
   per	
   group	
   except	
   B16-­‐CD54	
   group	
   (n=4)	
   and	
   naïve	
   mice	
   group	
   (n=3).	
   [B]	
  
graphical	
   representation	
   of	
   percent	
   of	
   lung	
   surface	
   area	
   covered	
   by	
   melanoma	
   metastases,	
   automatically	
  
calculated	
  based	
  on	
  pixel	
  colour	
  in	
  Adobe	
  Photoshop®.	
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 A: B Cells	
    B: T Cells	
  

	
   	
  
 C: Granulocytes	
    D: NK Cells	
  

	
   	
  
Figure	
  3.7:	
   	
  FACS	
  analysis	
  of	
   lung	
  tissue	
  corresponding	
  to	
  experiment	
  in	
  figure	
  3.6	
  above.	
   	
  One	
  lobe	
  was	
  
placed	
   in	
   formalin	
   for	
   assessment	
   of	
   tumour	
   burden.	
   	
   The	
   remaining	
   lung	
   tissue	
  was	
   collected	
   into	
  mR10	
   for	
  
staining	
  and	
  FACS	
  analysis.	
   	
  [A]	
  Assessment	
  of	
  number	
  of	
  B	
  Cells,	
  gated	
  on	
  live	
  cells	
  and	
  B220	
  positive	
  cells.	
   	
  [B]	
  
Assessment	
   of	
   number	
   of	
   T	
   Cells,	
   gated	
   on	
   live	
   cells	
   and	
  B220	
  negative,	
   TcR	
   positive	
   cells.	
   [C]	
   Assessment	
   of	
  
percentage	
   granulocytes	
   as	
   defined	
  by	
  CD11b	
  positivity,	
   gated	
  on	
   live,	
  B220	
  negative,	
   TcR	
  negative	
   cells.	
   	
   [D]	
  
Assessment	
  of	
  number	
  of	
  NK	
  cells	
  as	
  defined	
  by	
  NK	
  positivity	
  on	
  live,	
  B220	
  negative,	
  TcR	
  negative	
  cells	
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3.2.6	
  	
  Costimulatory	
  molecules	
  potentiate	
  the	
  effects	
  of	
  PD-­‐1	
  blockade	
  

As discussed in the introduction, chapter 1, anti-PD-1 blockade has now been shown to be of 

clinical benefit as an anti-cancer agent in the treatment of melanoma and several other human 

cancers. To explore the effect of costimulatory molecules in the setting of anti-PD-1 blockade, 

experiments were conducted using FELIX mice.  This homozygous transgenic knock-in mouse 

strain, on the C57Bl/6 background, expresses human/mouse chimeric PD-1. The exon encoding 

the ligand binding V-set IgSF domain of the endogenous murine pdcd1 gene has been swapped 

for the equivalent exon from the human PDCD1 gene.196 Mice were treated with either 

intravenous anti-PD-1 antibody or isotype control antibody 5 days prior to intravenous tumour 

challenge and intraperitoneally with similar antibody, three days post-tumour challenge.  Lungs 

were removed for analysis 13 days post tumour challenge, as opposed to 14 days after 

challenge in the C57Bl/6 wild type mice above (Figure 3.6) due to concerns for animal welfare 

from high tumour burden within the lungs.  The results of this experiment are illustrated by a 

representative lung from each treatment group in Figure 3.8A and graphical representation of 

tumour burden in Figure 3.8B below.  In common with C57Bl/6 wild type mice (figure 3.6) there 

is a trend towards reduced lung metastases in isotype antibody treated mice challenged with 

CD86 expressing tumours and a further reduction when challenged with tumours expressing 

multiple costimulatory molecules.  In the wild type mice however this trend does not reach 

statistical significance, possibly as a result of harvesting the lungs a day earlier.  In FELIX mice 

treated with anti-PD-1 antibody however, the reduction in lung metastases tumour burden is 

far greater in the CD86 expressing tumour group and even more so in the multiple 

costimulatory tumour group which does reach statistical significance (p=0.0031 for CD86 

expressing tumours and p=0.0004 for multiple costimulatory molecules expressing tumours, as 

calculated using unpaired two-sided t-test).  In addition, whereas there is no difference 

between anti-PD-1 treated mice and isotype control treated mice challenged with B16 parental 
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tumours, there is a small but non-statistically significant reduction in tumour burden in mice 

challenged with B16-CD86 tumours and more pronounced statistically significant difference in 

mice challenged with multiple costimulatory tumours (p=0.0416 by unpaired two-sided t-test). 

An additional control group incorporating BI6-dsRed were included as part of this experiment 

but were excluded from the analysis as 2 mice died at the time of initial tumour injection and 

the remaining mice had fought and received injuries which could potentially have affected the 

results. 

 

Analysis of both harvested spleens and lungs performed at the completion of the experiment 

demonstrated an apparent global reduction in PD-1 levels in the anti-PD-1 antibody treated but 

not isotype antibody treated mice (figures 3.9B & 3.9D) compared with total T-cells in the same 

organs (figures 3.9A & 3.9C). The in-vivo injected antibody is known to block binding of the 

commercially available PD-1 antibody (clone J105) used in the FACS analysis.  This therefore 

indicates that the injected anti-PD-1 antibody is still bound 10 days after the final in-vivo 

injection.  Levels of the PD-1 ligands PD-L1 and PD-L2 were measured in the lungs of all mice.  

Compared to naïve mice, a reduction of PD-L1 is observed in mice injected with B16 and B16 

tumours expressing CD86 but not in mice injected with tumours expressing multiple 

costimulatory molecules.  Of note however, whist the tumour injected has an effect on PD-L1 

levels, no differences were seen as a result of anti-PD-1 antibody treatment compared to 

isotype control (figure 3.9E). PD-L2 levels did not appear to be affected by either tumour 

injection or antibody treatment (figure 3.9F). 
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Figure	
   3.8:	
   Intravenous	
   tumour	
   injection	
   into	
   FELIX	
   mice	
   in	
   the	
   presence	
   of	
   anti-­‐PD-­‐1	
   antibody	
   or	
   isotype	
  
control.	
   [A]	
   Experiment	
   Timeline	
   [B]	
   Parental	
   tumour	
   versus	
   CD86	
   expressing	
   tumours	
   versus	
   tumours	
   expressing	
  
multiple	
   costimulatory	
   molecules.	
   	
   One	
   representative	
   lung	
   image	
   shown	
   from	
   each	
   treatment	
   group.	
   Complete	
   set	
  
reproduced	
  in	
  ficure	
  3.8	
  D	
  overleaf.	
  [C]	
  Graphical	
  representation	
  of	
  percentage	
  of	
  lung	
  surface	
  area	
  occupied	
  by	
  tumour	
  
metastases,	
  as	
  calculated	
  based	
  on	
  pixel	
  colour	
  in	
  Adobe	
  Photoshop®.	
  When	
  B16	
  tumours	
  are	
  injected	
  in	
  the	
  presence	
  or	
  
absence	
   of	
   anti-­‐PD-­‐1	
   antibody	
   (PD-­‐1)	
   or	
   isotype	
   control	
   there	
   is	
   no	
   statistically	
   significant	
   difference	
   in	
   the	
   tumour	
  
burden.	
   This	
   is	
   also	
   the	
   case	
   where	
   the	
   tumours	
   express	
   CD86,	
   however	
   there	
   is	
   a	
   statistically	
   significant	
   difference	
  
following	
  the	
  injection	
  of	
  tumours	
  expressing	
  multiple	
  costimulatory	
  molecules	
  (p	
  =	
  0.0416)	
  expressing	
  tumours.	
  	
  In	
  the	
  
presence	
   of	
   isotype	
   control	
   antibody,	
   there	
   is	
   a	
   trend	
   towards	
   reduced	
   tumour	
   burden	
   in	
   the	
   presence	
   of	
   CD86	
   and	
  
multiple	
   costimulatory	
   molecules	
   compared	
   to	
   parental	
   B16,	
   however	
   unlike	
   figure	
   3.6	
   above,	
   this	
   does	
   not	
   reach	
  
statistical	
   significance.	
   	
   Following	
   treatment	
  with	
   anti-­‐PD-­‐1	
   antibody	
   there	
   is	
   a	
  more	
   pronounced	
   decrease	
   in	
   tumour	
  
burden	
   in	
   the	
   presence	
   of	
   CD86	
   (p	
   =	
   0.0031)	
   and	
   multiple	
   costimulatory	
   molecules	
   (p	
   =	
   0.0004)	
   compared	
   to	
   B16	
  
parental	
  tumour.	
  [D]	
  Complete	
  set	
  of	
  images	
  from	
  figure	
  B	
  above	
  (overleaf).2	
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  Figure	
  3.8:	
  [D]	
  Please	
  refer	
  to	
  description	
  on	
  previous	
  page	
  

 

 D
   

   
    

B1
6  

Iso
 

 
 

 
 

 
 

B1
6  

PD
-1

 
 

 
 

 
 

 
B1

6-
CD

86
 

 
Iso

 
 

 
 

 
 

 

B1
6-

CD
86

 

 
PD

-1
 

 
 

 
 

 
 

B1
6-

M
ul

tiC
os

tim
 

 
Iso

 
 

 
 

 
 

 
B1

6-
M

ul
tiC

os
tim

 

 
PD

-1
 

 
 

 
 

 
 

Na
ïv

e  
Iso

 
 

 
 

 
 

 

Na
ïv

e  
PD

-1
 

 
 

 
 

 
 

 

CD
86

CD
86

CD5
4

CD70
CD
86

CD5
4

CD70
CD
86

PB
S$

PB
S$



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 60 

	
  
A 

 

Spleen T Cells 

	
  

B 
 

Spleen PD-1+ T Cells 

	
  
C	
  

 

Lung T Cells 

	
  

D 
 

Lung PD-1+ T Cells 

	
  
E 

 

Lung PD-L1 

	
  

F 
 

Lung PD-L2 

	
  
	
  
	
  

	
  
Figure	
  3.9:	
  FACS	
  analysis	
  of	
  lungs	
  and	
  spleens	
  from	
  mice	
  in	
  figure	
  3.8	
  above.	
  [A]	
  Total	
  T	
  cell	
  population	
  in	
  
spleens.	
   Gated	
   on	
   Live	
   cells,	
   CD19	
   negative	
   &	
   CD3	
   positive	
   cells.	
   No	
   statistically	
   significant	
   differences	
   seen	
  
between	
  the	
  treatment	
  groups.	
  	
  [B]	
  Drop	
  in	
  PD-­‐1	
  positive	
  T	
  cells	
  within	
  the	
  spleen	
  in	
  mice	
  treated	
  with	
  anti-­‐PD-­‐1	
  
antibody	
  but	
  not	
   isotype	
   control.	
   	
   Cells	
   gated	
  on	
   live	
   cells	
   and	
  PD-­‐1	
  positive	
   cells.	
   [C]	
   Total	
  T	
  Cells	
  within	
   the	
  
lungs	
   demonstrating	
   apparent	
   stepwise	
   increase	
   in	
   T	
   cell	
   population	
   associated	
   with	
   parental	
   B16	
   tumours,	
  
CD86	
  expressing	
  tumours	
  and	
  multiple	
  costimulatory	
  molecules	
  expressing	
  tumours.	
  	
  [D]	
  Complete	
  suppression	
  
of	
  PD-­‐1+	
  T	
  Cells	
  within	
  the	
  lungs	
  in	
  PD-­‐1	
  antibody	
  treated	
  mice	
  compared	
  to	
  isotope	
  antibody	
  treated	
  controls.	
  
The	
  suppression	
  within	
  the	
  lungs	
  is	
  noted	
  to	
  be	
  greater	
  than	
  the	
  systemic	
  reduction	
  as	
  seen	
  in	
  the	
  spleen.	
  	
  Gating	
  
strategy	
  as	
  in	
  figure	
  3.9B.	
  [E]	
  Total	
  PD-­‐L1+	
  cells	
  within	
  the	
  lung.	
  	
  Cells	
  gated	
  on	
  Live	
  PD-­‐L1+	
  cells	
  demonstrate	
  a	
  
non-­‐significant	
  trend	
  towards	
  increased	
  PD-­‐1.	
  As	
  with	
  total	
  T	
  cells,	
  it	
  is	
  possible	
  that	
  the	
  increase	
  in	
  PD-­‐1	
  seen	
  in	
  
the	
  multiple	
  costimulatory	
  treated	
  lungs	
  is	
  apparent	
  rather	
  than	
  actual	
  due	
  to	
  less	
  lung	
  metastases	
  and	
  therefore	
  
less	
  total	
  cells.	
  	
  The	
  differences	
  observed	
  are	
  not	
  statistically	
  significant.	
  [F]	
  Total	
  PD-­‐L2.	
  	
  Cells	
  gated	
  on	
  Live	
  PD-­‐
L2	
  positive	
  cells.	
  No	
  statistically	
  significant	
  differences	
  between	
  the	
  groups	
  were	
  seen.	
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3.3	
  Discussion	
  

The experiments in this chapter have shown enhanced priming in-vitro along with tumour 

rejection and delayed tumour growth following transduction of costimulatory molecules onto 

B16 tumours.  There was a consistent hierarchy seen throughout all the experiments conducted 

using this experimental model, with single costimulatory molecules offering greater protection 

than parental tumours and the presence of multiple costimulatory molecules demonstrating the 

greatest effect.  There is evidence from the RAG knock out mice experiment that the 

mechanism is B or T cell dependent at least in the subcutaneous tumour model.   Attempts to 

identify antigen specificity concluded that Gp100 is not involved and suggested Trp2 may play 

a minor role.  In the intravenous lung metastasis tumour model (figure 3.6B) the same 

hierarchy seen previously was again demonstrated, with tumours expressing multiple 

costimulatory molecules resulting in significantly less lung metastases.  As in the earlier 

experiments, CD86 transduced tumours were found to be the most active of the single 

costimulatory molecules.  The FACS data suggests general influx of several immune cell types 

including T Cells, B Cells, NK Cells and Granulocytes.  

A similar lung metastasis experiment performed in FELIX mice which expresses human/mouse 

chimeric PD-1 (figure 3.8) confirmed the above result and also showed anti-PD-1 therapy 

appears to work synergistically with tumours expressing multiple costimulatory molecules.   

 

It is known that PD-1 can be expressed on B Cells, CD4 and CD8 T cells, monocytes, NK cells 

along with dendritic cells.152,276-278 CD4 T Cells do not express PD-1 in their resting state but do 

within 24 hours of activation.279 It is also known that B16-F10 tumours do not constitutively 

express PD-L1159 though can be induced to do so.160 This has been demonstrated in-vivo 

through addition of IFNγ.160 From the results presented here, it is possible that the expression 

of CD54, CD70 and CD86 on tumour cells are able to cause expression of PD-L1 in tumours 
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that do not do so in the absence of these molecules.  This alone is unable to explain the 

differences seen in B16 tumours that express CD86 compared to parental B16 tumours.  It is 

therefore likely that an additional mechanism is involved, possibly enhanced recruitment and 

activation of T cells by the transduced costimulatory molecules.  This is supported by the 

increased number of T cells seen in the lungs (figure 3.9C) but not spleens (figure 3.9A) of mice 

injected with B16 tumours expressing CD86 and those tumours expressing multiple 

costimulatory molecules. 

 

Naïve B16 tumours were noted to be unresponsive to the effects of PD-1 blockade (figure 3.8).  

There was no statistically significant difference in the lung tumour burden following treatment 

with anti-PD-1 antibody as compared to treatment with isotype control. Tumours transduced to 

express CD86 or multiple costimulatory molecules are however able to overcome this.  A 

hierarchy is present with regard to the bulk of metastatic disease that develops within the lung.  

Mice injected with tumours transduced with multiple costimulatory molecules develop smaller 

volume metastatic disease within the lung than those injected with tumours transduced with 

CD86 alone. 

 

There has been recent interest in combining tumour irradiation with blockade of CTLA-4142,280,281 

and the PD-1 pathways.282-284 The effects of such therapy appear to be both additive and 

synergistic. Radiation is known to result in upregulation of the costimulatory molecules CD54, 

CD70 and CD86 within tumours or their infiltrating dendritic cells.218,219,238,244,245,267 It is therefore 

possible that the mechanism responsible for the response to PD-1 seen in tumours expressing 

multiple costimulatory molecules in figure 3.8 may also explain the as yet poorly understood 

effects of combined PD-1 and radiation therapy described above. 
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At present it is not possible to predict those patients who are likely to respond to anti-PD-1 

therapy and those who are not.  Whilst the expression of PD-L1 makes the likelihood of 

responding slightly higher it is not useful as a biomarker, as the majority of tumours expressing 

PD-L1 will not respond.169,285 In contrast a modest percentage of patients whose tumours do 

not express PD-L1 do respond to anti-PD-1 blockade.169,285 Data from patients treated with anti-

PD-1 therapy demonstrate that most tumours will not respond to anti-PD-1 therapy from the 

outset and are thus said to be ‘resistant’ to this form of treatment. A subset of patients, 

however, has tumours that appear to respond to PD-1 blockade initially but then subsequently 

progress. On the basis of a single case report, this acquired ‘resistance’ to anti-PD-1 therapy 

may not be permanent, with subsequent reintroduction of anti-PD-1 therapy following 

progression actually resulting in a better and more prolonged response to the drug than during 

the first exposure.286 The ability to better understand and overcome ‘resistance’ to PD-1 

pathway blockade is of clear clinical interest.   

 

To my knowledge, the experiments discussed in this chapter represent the first instance in 

which it has been possible to reverse an inherent ‘resistance’ to PD-1 blocking therapy in an in-

vivo tumour model.  This approach could therefore be of great therapeutic potential in the 

metastatic cancer setting.  
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4. Results Chapter: Transduction of Costimulatory 
Molecules, cytokines and a chemokine on the CT26 
Tumour Cell line 

 

4.1	
  Introduction	
  

Following on from the first results chapter (chapter 3) I wanted to look at the effect of 

including additional molecules in addition to costimulatory molecules with a view to 

concomitantly activating multiple arms of the immune system.  Along with the molecules 

CD54, CD70 and CD86 which were successfully transduced onto B16-F10 tumours individually 

and in combination, several attempts were made to add an additional costimulatory molecule, 

CD48 along with a lentiviral cassette containing the cytokines IFNγ, GM-CSF, IL-12 and the 

chemokine CX3CL1.  It was not technically possible to transduce these molecules onto B16-

F10. Attempts to transduce up to a total of 8 genes onto the CT26 murine colorectal tumour 

cell line were however successful. CD54, CD70 & CD86 have been discussed in the previous 

chapter.  Costimulatory molecule CD48, the cytokines IFNγ, GM-CSF, IL-12 and the chemokine 

CX3CL1 are discussed below.  Expression of genes was validated by FACS expression of CD48, 

CD54, CD70, CD86 and CX3CL1 by FACS analysis. 
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Figure	
  4.1:	
  Summary	
  of	
  costimulatory	
  molecules,	
  cytokines	
  and	
  chemokine	
  transduced	
  onto	
  B16-­‐F10	
  and	
  
CT26	
  tumour	
  cell	
  lines 

 

4.1.1	
  CD48:	
  	
  

CD48 is the murine analogue of human LFA-3.287 It is a ligand for the immunoreceptors CD2 

and CD244, the latter of which is alternatively know as 2B4.288 It is normally found on the 

surface of B and T lymphocytes, natural killer cells, dendritic cells, monocytes, neutrophils, 

mast cells and eosinophils.289,290 Mice deficient in CD48 develop normally but demonstrate 

impaired activation of CD4+ T cells.291 Though allelic polymorphism of CD48 exists in different 

mice strains it does not appear to affect the binding of CD48 to CD2 and no functional 
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consequences of this polymorphism have been determined to date.291,292 The presence of the 

human analogue LFA-3, on tumour cells may enhance the ability of tumours to metastasize293 

whilst conversely, expression of CD48 has been shown to enhance anti-tumour activity by CD8+ 

T Cells when expressed either alone or when co-expressed together with CD80 on the surface 

of poorly immunogenic tumours.294 The PROSTVAC-VF phase II clinical trial which is discussed 

in detail in section 3.1.6 included CD48 (LFA-3) as one of the three costimulatory molcuelues 

that was expressed on poxviruses along with the PSA cancer antigen and injected together 

with GM-CSF.  Whilst the trial failed to achieve its primary endpoint of improved disease free 

survival, there was an improvement in another secondary endpoint of median survival, which 

increased by 8.5 months from 16.6 to 25.1.  Overall survival however was similar in both 

groups. 

 

4.1.2	
  Interferon-­‐gamma	
  (IFNγ)	
  

IFNγ was first identified as a cytokine secreted by lymphocytes with viral inhibitory properties 

over 40 years ago.295,296 Over the subsequent decades its importance to both the innate and 

adaptive immune system and its crucial role, not only against intracellular pathogens but also 

in tumour immunology has become clearer.  It is now known to be secreted by CD4 & CD8 T 

Cells, NK Cells, B Cells, dendritic cells, macrophages and NKT cells.297-302 C57Bl/6 mice that lack 

the receptor for IFNγ develop tumours more rapidly and with greater frequency than wild type 

mice in response to chemical carcinogens.  C57Bl/6 mice that are deficient for both the IFNγ 

and P53 tumour suppressor gene develop tumours more rapidly than mice deficient in P53 

alone.303 IFNγ deficient BALB/c mice challenged with DA3 mammary cancer cells developed less 

lung metastases than wild-type controls.304 In comparing the various murine studies, a degree 

of mice strain and tumour heterogeneity is apparent. In a two year longitudinal study, 16 out of 
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32 (50%) C57Bl/6 IFNγ deficient mice were observed to develop spontaneous disseminated 

lymphoma with 3 additional mice developing other tumours.  Over a similar period, none of the 

19 BALB/c IFNγ deficient mice developed disseminated lymphoma, though 4 mice did develop 

other tumours.305  

 

IFNγ upregulates MHC Class I and enhances CD8+ T Cell mediated cell killing306-309 while 

conversely suppressing recognition by non-MHC-restricted cytotoxic cells.309 In a phase II 

clinical trial undertaken in patients with metastatic melanoma, 23 patients received weekly 

IFNγ subcutaneously.  Pre and post HLA class I levels were monitored in 19 patients, and all 

patients had serum β2-microglobulin measurements as a surrogate marker for HLA class I 

upregulation. Three patients had a complete response to treatment.  Two of 19 patients had 

downregulation of HLA class I pretreatment both of which were upregulated by treatment 

however there was no correlation between HLA I upregulation or β2-microglobulin levels and 

response to therapy.310 In C57Bl/6 mice, MCA106 fibrosarcoma tumours transduced with IFNγ 

resulted in tumour growth delay compared to wild type MCA106 tumours.  Mice immunized 

with the irradiated MCA106-IFNγ tumours also demonstrated a degree of protection against 

subsequent parental tumour challenge.311 Exogenously added IFNγ has demonstrated non-

immunologically mediated cytotoxic effects on ovarian cancer cell lines in vitro.  Combined 

with its immunological properties, this has resulted in a number of early phase and one phase 

III clinical trial in which patients with ovarian cancer received standard surgery and 

chemotherapy with randomisation to receive additional subcutaneous IFNγ or not.  Patients on 

the trial arm had an improved progression free survival at 3 years of 51% compared to 38% in 

the control arm of the trial.  Unfortunately no immunological assays have been reported as part 

of this trial.312 In a phase II clinical trial, patients with cutaneous lymphomas were treated with 
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intralesional injections of IFNγ-adenovirus.  Half of treated patients had local tumour 

regression in the injected lesion, whilst one third had regression in distal lesions.313  

4.1.3	
  Interleukin-­‐12	
  (IL-­‐12)	
  

IL-12 is 70kD (p70) heterotrimeric cytokine comprising two disulfind-linked monomers p35 and 

p40.314 It is produced by dendritic cells315 and macrophages316 and exerts its effects on T and NK 

cells, in which it induces production of IFNγ.314,317 Beyond a few early phase trials, systemic 

treatment with IL-12 has not entered clinical usage owing to its unacceptable side effect profile 

and high mortality rate in treated patients.318,319 Transfer of IL-12 genes directly into tumours is 

a less toxic approach and has been attempted in several animal models along with human 

clinical trials. Established murine CT26 tumour cells injected with intratumoural adenovirus 

expressing IL-12 results in delayed tumour growth up to 200 days post tumour challenge, 

which was found to be largely CD8 dependent.320,321 A related experiment with murine MC38 

adenocarcinoma and murine MCA205 fibrosarcoma confirmed growth delay following 

intratumoural adenoviral IL-12 injections in these tumour types.322 A similar effect has also 

been demonstrated in a metastatic colorectal cancer model in which MCA-26 tumour cells 

were implanted in the liver.  Intratumour IL-12 adenoviral injection was observed to double 

median survival from 20 to 40 days.323 Introducing IL-12 into established subcutaneous 

tumours by intratumoural electroporation has also been investigated and found to be 

successful in eradicating up to 70% of established B16 tumours via a CD8 dependent 

mechanism with one third of responding mice protected against subsequent parental tumour 

rechallenge.324,325   Using a similar approach, Chen et al.326 injected established subcutaneous 

murine MB49 bladder tumours with a bi-cistronic adenoviral vector (Ad.mIL-12) carrying cDNAs 

of both the p35 and p40 subunits of murine IL-12.  There were able to show a dose dependent 

effect, with complete eradication of the tumours following a single injection of 1 x 109 pfu.  
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Mice were protected against subsequent parental tumour rechallenge.  Where the rechallenge 

was subcutaneous, mice were fully protected against development of the parental tumour.  

Where the parental tumour rechallenge was intravenous, mice showed partial protection, with 

suppressed development of lung metastases.  The original tumour rejection in this instance was 

found to be both CD4 and CD8 dependent.   In humans, a similar approach was used in a 

phase I clinical trial which recruited 24 patients with melanoma of whom 19 had metastatic 

disease.  All patients received intertumoural injection of plasmid IL-12, followed by 

electroporation on 3 occasions.  Three of 19 patients (15%) had complete regression of all 

distant metastases, 7 had stable disease (duration 4 to 20+ months) and 9 patients had 

progressive disease.327 

 

4.1.4	
  Granulocyte-­‐macrophage	
  colony	
  stimulating	
  factor	
  (GM-­‐CSF)	
  

As inferred by its name, GM-CSF is a cytokine originally identified on the basis of its ability to 

generate granulocytes and macrophage colonies from precursor bone marrow cells.328.  Its 

antitumour effects, which are discussed below, derive from its ability to improve the function of 

antigen presenting cells through the maturation, activation and recruitment of dendritic cells 

and/or macrophages.273 GM-CSF deficient mice develop a systemic lupus erythematosis (SLE)-

like disorder but have no predisposition to cancer unless simultaneously deficient in IFNγ.329 

GM-CSF transduced subcutaneous 3LL murine lung tumours are rejected, with protection 

against subsequent parental tumour challenge.330 GM-CSF transduced B16-F10 tumours were 

effective at partially protecting C57Bl/6 mice against subsequent subcutaneous331 or 

intracranial332 parental tumour challenge. Irradiated GM-CSF transduced B16-F10 tumours have 

also been demonstrated to stimulate potent, specific and long-lasting anti-tumour 

immunity.122,333 Mice injected with B16-F10 tumours were injected 3 days later with either 
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irradiated B16-F10 tumour cells or B16-F10 tumours transduced to express GM-CSF.  Most of 

the latter were still alive after 100 days as opposed to a mean survival of 30 days in the former.  

This was shown to be CD4 and CD8 T cell dependent but NK cell independent by antibody 

depletion studies.  Interestingly whilst still showing some activity in a CT26 tumour model, the 

same authors showed considerably less protection against subsequent live parental tumour 

challenge in this tumour type.122 Successful immunisation with irradiated GM-CSF has also 

been demonstrated using the A20 murine lymphoma cell line334 and Lewis lung carcinoma 

cells335.  Irradiated B16-F10 tumours transduced with GM-CSF offer greater immunity against 

subsequent tumour challenge than B16-F10 tumours co-administered with recombinant GM-

CSF at the injection site.273 GM-CSF has been shown to be safe and effective as an adjuvant for 

protein and peptide-based vaccines. 42,336,337 The larger PROSTVAC-VF phase II trial that was 

discussed in the introduction to this thesis also utilises GM-CSF in this context, with 

recombinant GM-CSF adjuvant at the vaccination site together with a poxvirus expressing the 

cancer antigen PSA, along with costimulatory molecules CD48, CD54 and CD80.270 In a phase I 

clinical trial conducted in patients with metastatic melanoma, resected metastases were 

processed to single cells and transduced in-vitro with human GM-CSF by replication-defective 

adenoviral vector.  Cells were irradiated to 100Gy prior to reinjection weekly for 3 weeks then 

on alternate weeks until vaccine supply was exhausted or patient removed from the study.  Of 

34 patients, there was one complete response, one partial response one mixed response and 5 

patients with stable disease.  The remaining 18 assessable patients had progressive disease. 

When comparing resected metastases pre and post therapy, 10 of 16 assayed patients showed 

evidence of having developed a significant CD4+ and CD8+ T Cell and B cell infiltrates 

associated with tumour destruction following therapy.182 A phase III clinical trial in which an 

oncolytic virus engineered to express GM-CSF injected directly into tumours was compared to 

treatment with subcutaneous GM-CSF has recently closed and shows promising results with a 
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near doubling in complete responses from 6% in patients treated with subcutaneous GM-CSF 

to 11% in the oncolytic virus arm.  Durable response rates were also significantly improved, 

with 16% of patients randomised to the oncolytic virus arm as compared to 2% on the 

subcutaneous GM-CSF arm demonstrating a durable response.338,339 

4.1.5	
  Chemokine,	
  C-­‐X3-­‐C	
  motif,	
  ligand	
  1	
  (CX3CL1)	
  

Known as fractalkine in humans and neurotactin in mice, CX3CL1 is a cytokine expressed on 

Natural Killer Cells, monocytes, T Cells and Dendritic Cells characterised by its CX3C chemokine 

motif, and is the only known chemokine of this CX3C class.340,341 CX3CL1 exists in two forms 

that have differing biological activities.  When anchored to the cell membrane via its long 

mucin rich stalk, it has properties of an adhesion molecule.  In contrast, when its stalk is 

cleaved by proteolysis, it exists in a soluble form and behaves as a chemokine with effects on 

NK Cells, T Cells and Dendritic Cells.340-344 Murine lung 3LL tumours transduced with CX3CL1 

were found to both express the membrane-bound, and secrete the soluble form of the 

molecule.  Transduced tumours had reduced growth rate compared to parental tumours, which 

was shown to be dependent on CD8 T Cells and NK Cells.  Increased populations of CD8 and 

CD4 T cells along with dendritic cells and NK cells within the transduced tumours suggest that 

the mechanism is via chemoattraction.345,346 Thymoma EL4 and EG7 tumours transduced with 

CX3CL1 also have reduced growth rate which was abolished in NK deficient but not B and T 

cell deficient mice.347 Established CT26 and B16 tumours transduced with CX3CL1 also have 

reduced growth rate which was found to be both T and NK cell dependent.348.  In a murine 

hepatocellular carcinoma model, CX3CL1 transduction inhibits tumour growth.  CD4 and CD8 T 

Cells were found to be present in 2-3 times the frequency within transduced tumours.  These 

same cell populations were also present at marginally higher frequency in blood which may 

account for the partial protection against parental tumour rechallenge.349 
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4.2	
  Results	
  

4.2.1	
  Tumour	
  Challenge	
  with	
  Multiple	
  Costimulatory	
  Molecules,	
  Cytokines	
  
and	
  Chemokine	
  

Tumours were injected subcutaneously on the right flank of BALB/c mice and measured on 

alternate days until the end of the experiment, or until such time that one of the predefined 

humane endpoints was reached, as discussed in Methods Section 2.2.  In mice injected with 

untransduced (parental) tumour (figure 4.2A) or tumour transduced with the non-

immunologlically active lentiviral control dsRed (figure 4.2B), tumours grew in an exponential 

manner as would be predicted.  In mice injected with tumours transduced with the single 

costimulatory molecule CD86 (figure 4.2C), most tumours initially developed normally with 5 of 

the 6 injected tumours becoming detectable between days 10 and day 12. These tumours 

demonstrated exponential tumour growth until day 18 after which time they were noted to be 

decreasing in size and were rejected over the following 14 days. The final mouse became 

tumour-free after an additional 10 days.  In mice injected with tumours transduced with 

multiple costimulatory molecules CD48, CD54, CD70 and CD86 (figure 4.2D) 2 of 6 mice did 

not develop any palpable tumours, a further 2 mice developed small tumour nodules which 

were rejected almost immediately, with the final 2 mice developing moderately sized tumours 

(10-20mm2) prior to complete rejection by day 28.  In the group of mice injected with tumours 

expressing the secreted molecules IFNγ, GM-CSF and IL-12 along with the chemokine CX3CL1 

(figure 4.2E), only 1 of the 6 mice developed a palpable tumour, which was rejected within 5 

days.  The remaining 5 mice remained tumour-free throughout.  In the final group of 6 mice, 

injected with tumours expressing all 8 transduced molecules, CD48, CD54, CD70, CD86, IFNγ, 

GM-CSF and IL-12 (figure 4.2F) no tumours were detectable at any time. 
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 A:      Parental Tumour  B:  dsRed Lentiviral Control  C: Single Costimulatory CD86 

   

   
	
  
D:  Multiple Costimulatory  E:            Cytokines  F: Costimulatory & Cyotkines 

 

  

   
Figure	
  4.2:	
   Impaired	
   tumour	
  growth	
  and	
   rejection	
  observed	
   in	
  mice	
   injected	
  with	
   tumours	
   expressing	
  
costimulatory	
  molecules,	
  cytokines	
  and	
  a	
  chemokine.	
   	
  Growth	
  of	
  parental	
  CT26	
  tumours	
  and	
  CT26	
  tumours	
  
transduced	
  with	
  various	
  molecules	
  individually	
  or	
  in	
  combination	
  as	
  labelled.	
  	
  The	
  number	
  in	
  the	
  top	
  left	
  of	
  each	
  
graph	
  indicates	
  the	
  number	
  of	
  mice	
  in	
  which	
  tumour	
  development	
  was	
  observed.	
  	
  Statistical	
  analysis	
  of	
  tumour	
  
size,	
   calculated	
   on	
   day	
   18	
   when	
   the	
   first	
   mouse	
   reached	
   the	
   humane	
   endpoint,	
   demonstrated	
   statistically	
  
significant	
  differences	
  between	
  the	
  size	
  of	
  the	
  parental	
  tumour	
  and	
  tumours	
  expressing	
  multiple	
  costimulatory	
  
molecules	
   (p	
   =	
   0.0298),	
   cytokines	
   and	
   chemokines	
   (p	
   =	
   0.0138)	
   and	
   costimulatory	
   molecules,	
   cytokines	
   and	
  
chemokines	
  (p	
  =	
  0.0138)	
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4.2.2	
  Serum	
  from	
  mice	
  that	
  rejected	
  tumours	
  fails	
  to	
  react	
  with	
  parental	
  
CT26	
  

To explore the mechanism of rejection observed above, the involvement of antibodies was 

examined. Surviving mice from Figure 2 above were tail bled and serum isolated and incubated 

with fresh CT26 tumours. Secondary anti-mouse IgG antibody was added and percentage IgG 

positive cells quantified by FACS analysis (Technique based on reference 202)  As can be seen in 

figure 4.3 below, no statistically significant differences were identified between the mice from 

figure 4.2 as compared to naïve mice (figure 4.3A below) as contrasted with serum obtained 

from C57Bl/6 mice previously immunised with intraperitoneal CT26 tumours (figure 4.3B). 

 A  B 

 

       
Figure	
  4.3:	
  Antibodies	
  specific	
  for	
  cell	
  surface	
  proteins	
  were	
  not	
  enhanced	
  in	
  any	
  treatment	
  group.	
  Serum	
  
was	
  obtained	
  from	
  surviving	
  mice	
  in	
  figure	
  2	
  and	
  incubated	
  in	
  duplicates	
  with	
  0.5x106	
  fresh	
  CT26	
  tumours	
  at	
  a	
  
ratio	
   of	
   1:25.	
   Cells	
  were	
   then	
  washed	
   and	
  Goat	
   anti-­‐mouse	
   IgG	
  was	
   added	
   and	
  FACS	
   analysis	
   performed	
  with	
  
dead	
  cells	
  exluded	
  by	
  live	
  staining	
  and	
  percentage	
  IgG	
  positive	
  cells	
  calculated.	
   	
  Within	
  each	
  tumour	
  treatment	
  
group,	
  the	
  duplicate	
  samples	
  are	
  identified	
  by	
  identical	
  coloured	
  shapes.	
  	
  [A]	
  No	
  differences	
  in	
  IgG	
  antibodies	
  to	
  
CT26	
  tumours	
  identified	
  in	
  the	
  serum	
  of	
  mice,	
  with	
  all	
  mice	
  having	
  less	
  than	
  1%	
  positive	
  cells	
  	
  [B]	
  Positive	
  and	
  
negative	
   controls	
   plotted	
   with	
   a	
   different	
   Y-­‐axis	
   scale.	
   Positive	
   control	
   serum	
   obtained	
   from	
   C57Bl/6	
  mouse	
  
immunised	
  by	
  intraperitoneal	
  injection	
  of	
  live	
  CT26	
  tumours	
  2	
  weeks	
  earlier.	
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4.2.3	
  Rechallenge	
  of	
  Surviving	
  mice	
  with	
  parental	
  CT26	
  

To further assess the mechanism of rejection observed above, the mice that successfully 

rejected the tumour were rechallenged with parental, untransduced CT26 tumours.  Control 

mice that had previously been injected with PBS alone were also challenged with parental 

CT26 tumours.   As illustrated in figure 4.4 A-G below, mice previously injected with tumours 

expressing the costimulatory molecule CD86 demonstrate the greatest protection against 

parental tumour rechallenge.  Mice previously challenged with multiple costimulatory 

molecules also retain some protection.  In contrast, mice previously exposed to tumours 

expressing cytokines and chemokines either in the presence or absence of multiple 

costimulatory molecules are not protected against subsequent tumour rechallenge.  Figure 4.4F 

is a Kaplan Meier graph, plotting survival against time and confirms that there is a statistically 

significant improvement in survival in mice following parental CT26 tumour challenge in mice 

previously injected with tumours expressing single costimulatory molecule CD86 or multiple 

costimulatory molecules CD48, CD54, CD70 and CD86.  When comparing all the survival curves 

to control mice, previously treated with PBS only, in addition to the two mice groups discussed 

above, the Log Rank (Mantel-Cox) test also confirms a statistically significant difference in mice 

previously challenged with tumours expressing all 8 molecules.  The magnitude of this 

difference is however small with only a two-day improvement in median survival from 26-28 

days following parental tumour rechallenge.  This illustrates the difference between a 

meaningful and statistical difference.  Whereas in the cytokines and chemokine exposed mice 

two mice remain tumour free at the end of the experiment, there is a wide variability in the 

response seen, with both groups having a median survival of 26 days, and there is no statistical 

significant difference in survival. In contrast, in mice that had previously been exposed to 

tumours expressing multiple costimulatory molecules, cytokines and chemokines, their median 

survival is 2 days longer at 28, a statistically significant difference, but one which is unlikely to 
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be therapeutically meaningful if extended to a clinical setting. 
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 F	
  

	
  
	
  
 G	
  

	
   	
  
Figure	
  4.4:	
  Rechallenge	
  with	
  parental	
  CT26	
  tumours.	
  	
  Compared	
  to	
  [A]	
  Naïve	
  mice	
  challenged	
  with	
  Parental	
  
CT26	
   tumours,	
   [B]	
  Previous	
  exposure	
   to	
  CT26	
   transduced	
  with	
  single	
  costimulatory	
  molecule	
  CD86	
  offers	
   the	
  
greatest	
   protection	
   against	
   subsequent	
   parental	
   tumour	
   rechallenge.	
   	
   [C]	
   Previous	
   exposure	
   to	
   tumours	
  
expressing	
  multiple	
  costimulatory	
  molecules	
  confers	
  some	
  degree	
  of	
  protection	
  but	
  less	
  than	
  tumours	
  expressing	
  
CD86	
   alone.	
   	
   [D]	
   Previous	
   exposure	
   to	
   tumours	
   expressing	
   cytokines	
   and	
   a	
   chemokine	
   offers	
   no	
   statistically	
  
significant	
   protection	
   against	
   subsequent	
   parental	
   tumour	
   rechallenge.	
   [E]	
   Previous	
   exposure	
   to	
   tumours	
  
expressing	
  all	
  8	
  molecules	
  confers	
  a	
  very	
  small	
  but	
  statistically	
  significant	
  delay	
   in	
  tumour	
  growth	
   	
   [F]	
  Kaplan	
  
Meir	
  curve	
  plotting	
  time	
  to	
  humane	
  endpoint,	
  including	
  p	
  values	
  for	
  results	
  A-­‐E	
  above.	
   [G]	
  Statistical	
  analysis	
  of	
  
tumour	
  size,	
  calculated	
  on	
  day	
  15	
  when	
  the	
  first	
  mouse	
  reached	
  the	
  humane	
  endpoint,	
  demonstrated	
  statistically	
  
significant	
  differences	
  between	
  the	
  size	
  of	
  the	
  tumours	
  in	
  mice	
  previously	
  exposed	
  to	
  CD86	
  expressing	
  tumours	
  
(p	
  =	
  0114)	
  and	
  mice	
  previously	
  exposed	
  to	
  tumours	
  expressing	
  multiple	
  costimulatory	
  molecules	
  (p	
  =	
  0.0415).	
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4.2.4	
  Investigating	
  the	
  importance	
  of	
  B	
  Cells,	
  T	
  Cells	
  and	
  NK	
  cells	
  in	
  the	
  
tumour	
  delay	
  and	
  rejection	
  seen	
  

To further investigate the immune cells implicated in the rejection described in figure 4.2 

above, the effect of the modified CT26 tumour growth was compared between wild type 

BALB/c mice and BALB/c γ-chain-/- RAG-/- mice which lack B Cells, T Cells along with the 

common γ-chain, and hence NK cells. 

The results seen in the wild-type BALB/c mice (figures 4.5A-E below) confirm the results 

described in figure 4.2 above.  In contrast however, when injected mice that lack B, T and NK 

cells, with similar tumours, all the mice develop tumours (figures 4.5F-J below).  There is 

however a delay in tumour growth in mice that were injected with tumours expressing 

cytokines and chemokine either in the presence or absence of multiple costimulatory molecules 

as illustrated by the red dotted line in figures 4.5F, 4.5I and 4.5J.  This translates into a 

statistically significant improvement in survival (figure 5L) in these two mouse populations as 

compared to mice injected with the parental CT26 tumours. 
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Figure	
  4.5:	
  Tumour	
  delay	
  and	
  rejection	
  in	
  the	
  presence	
  of	
  Cosimulatory	
  molecules	
   is	
  dependent	
  on	
  the	
  
presence	
  of	
  B	
  Cells,	
  T	
  Cells	
  and	
  NK	
  Cells.	
  [A-­‐E]	
  Tumour	
  growth	
  in	
  wild	
  type	
  BALB/c	
  mice	
  [F-­‐J]	
  Tumour	
  growth	
  
in	
  	
  BALB/c	
  γ-­‐/-­‐	
  RAG-­‐/-­‐	
  mice	
  .	
  	
  When	
  comparing	
  figures	
  B	
  with	
  G	
  and	
  C	
  with	
  F	
  it	
  is	
  apparent	
  that	
  the	
  growth	
  delay	
  
and	
   rejection	
   observed	
   in	
   mice	
   treated	
   with	
   costimulatory	
   molecules	
   is	
   no	
   longer	
   seen	
   when	
   tumours	
   are	
  
injected	
  into	
  mice	
  that	
  lack	
  B	
  Cells,	
  T	
  Cells	
  and	
  NK	
  Cells.	
  	
  In	
  contrast	
  when	
  comparing	
  figures	
  D	
  to	
  I	
  and	
  E	
  to	
  J,	
  the	
  
growth	
  delay	
  and	
  rejection	
  observed	
  in	
  wild	
  type	
  BALB/c	
  mice	
  is	
  only	
  partially	
  dependent	
  on	
  B	
  Cells,	
  T	
  Cells	
  and	
  
NK	
   cells	
   in	
   the	
   presence	
   of	
   cytokines	
   and	
   chemokine	
   and	
  whilst	
   in	
   their	
   absence	
   the	
   tumours	
   grow,	
   there	
   is	
  
evidence	
  of	
  growth	
  delay	
  which	
  persists	
  even	
  in	
  the	
  absence	
  of	
  these	
  cell	
   types.	
   	
  [K]	
  and	
  [L]	
  which	
  are	
  Kaplan	
  
Meier	
  plots	
  for	
  wild	
  type	
  BALB/c	
  mice	
  and	
  BALB/c	
  γ-­‐/-­‐	
  RAG-­‐/-­‐	
  mice	
  respectively.	
  	
  The	
  p	
  values	
  represent	
  log	
  rank	
  
test	
   comparison	
   to	
   the	
   parental	
   tumour	
   growth.	
   	
   Comparing	
   these	
   two	
   plots	
   demonstrate	
   that	
   whilst	
   all	
   the	
  
transduced	
   tumours	
   grow	
   in	
   the	
   absence	
  of	
  B,	
  T	
   and	
  NK	
   cells,	
   a	
   growth	
  delay	
  persists	
   even	
   in	
   the	
   absence	
  of	
  
these	
  cell	
  types	
  leading	
  to	
  differences	
  in	
  survival	
  when	
  cytokines	
  and	
  a	
  chemokine	
  are	
  present.	
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4.2.5	
  Transduced	
  molecules	
  exert	
  a	
  systemic	
  effect	
  

As discussed in the previous chapters, one of the potential clinical applications of this 

technique is in the metastatic setting where an accessible tumour or metastasis at one site 

could be transduced with selected molecules.  The hope is that the tumour cells at the 

transduced site could then effectively behave as antigen presenting cells by presenting tumour 

specific antigen to T cells leading to a systemic anti-tumour response. 

 

To test this approach a pseudo-metastatic mouse model was used in which modified tumours 

were injected on one flank of the mouse and the parental tumour on the opposite 

(contralateral) flank.  There is a statistically significant decrease in the parental mean tumour 

size at day 26, in mice that were injected with tumours expressing all 8 molecules on the 

opposite flank compared to mice that received no contralateral tumour.  This translates into a 

statistically significant survival advantage in this mouse population despite the fact that the 

tumours expressing 8 genes failed to grow.  Mice that were injected with CD86 expressing 

tumours or tumours expressing multiple costimulatory molecules on the opposite flank also 

appear to develop smaller parental tumours however this difference does not reach statistical 

significance.  There does however appear to be a hierarchy with regard to the parental tumour 

growth.  In mice with no contralateral tumour, the ipsilateral tumour grows fastest, those with 

a contralateral tumour expressing single costimulatory molecule CD86 have a subtle growth 

delay, those injected with contralateral tumours expressing multiple costimulatory molecules a 

more apparent delay and those with tumours expressing all 8 genes the greatest parental 

tumour growth delay. 
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 A  B 

 
 

Figure	
   4.6:	
   Injection	
   of	
   tumours	
   expressing	
   multiple	
   costimulatory	
   molecules,	
   cytokines	
   and	
   a	
  
chemokine	
   exerts	
   a	
   statistically	
   significant	
   systemic	
   effect	
   resulting	
   in	
   reduced	
   growth	
   of	
   the	
  
contralateral	
  parental	
  tumour	
  even	
  in	
  the	
  absence	
  of	
  any	
  measurable	
  transduced	
  tumour.	
  	
  It	
  is	
  possible	
  
the	
   injection	
   of	
   tumours	
   expressing	
   only	
   multiple	
   costimulatory	
   molecules	
   is	
   having	
   a	
   similar	
   effect	
  
though	
  this	
  does	
  not	
  reach	
  statistical	
  significance	
  either	
  by	
  tumour	
  size	
  at	
  day	
  26	
  or	
  by	
  log	
  rank	
  (Mantel	
  
Cox)	
  test. 
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4.2.6	
  Attempting	
  to	
  quantify	
  the	
  degree	
  of	
  systemic	
  versus	
  local	
  effect	
  of	
  
transduced	
  molecules	
  

In an attempt to quantify the extent to which the effect seen in Figure 4.6 above is due to local 

versus systemic effect, modified and control tumours were injected either on the same flank or 

opposite flanks.  

 

 Colour key:  A: Single Costimulatory Molecule - CD86 

 
 

 

 

 

 B: Multiple Costimulatory Molecules  C: Costimulatory, Cytokines & Chemokine 

  

Figure	
  4.7:	
  Local	
  and	
  systemic	
  effects	
  appear	
  equally	
   important	
   in	
   the	
  case	
  of	
   tumour	
   transduced	
  with	
  
multiple	
  costimulatory	
  molecules	
  with	
  or	
  without	
  cytokines	
  and	
  a	
  chemokine.	
  	
  In	
  contrast	
  CD86	
  appears	
  
to	
   exert	
   only	
   local	
   effects.	
  50,000	
   tumour	
  cells	
   injected	
  at	
   each	
   site	
  as	
   indicated	
   in	
   colour	
  key	
  above.	
   	
   If	
   the	
  
transduced	
  molecules	
  exerted	
  purely	
  local	
  effects,	
  the	
  purple	
  line	
  and	
  the	
  black	
  line	
  should	
  be	
  superimposed.	
  The	
  
closer	
  the	
  purple	
  line	
  is	
  to	
  the	
  yellow	
  line,	
  the	
  greater	
  the	
  systemic	
  effect	
  exerted	
  by	
  the	
  transduced	
  tumour	
  on	
  
the	
  contralateral	
  parental	
  tumour.	
  	
  In	
  addition,	
  the	
  closer	
  the	
  green	
  and	
  purple	
  lines	
  appear	
  together,	
  the	
  greater	
  
the	
   systemic	
   effect.	
   	
   On	
   the	
   basis	
   of	
   this	
   [A]	
   CD86	
   exerts	
   its	
   effects	
   locally	
   whereas	
   both	
   [B]	
   multiple	
  
costimulatory	
   molecules	
   and	
   [C]	
   multiple	
   costimulatory	
   molecules	
   together	
   with	
   cytokines	
   and	
   a	
   chemokine	
  
exert	
  both	
  local	
  and	
  systemic	
  effects.	
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4.3	
  Discussion	
  

The initial experiments in this chapter confirmed that the results from the previous chapter, 

with regard to tumour growth of tumours transduced with costimulatory molecules, holds true 

in a different tumour model and in mice of a different background.  The B16-F10 tumour used 

in the previous chapter is known to be particularly non-immunogenic.262 It is therefore not 

surprising that the effects of the transduced molecules in the CT26 tumour model are more 

pronounced than those seen with B16-F10. Tumours transduced with CD86 (figure 4.2C & 

4.5B) were noted to regress following initially normal tumour growth. Tumours transduced 

with multiple costimulatory molecules (CD48, CD54, CD70 and CD86) demonstrating reduced 

growth from the outset followed by tumour regression (figure 4.2D & 4.5C). Additional 

molecules transduced in the CT26 molecule were added in the hope of engaging multiple arms 

of the immune system simultaneously and the results in figure 4.2, confirmed in figure 4.5, 

demonstrate that this is indeed the case, with the near complete lack of tumour growth in 

tumours transduced with cytokines and chemokine (figure 4.2E & 4.5D) and total abolishment 

of any tumour growth in mice challenged with tumours expressing all 8 costimulatory 

molecules, cytokines and chemokine (figure 4.2F & 4.5E).  The rapidity of the rejection in the 

final two groups of tumours (those transduced with cytokines and chemokine and 

costimulatory molecules, cytokines and chemokine) possibly attests to engagement of the 

innate rather than adaptive immune system.  The lack of memory observed when these 

tumours were rechallenged with parental tumour further strengthens this hypothesis (figure 

4.4D-G).  The same experiment demonstrates that the total tumour exposure is the single most 

important predictor of protection against subsequent parental tumour challenge.  Total tumour 

exposure is measured by the area under the curve in a tumour size versus time graph and 

therefore incorporates tumour size along with the duration over which the tumour was present.  

Mice previously injected with CD86 expressing tumours therefore have the greatest immunity 
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to subsequent parental tumour challenge followed by mice previously exposed to tumours 

expressing multiple costimulatory molecules. Previous exposure to tumours expressing 

cytokines and chemokine either in the presence or absence of multiple costimulatory molecules 

did not offer any protection against subsequent parental tumour challenge.  Mechanistically, 

there are two alternative explanations for the complete lack of any protection to parental 

tumour rechallenge following exposure to tumours expressing cytokines and chemokine.  As 

discussed above it is possible these tumours are rejected on the basis of the innate immune 

system and these mice therefore have no immunological memory.  It is also possible that the 

lack of memory is a result of IFNγ expression by these tumours.  There is some evidence that 

whilst beneficial in primary anti-tumour response, IFNγ mediates loss of CD4+ T cells which 

can impair secondary anti-tumour responses.350 In the literature review pertaining to IFNγ in the 

introduction to this chapter, whilst there are many examples of the anti-tumour properties of 

transduced IFNγ only one paper was identified that reports evidence of immunological memory 

with evidence of exposure to IFNγ transduced tumours being able to confer protection against 

parental tumours in subsequent rechallenge.311  

 

Comparing the results in wild type BALB/c mice to BALB/c γ-/- RAG-/- illustrates that some or all 

of the following cell types; B Cells, T Cells and NK Cells, are responsible for the rejection seen 

in the presence of costimulatory molecules in wild type BALB/c mice (4.5B versus 4.5G and 

4.5C versus 4.5H).  The results from figure 4.3 indicate that the rejection is not antibody 

mediated. Regarding the rejection observed in tumours expressing cytokines and chemokines, 

the same cells types are clearly involved.  There is however still evidence of growth delay when 

these cells are absent (Figure 4.5D versus 4.5I and 4.5E versus 4.5J) indicating that other cells 

or molecules of the immune system must also play a role, though the experiments described 

here have not identified these cells.   
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To assess to what degree the transduced molecules were exerting a local effect and to what 

extend the effect was systemic, mice were injected with a parental tumour on one flank and a 

modified tumour on the contralateral flank (figure 4.6). This experiment confirms that the 

transduced tumours expressing a combination of multiple costimulatory molecules, cytokines 

and a chemokine together is able to induce a systemic effect that leads to tumour growth 

retardation of the parental tumour on the contralateral flank.  There is the suggestion that 

expression of single costimulatory molecule CD86, and multiple costimulatory molecules may 

also have an effect (figure 4.6A & 4.6B).  Whilst both failed to reach statistical significance, the 

fact that tumours modified with these molecules follow the same hierarchy present consistently 

in both the previous and current chapters lends credence to these molecules exerting a genuine 

effect but suggests this effect is likely weak compared to tumours expressing multiple 

costimulatory molecules, cytokines and a chemokine.  The results of figure 4.7, again suggest 

that in the case of tumours expressing multiple costimulatory molecules with or without 

transduced cytokines and chemokine, that the effects that they exert are systemic in addition 

to local.  
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5. Results Chapter: Transduction of IL-2 & IL15 fused to 
their respective receptors 

 

5.1	
  Introduction	
  

In the previous chapters it was possible to achieve excellent anti-tumour responses following 

transduction of costimulatory molecules, cytokines and a chemokine.  However mice that 

completely rejected the transduced tumours did not show uniform protection against 

subsequent parental tumour challenge (Results chapter 4 Figure 4.4).  As will be discussed 

further below, both IL-2 and IL-15 are involved in the generation of memory responses.  The 

experiments in this chapter attempt to improve anti-tumour immunity using novel constructs 

which fuse IL-15 to the α-subunit of the IL-15 receptor and IL-2 either fused to, or present 

alongside, the α-subunit of the IL-2 receptor.  

 

Both IL-2 and IL-15 have anti-cancer properties. IL-2 is licensed by the FDA for the treatment of 

metastatic melanoma and renal cell carcinoma.351 In metastatic renal cell cancer complete 

response rates of 7-10% have been reported.352 Marginally lower rates have been reported in 

patients with metastatic melanoma.353,354 Most data for IL-15 comes from preclinical 

studies355,356 IL-15 is also being assessed in a couple of phase I clinical trials, one of which has 

recently closed but not yet reported.357,358 

 

The receptors for IL-2 and IL-15 are structurally similar heterotrimeric receptors. The γ-chain, 

CD132, is shared with several other interleukins; IL-4, IL-7, IL-9 and IL-21.359-361 The β-subunit, 

CD122, is specific to the IL-2 and IL-15 receptors.362,363 Finally they each have a unique α-

subunit IL-2Rα (alternatively known as CD25) and IL-15Rα respectively.364,365 
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Transpresentation of IL-15 by its high affinity receptor IL-15Rα by dendritic cells is important in 

controlling both the production and the presentation of IL-15 to NK and CD8+ memory T 

cells.366-369 Murine tumour models utilising this approach have been able to show improved in-

vitro activity to treatment with IL-15/IL-15Rα in combination as compared to IL-15 alone.370-372 

 

Daclizumab is a humanised monocolonal antibody against IL-2Rα-chain, which is licensed for 

clinical use in the prevention of organ transplant rejection and which is currently undergoing 

clinical trials in multiple sclerosis.  Neither IL-2 nor daclizumab exert a direct effect of on 

dendritic cell maturation.  It is has therefore been suggested that CD25 on dendritic cells 

transpresents IL-2 to T cells in a similar manner to IL-15.373	
  

 

IL-2 and L-15 share many important functional similarities but also some significant 

differences.  Both IL-2 and IL-15 are involved in the proliferation and differentiation of T 

Cells.374-377 They also play a role in the proliferation, maintenance and activation of natural 

killer cells378,379 and in the proliferation of B cells where they are involved in regulating 

synthesis of immunoglobulins.380,381 In addition to the above, IL-2 is involved in activation-

induced cell death (AICD), maintenance of regulatory T Cells and elimination of self-reactive T 

Cells.382-385 In contrast, IL-15 plays a crucial role in the proliferation of memory-phenotype CD8+ 

T cells. 386-390 IL-15 is also able to inhibit the role of IL-2 in activation-induced cell death.391 
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5.1.1	
  Introducing	
  the	
  IL-­‐2/IL-­‐2Rα 	
  and	
  IL-­‐15/IL-­‐15α 	
  Constructs	
  	
  

In the experiments that follow in this chapter IL-2 and IL-15 have been transduced into 

tumours in association with their respective receptors using the lentiviral constructs below: 

A: IL-2/IL-2Rα Fusion 

 

B: IL-15/IL-15Rα Fusion

 

C: IL-2/IL-2Rα & IL-15/IL-15Rα Fusion 

 

D: IL-15/IL-15Rα Fusion & IL-2 & IL-2Rα Split 

 

Figure 5.1: Diagrammatic representation of constructs.  [A] IL-2 fused to IL-2 receptor.  [B] IL-15 fused to IL-15 
receptor.  [C] IL-2 and IL-15 fused to their respective receptors.  [D] IL-2 and IL-2 receptor present but not fused along with IL-
15 fused to the IL-15 receptor. 

The above constructs were transduced onto the EG7 tumour cell line which had previously 

been transduced with Cyan Fluorescent Protein (CFP).  EG7 is an ovalbumin transduced EL4 

thymoma cell line.  CFP was selected on the basis of the peak excitation and emission 

wavelengths of 434 and 477 nm respectively.  It can therefore be distinguished, by flow 

cytometry, from Green Fluorescent Protein (GFP) which has peak excitation and emission 

wavelengths of 488 and 507 nm respectively.392,393 This difference is exploited using the GFP-

OT1 animal model discussed later in this chapter. 
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For purposes of simplification, the following nomenclature will be used in the remainder of this 

chapter: 

Abbreviation Definition Lentiviral Construct 
EG7-CFP EG7 tumours transduced with Cyan Fluorescent 

Protein but not with any IL-2 or IL-15 constructs 
 

EG7-CFP-IL-2 
 

EG7-CFP cells transduced with IL-2 fused to the α-
subunit of the IL-2 Receptor 

 
EG7-CFP-IL15 EG7-CFP cells transduced with IL15 fused to the α-

subunit of the IL-15 Receptor 
 

EG7-CFP-FF EG7-CFP cells transduced with both IL-2 and IL-15 
fused to the α-subunits of their respective receptors 

 
EG7-CFP-FS EG7-CFP cells transduced with IL-15 fused to the α-

subunit of its receptor, along with IL-2 and the α-
subunit of its receptor which are not fused (split) 

 
Figure	
  5.2:	
  Nomenclature	
  and	
  definitions	
  used	
  in	
  this	
  chapter 

 

	
   	
  

pHR-IL2 Fusion

pHR-IL15 Fusion

pHR-Fusion Fusion

pHR-Fusion(IL15) Split (IL2)



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 90 

5.2	
  Results	
  

5.2.1	
  Confirming	
  Biological	
  activity	
  of	
  the	
  IL-­‐2	
  and	
  IL-­‐15	
  constructs	
  

To confirm that the generated cell lines had biologically active IL-2 and IL-15 cells were 

cultured with CTLL-2, an IL-2 and IL-15 dependent cell line.203,204 Confirmation that CTLL-2 is 

unable to survive in the absence of IL-2 or IL-15 is demonstrated in the second column from the 

left in Figure 5.3A & 5.3B below.  CTLL survival was titrated using exogenous human IL-2.  This 

shows that greater than 50 U/ml of human IL-2 is required for normal CTLL-2 survival. The EG7-

CFP tumour lines expressing IL-2 and or IL-15 along with their respective receptors were also 

cultured with CTLL-2. The tumour cells were excluded from analysis by gating out of all CFP 

positive cells.  The viability of the remaining CTLL-2 cells was assessed using a live/dead stain 

to calculate percentage survival.  At 48 hours after incubation approximately 10% of CTLL cells 

cultured with EG7-CFP have survived.  Of those CTLL-2 cells cultured with IL-2 and IL-15 

expressing constructs, this figure increases to approximately 60% CTLL-2 cell survival.  

Interestingly the EG7-CFP-FF construct which expresses both IL-2 and IL-15 fused to their 

respective receptors appears to result in slightly less CTLL-2 survival than the other constructs.  

This experiment has been repeated in triplicate including at different time points and is a 

consistent finding.  Finally, tumours transduced with the various constructs were labelled with 

CFSE labelled and cultured in-vitro.  This confirmed that the constructs did not affect in-vitro 

tumour growth rate. 
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A: 24 Hour CTLL Survival 

 
B: 48 Hour CTLL Survival 

 
Figure	
  5.3:	
  Confirming	
  biological	
  activity	
  of	
   the	
  IL-­‐2	
  and	
  IL-­‐15	
  constructs.	
   	
  The	
  CTLL	
  cell	
  line	
  requires	
  the	
  
presence	
  of	
  IL-­‐2	
  or	
  IL-­‐15	
  to	
  survive.	
   	
  CTLL	
  survival	
  was	
  titrated	
  with	
  exogenous	
  human	
  IL-­‐2	
  in	
  the	
  presence	
  of	
  
EG7-­‐CFP.	
   	
   The	
   various	
   IL-­‐2/IL-­‐15	
   expressing	
   construct	
  were	
   then	
   compared.	
   	
   The	
   results	
   above	
   demonstrate	
  
CTLL	
  survival	
  after	
   [A]	
  24	
  hours	
  and	
   [B]	
  48	
  hours	
  of	
   culture	
  with	
   irradiated	
   tumour	
  cells.	
   	
  Results	
   shown	
  are	
  
representative	
  of	
  3	
  repeat	
  experiments.	
  	
  Of	
  note,	
  CTLL	
  survival	
  was	
  noted	
  to	
  be	
  slightly	
  lower	
  in	
  the	
  presence	
  of	
  
EG7-­‐CFP-­‐FF	
  in	
  two	
  of	
  the	
  three	
  repeats.	
  	
  Compared	
  to	
  EG7-­‐CFP,	
  the	
  differences	
  for	
  EG7-­‐CFP-­‐IL2,	
  EG7-­‐CFP-­‐1L15,	
  
EG7-­‐CFP-­‐FF	
  and	
  EG7-­‐CFP-­‐FS	
  all	
  are	
  statistically	
  significant	
  using	
  an	
  unpaired	
  two-­‐sided	
  t-­‐test.	
  At	
  24	
  hours	
  p	
  =	
  
0.0025,	
  p	
  =	
  0.0025,	
  p	
  =	
  0.0070	
  and	
  p	
  =	
  0.0019	
  respectively,	
  and	
  following	
  48	
  hours	
  co-­‐culture,	
  p	
  =	
  0.0006,	
  p	
  =	
  
0.0010,	
  p	
  =	
  0.0041	
  and	
  p	
  =	
  0.0003	
  respectively.	
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48 Hour Survival Plot
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5.2.2	
  Effect	
  of	
  transduced	
  molecules	
  on	
  OT-­‐1	
  T	
  Cell	
  proliferation	
  

OT-I transgenic mice are characterised by having MHC class I-restricted, ovalbumin-specific, 

CD8+ T cells199,200 and are thus capable of recognising EG7 tumours.  As discussed in the 

introduction to this chapter, both IL-2 and IL-15 are involved in T Cell activation and 

proliferation.  To assess the effect of OT-1 specific T cell proliferation, the transduced tumours 

along with positive and negative controls were co-cultured with CFSE labelled OT-1 T cells.  As 

expected, OT-1 T cells fail to proliferate in the presence of non-OVA expressing EL4 tumours 

but do proliferate when the same cells are loaded with OVA peptide.  Similarly CFSE dilution, 

which corresponds to proliferation, is seen in the presence of OVA expressing EG7 tumours.  

The presence of transduced IL-15/IL-15Rα but not IL-2/IL-2Rα results in enhanced OT-1 

proliferation beyond that seen in EG7-CFP tumours.  The EG7-CFP-FF and EG7-CFP-FS 

constructs also show slight increase in proliferation in some of the repeats, but this was not a 

consistent finding. 
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  A  B  

 
  C  D   

 

 

 

                Log CFSE 

Figure	
  5.4:	
   Improved	
   in-­‐vitro	
   CFSE	
  proliferation	
  of	
  OT-­‐1	
   in	
  presence	
   of	
   IL-­‐15/IL-­‐15Rα 	
   but	
   not	
   IL-­‐2/IL-­‐
2Rα 	
   expressing	
   tumours.	
   	
   [A]	
  Log	
  CFSE	
  plot	
   [B]	
  Percentage	
  proliferated	
  cells.	
  Performed	
  following	
  40	
  hours	
  
co-­‐incubation	
   of	
   CFSE	
   labelled	
  OT-­‐1	
   splenocytes	
  with	
   irradiated	
   tumours.	
   EL4	
   (OVA-­‐negative	
   control)	
   or	
   EG7	
  
tumours	
  with	
   transduced	
  constructs	
  as	
   indicated.	
   	
  Cells	
  depleted	
   for	
  B220+	
  CD11c+	
  cells.	
   	
  Gated	
  on	
  Live	
  cells.	
  	
  
Representative	
   of	
   3	
   experiments.	
   	
   In	
   each	
   case,	
   presence	
   of	
   transduced	
   IL-­‐2/IL-­‐2Rα	
   cells	
   did	
   not	
   result	
   in	
  
improved	
  proliferation	
  whereas	
  presence	
  of	
  IL-­‐15/IL-­‐15Rα	
  tumours	
  did.	
  	
  The	
  two	
  cell	
  lines	
  which	
  express	
  both	
  
IL-­‐2	
   and	
   IL-­‐15	
   along	
  with	
   their	
   respective	
   receptors	
   appeared	
   to	
   subtly	
   improve	
   proliferation	
   though	
   did	
   not	
  
reach	
  statistical	
  significance	
  in	
  every	
  instance.	
  [C]	
  Log	
  CFSE	
  plot	
  [D]	
  Percentage	
  proliferated	
  cells.	
  Performed	
  as	
  
above	
  but	
  without	
  B220	
  and	
  CD11c	
  depletion	
  following	
  66	
  hours	
  incubation.	
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5.2.3	
  GFP-­‐OT1	
  Mouse	
  model	
  

As discussed above, OT-I transgenic mice are characterised by having MHC class I-restricted, 

ovalbumin-specific, CD8+ T cells capable of recognising EG7 tumours.199,200 To generate 

Ovalbumin-specific T cells that can be easily monitored after being adoptively transferred into 

C57Bl/6 mice, this transgenic strain was crossed with C57BL/6-GFP mice that express a 

transgene coding for green fluorescent protein (GFP) under control of the human ubiquitin C 

promoter.  These Ub-GFP transgenic mice have previously been characterised and whilst found 

to express GFP in all examined tissues, have particularly high levels in cells of haematopoietic 

origin.  There is differential GFP levels within haematopoietic cells such that it is possible to 

differentiate T cells from B cells on the basis of distinct GFP levels.197 As demonstrated in figure 

5.5 below, the F1 offspring of the OT1 transgenic and Ub-GFP transgenic mice were 

characterised and found to have approximately 80% CD8+ T cells of which 94% are double 

GFP and OT-1 positive. 
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P 

 Tetramer 
Figure	
  5.5:	
  Characterisation	
  of	
  GFP-­‐OT1	
  F1	
  mice	
  T	
  Cells.	
  	
  [A]	
  T	
  Cells	
  are	
  predominantly	
  CD8+.	
  Cells	
  were	
  first	
  
gated	
   on	
   Singlet	
   cells,	
   then	
   live	
   cells,	
   B220−	
   and	
   TcR+	
   cells.	
   [B]	
   CD8+	
   T	
   cells	
   predominantly	
   GFP+	
   and	
   OT-­‐1	
  
tetramer	
  positive.	
  Gating	
  strategy	
  as	
  above	
  but	
  additionally	
  gated	
  on	
  CD8+	
  cells. 
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5.2.4	
  GFP-­‐OT1	
  T-­‐Cell	
  Adoptive	
  transfer	
  model	
  

The GFP-OT-1 T Cell adoptive transfer model which utilises the generated tumours and 

transgenic mice described above is a useful in-vivo model for understanding the effect of the 

IL-2/IL-2Rα and IL-15/IL-15Rα constructs.  CFP-transduced ovalbumin expressing tumours are 

injected subcutaneously into C57Bl/6 mice.  The mice can then be injected with donor GFP-OT1 

ovalbumin specific T cells.  It is then possible to perform FACS analysis on removed spleens, 

tumours and lymph nodes to look for differences in number and characteristics of the 

adoptively transferred T Cells. 

 

A pilot experiment confirmed that it was possible to identify adoptively transferred T cells 

within blood, spleen, tumour, draining and non-draining lymph-nodes of adoptively transferred 

mice, and suggested that adoptively transferred cells may selectively localise to ovalbumin 

expressing tumours and possibly its draining lymph node: 

        A       Blood                    B      Spleen                      C       Tumour 

 
       D    Draining LN               E  Non-draining LN          F    Naïve Spleen 

 
Figure	
  5.6:	
  Identifying	
  adoptively	
  transferred	
  T	
  cells	
  within	
  tissues	
  indicated	
  48	
  hours	
  after	
  intravenous	
  
injection	
   of	
   20x106	
   splenocytes.	
   	
   [A]	
   Blood,	
   	
   [B]	
   Spleen,	
   [C]	
   Tumour,	
   [D]	
   Draining	
   lymph	
   node,	
   [E]	
   Non-­‐
draining	
   lymph	
  node.	
   [F]	
  This	
  GFP	
  positive	
  population	
   is	
  absent	
   in	
   spleen	
   from	
  a	
  naïve	
  mouse,	
  not	
  adoptively	
  
transferred	
   with	
   GFP-­‐OT1	
   splenocytes.	
   	
   	
   This	
   pilot	
   experiment	
   suggests	
   above	
   baseline	
   levels	
   of	
   adoptively	
  
transferred	
   GFP-­‐OT1	
   splenocytes	
   accumulate	
   within	
   the	
   OVA	
   expressing	
   tumour	
   along	
   with	
   draining	
   and	
  
possibly	
  non-­‐draining	
  lymph	
  nodes.	
  	
  

130703 Dan126 48Hr flow.jo Layout: Figure no labels

19/1/14 01:38 Page 1 of 1 (FlowJo v8.8.7)

0 10K 20K 30K

FSc

0

101

102

103

G
FP

0.013

0 10K 20K 30K

FSc

0

101

102

103

G
FP

2.06

0 10K 20K 30K

FSc

0

101

102

103

G
FP

1.8

0 10K 20K 30K

FSc

0

101

102

103

G
FP

3.43

0 10K 20K 30K

FSc

0

101

102

103

G
FP

2.96

0 10K 20K 30K

FSc

0

101

102

103

G
FP

8.14

130703 Dan126 48Hr flow.jo Layout: Figure no labels

19/1/14 01:38 Page 1 of 1 (FlowJo v8.8.7)

0 10K 20K 30K

FSc

0

101

102

103

G
FP

0.013

0 10K 20K 30K

FSc

0

101

102

103

G
FP

2.06

0 10K 20K 30K

FSc

0

101

102

103

G
FP

1.8

0 10K 20K 30K

FSc

0

101

102

103

G
FP

3.43

0 10K 20K 30K

FSc

0

101

102

103

G
FP

2.96

0 10K 20K 30K

FSc

0

101

102

103

G
FP

8.14



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 97 

	
  

5.2.5	
  Differences	
  in	
  in-­‐vivo	
  growth	
  

Having shown no differences in in-vitro tumour growth rate for tumours expressing the various 

constructs, tumours were injected subcutaneously into C57Bl/6 mice. As can be seen from the 

tumour growth plot in figure 5.7 below, obvious differences in tumour growth based on the 

transduced molecules are seen in-vivo.   

 

All three mice challenged with EG7-CFP tumours developed tumours, but in 2 of the 3 mice, 

the tumours were noted to have started regressing beyond day 14.  Two of the 3 mice 

challenged with EG7-CFP-IL2 developed tumours whilst one did not.  In both cases, the 

tumours were noted to have started regressing, beyond day 9 and 12 respectively.  None of the 

3 mice challenged with EG7-CFP-IL15 developed tumours and only one of the 3 mice 

challenged with EG7-CFP-FF developed a tumour, which began regressing after day 9. 

 

	
  
 A: Individual tumour growth plots  B: Tumour growth grouped by tumour type 

  
Figure	
   5.7:	
   Tumour	
   Growth.	
   Mice	
   were	
   injected	
   with	
   1x106	
   tumours	
   into	
   right	
   flank	
   and	
   tumour	
   growth	
  
measured	
  over	
  time.	
  Three	
  mice	
  per	
  group	
  were	
  injected	
  with	
  EG7-­‐CFP,	
  EG7-­‐CFP-­‐IL2,	
  EG7-­‐CFP-­‐IL15	
  or	
  EG7-­‐CFP-­‐
FF.	
  	
  [A]	
  Tumour	
  growth	
  for	
  individual	
  mice	
  plotted	
  [B]	
  Tumour	
  growth	
  grouped	
  by	
  tumour	
  type.	
  	
  At	
  day	
  12	
  there	
  
is	
  a	
  statistically	
  significant	
  difference	
  in	
  tumour	
  size	
  between	
  those	
  mice	
  injected	
  with	
  EG7-­‐CFP-­‐IL-­‐15	
  tumours	
  of	
  
which	
   none	
   had	
   developed	
   tumours	
   and	
   EG7-­‐CFP	
   tumours,	
   which	
   had	
   all	
   developed	
   tumours.	
   p	
   =	
   0.0196	
   by	
  
unpaired	
  Student’s	
  t-­‐test.	
  	
  Other	
  differences	
  observed	
  do	
  not	
  reach	
  statistical	
  significance. 
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Although the original plan had to be to adoptively transfer mice with palpable tumours on day 

14, it was noted on day 12 that tumours in some mice were beginning to regress.  In view of 

this, mice with palpable tumours were injected with 20x106 B220 depleted splenocytes from 

GFP-OT1 F1 mice and culled 48 hours later.  Unfortunately by day 14 most of the tumours were 

very small or had completely regressed and it was therefore not possible to perform a valid 

comparison between the groups.  It was however possible to look for differences between the 

draining and non-draining lymph-nodes of mice injected with either EG7-CFP or EG7-CFP-IL2 

tumours.  In comparing the percentage of GFP+ CD8 T cells within draining and non-draining 

lymph-nodes normalised to the same cell population within the spleen, no statistically 

significant differences observed either between the tumours or between draining and non-

draining lymph-nodes.  There were insufficient number of tumour bearing mice in the other 

tumour groups to allow statistical analysis. It should be emphasized that the tumours were 

spontaneously regressing prior to adoptive transfer of the GFP-OT1 F1 T cells and it may 

therefore be unsurprising that no differences between the groups was observed. 

 

5.2.6	
  Overcoming	
  tumour	
  regression	
  

In an effort to overcome the tumour rejection observed in figure 5.7 above, the number of 

tumour cells injected was titrated between 0.5x106 and 5x106 tumour cells.  This was 

undertaken for EG7-CFP tumours along with EG7-CFP-IL2 and EG7-CFP-IL15 tumours. 
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 A: EG7-CFP  B: EG7-CFP-IL2 

  
 C: EG7-CFP-IL15  D: Growth by tumour (5x106 initial injection) 

  
Figure	
   5.8:	
   Effect	
   of	
   increasing	
   initial	
   tumour	
   cell	
   number	
   on	
   EG7-­‐CFP,	
   EG7-­‐CFP-­‐IL2	
   and	
   EG7-­‐CFP-­‐IL15	
  
tumours.	
   n=3	
   mice	
   per	
   group,	
   12	
   groups	
   in	
   total	
   [A]	
   EG7-­‐CFP	
   tumours	
   grow	
   regardless	
   of	
   initial	
   tumour	
  
number,	
  however	
  there	
  is	
  a	
  non-­‐statistically	
  significant	
  trend	
  towards	
  increased	
  tumour	
  size	
  with	
  higher	
  initial	
  
tumour	
   number.	
   Tumour	
   regression	
   was	
   observed	
   regardless	
   of	
   initial	
   tumour	
   number	
   and	
   accounts	
   for	
   the	
  
large	
  error	
  bars	
  seen	
  at	
   the	
   later	
   time	
  points.	
   	
   [B]	
  EG7-­‐CFP-­‐IL2	
   tumour	
  growth	
  was	
  observed	
   in	
  all	
  mice	
  who	
  
received	
  an	
   initial	
   tumour	
  challenge	
  greater	
  or	
  equal	
   to	
  2x106	
  cells,	
  but	
  not	
   in	
  any	
  mice	
   that	
   received	
  a	
   lower	
  
initial	
  tumour	
  challenge.	
  	
  Tumour	
  regression	
  was	
  observed	
  in	
  100%	
  of	
  tumour	
  bearing	
  mice.	
   	
   [C]	
  EG7-­‐CFP-­‐IL15	
  
tumours	
  developed	
   in	
  a	
  percentage	
  of	
  mice	
  who	
  were	
   injected	
  with	
  or	
  above	
  1x106	
   tumour	
   cells,	
   however	
  by	
  
enlarge	
  tumours	
  never	
  grew	
  beyond	
  a	
  palpable	
  nodule	
  except	
  in	
  the	
  highest	
  tumour	
  challenge	
  where	
  one	
  mouse	
  
developed	
  a	
   tumour	
  measuring	
  3.24mm2.	
  [D]	
  Comparison	
  by	
  tumour	
  type	
   in	
  mice	
   injected	
  with	
  5x106	
   tumour	
  
cells.	
   	
   In	
  the	
  EG7-­‐CFP	
  group,	
  tumours	
  regressed	
  in	
  2	
  of	
  the	
  3	
  mice,	
  with	
  only	
  one	
  tumour	
  reaching	
  the	
  humane	
  
endpoint,	
  thus	
  accounting	
  for	
  the	
  large	
  error	
  bars	
  seen	
  in	
  this	
  group	
  at	
  the	
  later	
  time	
  points. 

 

EG7-CFP tumours grow regardless of initial tumour cell number within the range assessed but 

most though not all tumours that develop subsequently reject regardless of initial cell number.  

Tumours that express IL-2 linked to its receptor grew providing the initial tumour challenge 

contains 2x106 or more cells, however regression was observed in 100% of cases.  Mice 

injected with tumours that express IL-15 linked to its receptor developed only small tumour 
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nodules that regressed almost immediately with initial tumour challenge of 1x106 cells or 

above.  Even at the highest tumour cell number assessed, 5x106 cells, where all 3 mice 

developed tumours, the peak sizes were small compared to the other tumour types assessed 

with peak sizes of 0.25, 1 and 3.24mm2 respectively.  Similarly, 100% of EG7-CFP-IL2 tumours 

that developed also subsequently regressed.   

 

In summary, it is possible to partially overcome the resistance to tumour development in all 

tumour types by increasing the initial tumour burden, but it was not possible to prevent tumour 

regression in EG7-CFP-IL2 or EG7-CFP-IL15 tumours even with initial tumour injection of 5x106 

cells. 

 

 

5.2.7	
  Expression	
  of	
  IL-­‐2	
  &	
  IL-­‐15	
  linked	
  to	
  their	
  respective	
  receptors	
  inhibits	
  
tumour	
  growth	
  through	
  a	
  local	
  rather	
  than	
  systemic	
  effect	
  

The presence of transduced tumours results in differences in tumour growth in vivo.  To explore 

whether this was a local or systemic effect, a bilateral tumour model was used.  Mice were 

injected with either EG7-CFP tumours on both flanks, or EG7-CFP on one flank and EG7-CFP-FF 

on the contralateral flank as illustrated in figure 5.9A below.  As illustrated in figures 5.9 B & C, 

EG7-CFP-FF tumours failed to grow, however this had no impact on the growth of the 

contralateral EG7-CFP tumours indicating that that the mechanism of tumour rejection is as a 

result of a local rather than systemic effect. 
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 A: Cartoon representation of experimental design 

 
 B: Individual Tumour Growth  C: Tumour growth grouped by tumour type 

  
Figure	
  5.9:	
  Transduced	
  IL-­‐2	
  &	
  IL-­‐15	
  linked	
  with	
  their	
  respective	
  receptors	
  prevents	
  tumour	
  growth	
  but	
  
has	
   no	
   effect	
   on	
   contralateral	
   EG7-­‐CFP	
   tumours.	
  Three	
  mice	
  were	
   injected	
  with	
  EG7-­‐CFP	
   tumours	
  on	
  both	
  
flanks.	
   	
  Tumours	
  developed	
  at	
  five	
  of	
  the	
  six	
   injection	
  sites.	
   	
  Ten	
  mice	
  were	
  injected	
  with	
  EG7-­‐CFP	
  tumours	
  on	
  
one	
   flank	
   and	
   EG7-­‐CFP-­‐FF	
   on	
   the	
   contralateral	
   flank.	
   	
   Tumours	
   grew	
   at	
   all	
   EG7-­‐CFP	
   injection	
   sites	
   but	
   no	
  
tumours	
   developed	
   at	
   EG7-­‐CFP-­‐FF	
   injection	
   sites.	
   	
   	
   [A]	
   Cartoon	
   representation	
   of	
   experimental	
   design.	
   [B)	
  
Individual	
   tumours	
   growth	
  plotted.	
   	
   [C]	
   Tumour	
   growth	
  plotted	
   by	
   tumour	
   group.	
   	
  No	
   statistically	
   significant	
  
growth	
  difference	
  was	
  seen	
  between	
  EG7-­‐CFP	
  tumours	
  injected	
  opposite	
  similar	
  tumours	
  as	
  compared	
  to	
  EG7-­‐
CFP-­‐FF	
  tumours.	
  In	
  the	
  key	
  for	
  figures	
  B	
  &	
  C	
  that	
  follows	
  the	
  first	
  tumour	
  is	
  the	
  tumour	
  plotted	
  and	
  the	
  second	
  
tumour	
  is	
  the	
  contralateral	
  tumour.	
  	
  A	
  bracket	
  around	
  the	
  contralateral	
  tumour	
  indicates	
  that	
  although	
  injected,	
  
a	
  palpable	
  tumour	
  never	
  developed.	
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5.2.8	
  Priming	
  adoptively	
  transferred	
  T	
  cells	
  prior	
  to	
  tumour	
  challenge	
  

To investigate differences in the ability of transduced tumours to prime T Cells, mice were 

adoptively transferred with GFP-OT1 F1 splenocytes prior to tumour challenge.  Following this, 

mice were injected with irradiated EG7-CFP or EG7-CFP-IL15 tumours (5x106 tumour cells 

irradiated to 84Gy) or PBS. An assessment of proliferation of the adoptively transferred cells 

was made by tail-bleeding and FACS analysis of the GFP+ CD8+ T cell population 13 days later 

(Figure 5.10A below).  As this showed no differences between the groups, repeat challenge 

with identical irradiated tumours or PBS was undertaken at day 20 with assessment of 

proliferation made by tetramer staining in addition to GFP+ CD8 T Cells (Figure 5.10B below).  

Three of the 5 mice in the group injected with EG7-CFP-IL15 showed evidence of increased 

proliferation of the adoptively transferred cells.  A third challenge using the same irradiated 

tumours or PBS was undertaken on day 29 with further tail-bleeding 7 days later.  This showed 

no differences in proliferation of the adoptively transferred T Cells in mice who received either 

irradiated EG7-CFP and EG7-CFP-IL-15 tumours.   Both appeared to be slightly higher than the 

baseline PBS values but this does not reach statistical significance (Figure 5.10C below).  

Regarding Figures 5.10A-C, it should be noted that no specificity control was used in these 

experiments and the ability to pick-up and interpret differences between the groups is thus 

limited. On day 37, all mice were challenged with live EG7-CFP tumours on the opposite flank 

and tumour growth observed. As illustrated in figure 5.10D below, 4 of the 5 mice primed with 

PBS develop tumours greater than 0.5mm2. In contrast, 3 of the 5 mice primed with irradiated 

EG7-CFP tumours develop tumours greater than 0.5mm2 (figure 5.10E) and only 2 of the 5 mice 

primed with irradiated EG7-CFP-IL-15 (figure 5.10F) tumours develop tumours greater than 

0.5mm2. As illustrated in figures 5.10G and H below, in addition to the number of mice that 

develop tumours, there is also a statistically significant difference in tumour size in mice primed 

with irradiated EG7-CFP-IL15 as compared to PBS.  This is not the case for mice primed with 
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irradiated EG7-CFP.	
   

 A:           Tail-bleed -1  B:           Tail-bleed -2  C:           Tail-bleed -3 

   
 D:    EG7-CFP Tumour Growth 
                    Previous PBS 

 E:    EG7-CFP Tumour Growth 
        Previous Irradiated EG7-CFP 

 F:   EG7-CFP Tumour Growth 
  Previous Irradiated EG7-CFP-IL15 

   
 G: Mean tumour growth of live EG7-CFP tumours  H: Tumour size at day 7 

  
Figure	
   5.10:	
   Priming	
   with	
   irradiated	
   EG7-­‐CFP-­‐IL-­‐15	
   results	
   in	
   reduced	
   size	
   of	
   subsequent	
   parental	
  
tumour.	
  Mice	
  were	
  adoptively	
  transferred	
  with	
  20x106	
  splenocytes	
  each	
  and	
  injected	
  with	
  irradiated	
  EG7-­‐CFP,	
  
EG7-­‐CFP-­‐IL-­‐15	
  or	
  PBS	
  (5	
  per	
  group)	
  48	
  hours	
  later.	
  	
  [A]	
  At	
  first	
  tail	
  bleed	
  13	
  days	
  following	
  initial	
  challenge	
  there	
  
is	
  no	
  differences	
  in	
  adoptively	
  transferred	
  GFP+	
  population	
  between	
  the	
  groups.	
  [B]	
  At	
  second	
  tail-­‐bleed,	
  7	
  days	
  
following	
  rechallenge	
  with	
  identical	
  irradiated	
  tumours	
  or	
  PBS	
  there	
  is	
  a	
  non-­‐significant	
  trend	
  towards	
  increased	
  
proliferation	
  in	
  mice	
  injected	
  with	
  irradiated	
  EG7-­‐CFP-­‐IL15.	
  [C]	
  At	
  3rd	
  tail-­‐bleed	
  a	
  non-­‐significant	
  increase	
  above	
  
PBS	
  baseline	
  is	
  seen	
  in	
  mice	
  irradiated	
  with	
  either	
  EG7-­‐CFP	
  or	
  EG7-­‐CFP-­‐IL15.	
  [D-­‐H]	
  Mice	
  previously	
  challenged	
  
with	
  [D]	
  PBS,	
  [E]	
  Irradiated	
  EG7-­‐CFP	
  and	
  [F]	
  Irradiated	
  EG7-­‐CFP-­‐IL15,	
  above	
  were	
  challenged	
  with	
  live	
  EG7-­‐CFP	
  
tumours	
  injected	
  on	
  the	
  opposite	
  flank.	
  [G]	
  Mean	
  tumour	
  growth	
  of	
  live	
  EG7-­‐CFP	
  and	
  [H]	
  Tumour	
  size	
  at	
  day	
  7	
  
illustrate	
  that	
  compared	
  to	
  mice	
  injected	
  with	
  PBS,	
  there	
  is	
  a	
  reduction	
  in	
  tumour	
  size	
  observed	
  in	
  mice	
  primed	
  
with	
  irradiated	
  EG7-­‐CFP-­‐IL15	
  but	
  not	
  EG7-­‐CFP.	
  	
  This	
  result	
  is	
  statistically	
  significant,	
  p	
  =	
  0.0439	
  (unpaired	
  two-­‐
tailed	
  Student’s	
  t-­‐test)	
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5.2.9	
  Rejection	
  of	
  IL-­‐2/IL-­‐2Rα 	
  and	
  IL-­‐15/IL-­‐15Rα 	
  expressing	
  tumours	
  is	
  
partially	
  B	
  or	
  T	
  cell	
  mediated	
  

To investigate the role of T and B cells in the tumour rejection and regression observed in the 

experiments above, the tumours EG7-CFP, EG7-CFP-IL2 and EG7-CFP-IL15 were injected into 

either C57Bl/6 or C57Bl/6 RAG-/- mice that lack these cell types.  EG7-CFP tumours maintain a 

broadly similar pattern of growth and rejection in both C57Bl/6 and RAG-/- mice.  However for 

tumours that express IL-2 or IL-15 linked to their respective receptors, differences do emerge. 

C57Bl/6 mice injected with IL-2/IL-2Rα expressing tumours develop small tumours that rapidly 

regress.  In RAG-/- mice, tumours develop in a broadly similar manner to control EG7-CFP 

tumours. The same is true for mice injected with IL-15/IL-15Rα expressing tumours.  No 

tumours develop in C57Bl/6 mice whereas in RAG-/- mice tumour growth is broadly similar to 

EG7-CFP tumours that do not express IL-2 or IL-15 along with their receptors. 
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 A:            EG7-CFP (WT) B:      EG7-CFP-IL2 (WT) C:     EG7-CFP-IL15 (WT) 

 
 D:            EG7-CFP (RAG) E:       EG7-CFP-IL2 (RAG) F:     EG7-CFP-IL15 (RAG) 

 
Figure	
  5.11:	
  Rejection	
  observed	
  is	
  partially	
  B	
  or	
  T	
  Cell	
  mediated.	
  Figures	
  A-­‐C	
  plot	
  EG7-­‐CFP,	
  EG7-­‐CFP-­‐IL2	
  &	
  
EG7-­‐CFP-­‐IL15	
  tumour	
  growth	
  in	
  C57Bl/6	
  mice	
  whilst	
   figures	
  D-­‐F	
  plot	
  similar	
  tumours	
   in	
  C57Bl/6	
  RAG-­‐/-­‐	
  mice.	
  
n=3	
  per	
  group.	
   [A]	
  EG7-­‐CFP	
  tumours	
  in	
  C57Bl/6	
  mice:	
  two	
  tumours	
  grow	
  one	
  to	
  57mm2,	
  whilst	
  a	
  second	
  grows	
  
to	
  12mm2	
  and	
  then	
  regresses	
   	
  [B]	
  EG7-­‐CFP-­‐IL2	
  tumours	
  in	
  C57Bl/6	
  mice:	
  Two	
  tumours	
  develop	
  small	
  nodules	
  
which	
  regress	
  rapidly.	
   	
  [C]	
  EG7-­‐CFP-­‐IL15	
  tumours	
   in	
  C57Bl/6	
  mice:	
  No	
  tumour	
  growth	
  observed.	
  [D]	
  EG7-­‐CFP	
  
tumours	
  in	
  RAG-­‐/-­‐	
  mice.	
  	
  No	
  significant	
  differences	
  compared	
  to	
  WT	
  C57Bl/6	
  mice.	
  	
  One	
  tumour	
  	
  grows	
  to	
  93mm2,	
  
whilst	
  a	
  second	
  tumour	
  develops	
  a	
  small	
  nodule	
  which	
  regresses	
  immediately.	
  [E]	
  EG7-­‐CFP-­‐IL2	
  tumours	
  in	
  RAG-­‐
/-­‐	
  mice.	
   	
  Two	
  tumours	
  grow,	
  with	
  no	
  regression	
  observed.	
  [F]	
  EG7-­‐CFP-­‐IL15	
  tumours	
  in	
  RAG-­‐/-­‐	
  mice,	
  again	
  two	
  
tumours	
  grow	
  and	
  no	
  regression	
  is	
  observed.	
  

A comparison of splenocytes, draining and non-draining lymph-nodes obtained from the above 

mice and naïve control mice was performed.  Compared to the naïve controls, there was noted 

to be a statistically significant increase in the percentage of activated T cells as assessed by 

CD69 positivity in the lymph-nodes in only those mice that had developed tumours greater 

than 4mm2 at any time during the experiment.  There was no statistically significant difference 

between the draining and non-draining lymph-nodes in this regard.  Two of the mice with 

tumours greater than 4mm2 had received EG7-CFP tumours whilst one had received EG7-CFP-
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IL2.  More detailed statistical analysis between these two tumour types was not possible owing 

to the small number of mice.  A similar trend was also noted within the spleens of the same 

three mice though this did not reach statistical significance.   

 

 A:                         Lymph-nodes  B:                             Spleen 
 

  

 

Figure	
  5.12:	
  Mice	
   that	
  develop	
  tumours	
  have	
  more	
  activated	
  T	
  Cells.	
  Higher	
  proportion	
  of	
  activated,	
  CD4+	
  
TcR+	
  CD69+	
  T	
   cells	
   are	
   observed	
   in	
  mice	
  who	
  develop	
   tumours	
   greater	
   than	
  4mm2	
   in	
   size.	
   [A]	
  This	
   finding	
   is	
  
observed	
   within	
   both	
   draining	
   (p=0.0494)	
   and	
   non-­‐draining	
   (p=0.0062)	
   lymph-­‐nodes.	
   Statistical	
   analysis	
  
performed	
  using	
  unpaired	
  Student’s	
  t-­‐test.	
  [B]	
  Splenic	
  T	
  cells	
  show	
  a	
  similar	
  trend	
  in	
  the	
  same	
  animals	
  but	
  does	
  
not	
  reach	
  statistical	
  significance.	
  	
  The	
  coloured	
  animals	
  correspond	
  to	
  the	
  same	
  colours	
  used	
  in	
  figure	
  5.11	
  above.	
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5.2.10	
  Histological	
  analysis	
  of	
  transduced	
  tumours	
  

In an attempt to further understand the mechanisms leading to the observed tumour rejection 

and regression, C57Bl/6 mice were injected with EG7-CFP tumours, EG7-CFP-IL2 tumours or 

EG7-CFP-IL15 tumours.  On the basis of the results in figure 5.8 above, 5x106 tumour cells were 

injected on the right flank of each mouse. Once tumours became palpable, mice were culled 

and tumours collected, and split with one half collected as fresh samples into formalin and the 

other half preserved as a frozen specimen for subsequent histological analysis. 

H&E shows possible differences in the degree of tumour necrosis between the different tumour 

groups with IL-15 expressing tumours demonstrating the most necrosis (p = 0.0165 compared 

to EG7-CFP tumour).  To understand the underlying mechanism for both rejection and necrosis, 

immnunohistochemical stains including CD4, CD8, DX5 and LY6G were undertaken.  No 

differences were noted between the different tumour groups.  CD4 was difficult to interpret as 

EG7 tumours themselves stain positive for this marker owing to their thymoma origin, and 

subtle differences in infiltrating lymphocytes may therefore not have been obvious.  The DX5, 

natural killer cell, stain did not show differences between the tumours, however the level of 

positive staining was very low in general.  This may be an accurate reflection of few natural 

killer cells being present but could also indicate a technical problem with the staining. In 

addition to the above stains, additional immunohistochemical stains CD3 and B220 were 

attempted but stained non-specifically and could therefore not be accurately interpreted. 
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 A: Percentage tumour necrosis 
 

 
 
 B: EG7-CFP   C: EG7-CFP-IL2   D: EG7-CFP-IL15 

   
Figure	
  5.13:	
  Tumours	
  expressing	
  IL-­‐15	
  have	
  a	
  higher	
  percentage	
  of	
  necrosis.	
  [A]	
  Compared	
  to	
  H&E	
  staining	
  
of	
  EG7-­‐CFP	
  tumours,	
  tumours	
  that	
  express	
  IL-­‐15	
  shows	
  higher	
  percentage	
  of	
  the	
  tumour	
  composed	
  of	
  necrotic	
  
tissue.	
   	
   Tumours	
   expressing	
   IL-­‐2	
   do	
   not	
   demonstrate	
   a	
   statistically	
   significant	
   difference.	
   [B-­‐D]	
   Low	
  
magnification	
  H&E	
  stains	
  of	
  representative	
  H&E	
  stain.	
  The	
  red	
  arrows	
  point	
  at	
  viable	
  tumour	
  whereas	
  the	
  black	
  
arrows	
  illustrate	
  areas	
  of	
  necrosis	
  [B]	
  EG7-­‐CFP	
  tumour	
  with	
  small	
  (15%)	
  area	
  of	
  necrosis	
  [C]	
  EG7-­‐CFP-­‐IL2	
  slide	
  
demonstrating	
  40%	
  tumour	
  necrosis	
  [D]	
  EG7-­‐CFP-­‐IL15	
  tumours	
  with	
  a	
  small	
  rim	
  of	
  viable	
  tumour	
  surrounding	
  a	
  
necrotic	
  centre	
  accounting	
  for	
  80%	
  of	
  total	
  tumour.	
  	
  Necrosis	
  scoring	
  was	
  undertaken,	
  in	
  a	
  blinded	
  manner,	
  by	
  Dr	
  
Daniel	
  Royston,	
  Histopathology	
  Consultant	
  at	
  Oxford	
  University	
  Hospitals.	
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5.3	
  Discussion	
  

In the in-vitro experiments presented in this chapter, it has been demonstrated that the 

transduced IL-2 and IL-15 are biologically active as assessed by their ability to maintain the IL-

2/IL-15 dependent CTLL-2 cell line (figure 5.3). Also in-vitro it has been shown that the five 

generated tumour lines continue to express ovalbumin as assessed by OT-1 proliferation (figure 

5.4).  The same series of experiments also indicated that the tumours transduced with IL-15 

fused to its receptor enhanced ovalbumin specific proliferation compared to the other four cell 

lines.  In-vivo (figure 5.7), this same cell line EG7-CFP-IL15 failed to grow in mice challenged 

with 0.5x106 cells which was a sufficient number for control EG7-CFP and EG7-CFP-IL2 tumours 

to grow.  EG7-CFP-FF which expresses both IL-15 and IL-2 linked to their respective receptors 

also had reduced in-vivo growth.  It was shown that even by increasing the number of injected 

tumour cells ten fold (figure 5.8), there was very restricted tumour growth and those tumours 

that did develop regressed rapidly.  EG7-CFP-IL2 tumours grew to a greater degree but 100% 

of the tumours were noted to regress which was not the case in the EG7-CFP cell line.  With 

regards to expression of the IL-2 & IL-15 constructs, the effects of the transduced molecules 

appear to be local rather than systemic.  When EG7-CFP-FF and EG7-CFP were injected on 

opposite flanks of the same mouse and the EG7-CFP-FF tumours failed to grow but the 

contralateral EG7-CFP grew normally, as compared to control mice injected with EG7-CFP 

tumours bilaterally (figure 5.9.  As predicted by the in-vitro OT-1 proliferation experiment 

(figure 4), irradiated EG7-CFP-IL-15 tumours appeared able to improve priming of adoptively 

transferred OT1-GFP T cells in-vivo and partially protect against subsequent challenge with live 

EG7-CFP tumours as compared to mice who were “primed” with only PBS (figure 5.10).  Mice 

primed with irradiated EG7-CFP not expressing IL-15/IL-15Rα had no protection against 

subsequent live EG7-CFP tumour challenge.   
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Attempts to characterise which cell types are involved in the rejection of the IL-2/IL-2Rα and IL-

15/IL-15Rα expressing tumours were only partially successful.  Injecting these tumours into 

RAG mice (figure 5.11) suggested that B or T cells plays a key role in the rejection of IL-/IL-2Rα 

expressing tumours (Figure 5.11E).  These cell types are also involved in the rejection of IL-

15/IL-15Rα expressing tumours, however in the absence of T and B cells (Figure 5.11F) IL-15/IL-

15Rα expressing tumours grow where they do not in WT mice (Figure 5.11C), however their 

growth was possibly attenuated and it is therefore possible that other cell types are also 

involved.  The results from figure 5.12 suggest inconclusively that more activated T Cells are 

present in mice that develop tumours compared to those that do not. Figure 5.13, histology, 

was unable to determine the cell types involved in the observed tumour rejection but did 

confirm statistically significant differences between EG7-CFP-IL-15 tumours and EG7-CFP 

tumours with regard to the degree of necrosis present within the tumours.  Unfortunately 

immunohistochemical staining was unhelpful in further determining the cell type underlying 

these changes. 

 

As discussed in the introduction to this chapter, it is now well established that IL-15 requires 

transpresentation by IL-15Rα to exert its effect.  There is also a single paper suggesting that IL-

2 may similarly require IL-2Rα for transpresentation.373 The results presented in this chapter are 

consistent with this finding but do not offer further evidence in support of this.  It would be 

interesting to repeat the experiments involving EG7-CFP-IL2, EG7-CFP-FF and EG7-CFP-FS in a 

transgenic IL-2Rα knock out mouse model394-396 with and without daclizumab, the monoclonal 

antibody to the IL-2Rα discussed in the introduction to this chapter with the aim of providing 

further evidence in support of IL-2 transpresentation. 
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6. Conclusion 

 

The experiments presented in this thesis all utilise the transduction of multiple genes into 

tumours to improve anti-tumour immunity. This approach, if successful, has the potential to 

improve tumour control, not only at the site of the transduced tumour but also at sites of 

distant metastatic disease, which have not been transduced. 

 

Transduction of the costimulatory molecules CD54, CD70 and CD86 onto B16-F10 murine 

melanoma tumours enhances priming in-vitro (figure 3.2) and causes tumour rejection and 

delayed tumour growth in-vivo (figures 3.3 & 3.4). This finding was confirmed using CT26 

tumours transduced with CD48, CD54, CD79 and CD86 in BALB/c mice (figures 4.2 & 4.5). In 

both tumour models, the effect was demonstrated with single costimulatory molecules but was 

more pronounced when multiple costimulatory molecules were transduced and is most likely to 

be either B or T cell dependent (figures 3.4 & 4.5).  Attempts to identify antigen specificity 

concluded that Gp100 is not involved, but suggested Trp2 may play a minor role (figure 3.5). 

Results similar to the subcutaneous tumour model were obtained in an intravenous B16-F10 

lung metastasis model (figures 3.6 & 3.8) where T Cells, B Cells, NK Cells and Granulocytes all 

appear to be involved (figure 3.7).  Work in a human/mouse chimeric PD-1 model shows that 

transduction of multiple costimulatory molecules is able to overcome intrinsic unresponsiveness 

to anti-PD-1 therapy (figure 3.8). Accumulating data from several human trials demonstrates 

that between 65-80% of cancer patients treated with anti-PD-1 therapies will not respond to 

this therapy from the outset and are thus said to be ‘resistant’ to this form of treatment.166,397-399 

The ability to better understand and overcome ‘resistance’ to PD-1 pathway blockade is of clear 

clinical interest. To my knowledge, the experiments discussed in this thesis represent the first 

and only instance in which it has been possible to reverse an inherent ‘resistance’ to PD-1 
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blocking therapy in an in-vivo tumour model. There is a suggestion, currently unproven, from a 

number of trials in patients with melanoma that it is possible to improve response rates from 

anti-PD-1 therapy by combining these agents with other immunotherapeutic agents. Whilst 

great caution is required in drawing concrete conclusions when comparing arms across 

different clinical trials, objective response rates with single agent anti-PD-1 therapy in 

melanoma are generally reported to be in the order of 24-31%166,397 whilst in combination with 

CTLA-4 blockade, response rates in two separate trials of between 40-61% have been 

reported.400,401 Similar results have not to date been seen in lung cancer or any other tumour 

type.398,399 The approach described in this thesis that was able to overcome ‘resistance’ to anti-

PD-1 therapy through expression of costimulatory molecules is therefore of great potential 

interest in the metastatic cancer setting.   

 

The transduction of eight molecules, the costimulatory molecules CD48, CD54, CD70 and CD86 

together with the cytokines IFNγ, GM-CSF, IL-12 and the chemokine CX3CL1 resulted in total 

abolishment of any tumour growth (figures 4.2 & 4.5).  Those tumours transduced with 

cytokines and chemokine were rejected almost immediately suggesting involvement of the 

innate rather than adaptive immune system.  The lack of memory observed when these 

tumours were rechallenged with parental tumour (figure 4.4) supports this hypothesis.  This is 

in contrast to mice challenged with tumours expressing single and multiple costimulatory 

molecules. IFNγ, despite its recognised anti-tumour properties303-310,312,313 could also be 

implicated in this lack of memory to the parental tumour, as it has been demonstrated to cause 

loss of CD4+ T cells which can impair secondary anti-tumour responses.350 The rejection seen in 

the presence of costimulatory molecules is abolished in the absence of B cells, T cells and NK 

cells whereas the rejection seen in the presence of cytokines and chemokine is only partially 

abolished indicating other immune cells are involved (figure 4.5). Tumours transduced with a 
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combination of multiple costimulatory molecules, cytokines and a chemokine together are able 

to induce a systemic effect (figure 4.7) that leads to tumour growth retardation of a parental 

tumour on the contralateral flank.	
  

 

In an attempt to enhance anti-tumour memory responses, IL-2 and IL-15 linked to their 

respective receptors were transduced onto EG7 tumour cells which express the tumour antigen 

Ovalbumin.191 Irradiated EG7-CFP-IL-15 tumours improved the priming of adoptively transferred 

OT1-GFP T cells in-vivo and partially protected against subsequent challenge with live EG7-CFP 

tumours as compared to mice who were “primed” with only PBS or irradiated EG7-CFP not 

expressing IL-15/IL-15Rα (figure 5.10). B or T Cells were shown to be involved in the effects 

seen (figure 5.11).  It is however possible that other cell types are also involved. Histologically 

(figure 5.13), EG7-CFP-IL-15 tumours have significantly more necrosis than non-IL-15 

expressing tumours. 

 

One possible clinical application of the work presented in this thesis is in the metastatic disease 

setting.  If these findings are transferable to humans, it is possible that transduction of multiple 

genes, for example by electroporation, into an accessible site of tumour in the context of PD-1 

blockade could result in a systemic anti-tumour effect.  

 

In vivo electroporation utilises high-intensity electric fields that transiently increase plasma 

membrane permeability and thus allow delivery of DNA plasmids or other agents into tumour 

or other cells.402 This approach has been attempted with some success in several animal models 

where GM-CSF and CD80 plasmids were inserted into JPS murine fibrosarcoma tumours, and 

CT26 murine colorectal tumours by intratumoural electroporation with eradication of both local 

and distal tumours.403 Similar experiments were also undertaken in a JPS murine fibrosarcoma 
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model404 and a B16-F10 murine melanoma tumour model405, in which GM-CSF and CD80 

intratumoural plasmid electroporation was combined with systemic depletion of regulatory T 

Cells using a CD25 depleting antibody, also demonstrated good activity.404,405 

 

In humans, most of the work with electroporation has utilised the increased membrane 

permeability to improve chemotherapy delivery into tumour cells. A number of single patient 

case reports and small patient series show the technique to be well tolerated with some 

promising results.406-410 There have also been attempts to use the technique for inserting 

immunomodulatory plasmids directly into tumour cells. Richards et al.411 have inserted IL-2 

plasmids into cutaneous melanoma lesions, but have not yet reported any results.  Daud et 

al.327,402 have undertaken a phase 1 clinical trial, inserting plasmid IL-12 into cutaneous 

melanoma lesions of 24 patients with advanced melanoma.  Overall 76% of electroporated 

lesions demonstrated some necrosis. Of the 19 patients with measurable distant disease, over 

half had a clinical benefit from this treatment, with 3 patients (16%) having a durable 

complete response lasting between 18 - 20 months and an additional 7 patients (37%) having 

stable disease over a 4 – 20 month interval. The procedure itself was well tolerated with only 

transient pain at the time of electroporation.327,402 Although to date, this technique has only 

been used with 1 or 2 genes, there is no known technical barrier to using a larger number.  

Whilst it is possible that not all genes will be expressed on all tumour cells, it may be that 

having all genes expressed within the tumour microenvironment is sufficient.  To take this 

project further in this direction, would require the establishment of a metastatic animal model 

with known tumour antigen and collaboration with one of the centres with experience in 

tumour electroporation. 
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Oncolytic viruses preferentially infect and kill cancer cells and can be used as a vehicle for 

delivery of immunotherapy genes into tumour cells.412 A recent Phase III study inserting GM-

CSF into tumours using an HSV-1 based oncolytic virus, reported in abstract only, shows the 

treatment to be well tolerated and although primary endpoint of overall survival was not met, 

the delivery technique did result in improved durable response rates.413 Several other phase I-III 

trials are currently in progress or recently completed.412,414,415 To date, only single genes have 

been introduced in humans using this method. It has however been possible to insert up to two 

genes in experimental animal models.416-418 If in the future it becomes technically possible to 

insert more genes using this technique, oncolytic viruses could be an alternative to 

electroporation. 

 

Another potential clinical application for the findings discussed in this thesis is the combination 

of radiotherapy with anti-PD-1 directed therapy.  Radiation is known to result in upregulation 

of the costimulatory molecules CD54237-246, CD70218,267 and CD86218,219 within tumours or their 

infiltrating dendritic cells. The experiments presented here would therefore predict that 

tumours that are intrinsically ‘resistant’ to anti-PD-1 therapy could become ‘sensitive’ to its 

effects, if the treatment is combined with radiation.  This would be of most clinical value if the 

enhanced sensitivity to anti-PD-1 therapy occurred not just within the irradiated tumour, but 

also at other sites of metastatic disease. The abscopal effect is a recognised phenomenon 

within the field of radiation oncology, in which radiation to disease at a single site results in 

tumour regression at distant disease sites. It is an extremely rare and unpredictable event and, 

to date, no therapeutic manipulation has been able to reproduce it in a controlled manner. 

Experiments using radiotherapy combined with a CTLA-4 inhibitor demonstrated that 

fractionated but not single-dose radiotherapy induced an immune-mediated abscopal effect in 

murine breast and colon cancer models.280 A case report from a single patient with metastatic 
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melanoma appeared to confirm this finding281, though a 799 patient randomised phase 3 study 

of patients with metastatic prostate cancer demonstrated no statistically significant difference 

between CTLA-4 inhibitor or placebo combined with radiotherapy.419 There is less data 

available on the combination of radiation with anti-PD-1 directed therapy.  In a murine breast 

cancer model282 and intracranial glioma model283, the effects of radiotherapy and anti-PD-1 

therapy were synergistic in terms of local tumour growth.282,283 No studies have looked at the 

effect of combining anti-PD-1 therapy and local tumour radiation on distant sites of disease. 

The experiments in this thesis suggest that the combination of radiotherapy with anti-PD-1 

could enhance tumour sensing and recognition by the adaptive and innate immune systems 

and achieve such a systemic effect. On-going work within the lab to further investigate this is 

currently in progress. 

 

Over the one hundred and fifty years since Virchow first postulated a linkage between the 

immune system and cancers, our understanding of the complex interactions between the two 

has grown considerably.  The last few years in particular have seen new immunotherapy drugs 

entering clinical practice at an unprecedented rate. The potential of the immune system in 

fighting cancer is finally beginning to be unleashed. The challenge over the years ahead will be 

to harness the immense power of the immune system to cure cancers that until now have been 

considered incurable. Now is an exciting time in the field of tumour immunology.  

 

 

 

	
    



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 117 

7. References  

1. Underwood, J. C. Lymphoreticular infiltration in human tumours: prognostic and 
biological implications: a review. Br. J. Cancer 30,  538–548 (1974). 

2. Balkwill, F. & Mantovani, A. Inflammation and cancer: back to Virchow? Lancet 
357,  539–545 (2001). 

3. Garrido, F., Algarra, I. & García-Lora, A. M. The escape of cancer from T lymphocytes: 
immunoselection of MHC class I loss variants harboring structural-irreversible ‘hard’ 
lesions. Cancer Immunol. Immunother. 59,  1601–1606 (2010). 

4. Algarra, I., García-Lora, A., Cabrera, T., Ruiz-Cabello, F. & Garrido, F. The selection of 
tumor variants with altered expression of classical and nonclassical MHC class I 
molecules: implications for tumor immune escape. Cancer Immunol. 
Immunother. 53,  904–910 (2004). 

5. MALMBERG, K. & LJUNGGREN, H. Escape from immune- and nonimmune-mediated 
tumor surveillance. Seminars in Cancer Biology 16,  16–31 (2006). 

6. Seliger, B., Cabrera, T., Garrido, F. & Ferrone, S. HLA class I antigen abnormalities and 
immune escape by malignant cells. Seminars in Cancer Biology 12,  3–13 
(2002). 

7. Restifo, N. P. et al. Loss of functional beta 2-microglobulin in metastatic melanomas 
from five patients receiving immunotherapy. J. Natl. Cancer Inst. 88,  100–108 
(1996). 

8. Shimizu, J., Yamazaki, S. & Sakaguchi, S. Induction of tumor immunity by removing 
CD25+CD4+ T cells: a common basis between tumor immunity and autoimmunity. J. 
Immunol. 163,  5211–5218 (1999). 

9. Antony, P. A. & Restifo, N. P. CD4+CD25+ T regulatory cells, immunotherapy of 
cancer, and interleukin-2. J. Immunother. 28,  120–128 (2005). 

10. Curiel, T. J. et al. Specific recruitment of regulatory T cells in ovarian carcinoma 
fosters immune privilege and predicts reduced survival. Nat. Med. 10,  942–949 
(2004). 

11. Liyanage, U. K. et al. Prevalence of regulatory T cells is increased in peripheral blood 
and tumor microenvironment of patients with pancreas or breast adenocarcinoma. J. 
Immunol. 169,  2756–2761 (2002). 

12. Turk, M. J. et al. Concomitant tumor immunity to a poorly immunogenic melanoma is 
prevented by regulatory T cells. J. Exp. Med. 200,  771–782 (2004). 

13. Woo, E. Y. et al. 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 (2001). 

14. Yu, P. et al. Intratumor depletion of CD4+ cells unmasks tumor immunogenicity 
leading to the rejection of late-stage tumors. J. Exp. Med. 201,  779–791 (2005). 

15. Serafini, P. et al. Derangement of immune responses by myeloid suppressor cells. 
Cancer Immunol. Immunother. 53,  64–72 (2004). 

16. Gabrilovich, D. I. & Nagaraj, S. Myeloid-derived suppressor cells as regulators of the 
immune system. Nat. Rev. Immunol. 9,  162–174 (2009). 

17. He, W. et al. TLR4 signaling promotes immune escape of human lung cancer cells by 
inducing immunosuppressive cytokines and apoptosis resistance. Mol. Immunol. 
44,  2850–2859 (2007). 

18. Medzhitov, R. & Janeway, C. A. Decoding the patterns of self and nonself by the 
innate immune system. Science 296,  298–300 (2002). 

19. Galluzzi, L. et al. Cell death modalities: classification and pathophysiological 
implications. Cell Death Differ. 14,  1237–1243 (2007). 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 118 

20. Green, D. R., Ferguson, T., Zitvogel, L. & Kroemer, G. Immunogenic and tolerogenic 
cell death. Nat. Rev. Immunol. 9,  353–363 (2009). 

21. Casares, N. et al. Caspase-dependent immunogenicity of doxorubicin-induced tumor 
cell death. J. Exp. Med. 202,  1691–1701 (2005). 

22. Apetoh, L. et al. Toll-like receptor 4-dependent contribution of the immune system to 
anticancer chemotherapy and radiotherapy. Nat. Med. 13,  1050–1059 (2007). 

23. Obeid, M. et al. Calreticulin exposure dictates the immunogenicity of cancer cell 
death. Nat. Med. 13,  54–61 (2007). 

24. Cao, C., Han, Y., Ren, Y. & Wang, Y. Mitoxantrone-mediated apoptotic B16-F1 cells 
induce specific anti-tumor immune response. Cell. Mol. Immunol. 6,  469–475 
(2009). 

25. Tongu, M., Harashima, N., Yamada, T., Harada, T. & Harada, M. Immunogenic 
chemotherapy with cyclophosphamide and doxorubicin against established murine 
carcinoma. Cancer Immunol. Immunother. 59,  769–777 (2010). 

26. Obeid, M. et al. Ecto‐calreticulin in immunogenic chemotherapy. Immunol. Rev. 
220,  22–34 (2007). 

27. Dunn, G. P., Bruce, A. T., Ikeda, H., Old, L. J. & Schreiber, R. D. Cancer immunoediting: 
from immunosurveillance to tumor escape. Nat. Immunol. 3,  991–998 (2002). 

28. Smyth, M. J. et al. Differential tumor surveillance by natural killer (NK) and NKT cells. 
J. Exp. Med. 191,  661–668 (2000). 

29. Smyth, M. J., Crowe, N. Y. & Godfrey, D. I. NK cells and NKT cells collaborate in host 
protection from methylcholanthrene-induced fibrosarcoma. Int. Immunol. 13,  459–
463 (2001). 

30. Hayakawa, Y., Rovero, S., Forni, G. & Smyth, M. J.  -Galactosylceramide (KRN7000) 
suppression of chemical- and oncogene-dependent carcinogenesis. Proc. Natl. 
Acad. Sci. U.S.A. 100,  9464–9469 (2011). 

31. Jeremy B Swann, M. J. S. Immune surveillance of tumors. J. Clin. Invest. 117,  1137 
(2007). 

32. Kim, R., Emi, M. & Tanabe, K. Cancer immunoediting from immune surveillance to 
immune escape. Immunology 121,  1–14 (2007). 

33. Gabrilovich, D. et al. Vascular endothelial growth factor inhibits the development of 
dendritic cells and dramatically affects the differentiation of multiple hematopoietic 
lineages in vivo. Blood 92,  4150–4166 (1998). 

34. Urosevic, M. & Dummer, R. HLA-G and IL-10 expression in human cancer—different 
stories with the same message. Seminars in Cancer Biology 13,  337–342 
(2003). 

35. Beck, C., Schreiber, H. & Rowley, D. Role of TGF-beta in immune-evasion of cancer. 
Microsc. Res. Tech. 52,  387–395 (2001). 

36. He, X. & Stuart, J. M. Prostaglandin E2 selectively inhibits human CD4+ T cells 
secreting low amounts of both IL-2 and IL-4. J. Immunol. 163,  6173–6179 (1999). 

37. Erdoğan, B. et al. The evaluation of soluble Fas and soluble Fas ligand levels of 
bronchoalveolar lavage fluid in lung cancer patients. Tuberk Toraks 53,  127–131 
(2005). 

38. Kim, R., Emi, M., Tanabe, K., Uchida, Y. & Toge, T. The role of Fas ligand and 
transforming growth factor beta in tumor progression: molecular mechanisms of 
immune privilege via Fas-mediated apoptosis and potential targets for cancer therapy. 
Cancer 100,  2281–2291 (2004). 

39. Igney, F. H. & Krammer, P. H. Immune escape of tumors: apoptosis resistance and 
tumor counterattack. J. Leukoc. Biol. 71,  907–920 (2002). 

40. Shively, J. E. & Beatty, J. D. CEA-related antigens: molecular biology and clinical 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 119 

significance. Crit. Rev. Oncol. Hematol. 2,  355–399 (1985). 
41. Horig, H. et al. Phase I clinical trial of a recombinant canarypoxvirus (ALVAC) vaccine 

expressing human carcinoembryonic antigen and the B7.1 co-stimulatory molecule. 
Cancer Immunol. Immunother. 49,  504–514 (2000). 

42. Marshall, J. L. et al. 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 (2005). 

43. Breitburd, F. & Coursaget, P. Human papillomavirus vaccines. Seminars in Cancer 
Biology (1999). 

44. Ramakrishna, N. et al. Recommendations on disease management for patients with 
advanced human epidermal growth factor receptor 2-positive breast cancer and brain 
metastases: American Society of Clinical Oncology clinical practice guideline. J. Clin. 
Oncol. 32,  2100–2108 (2014). 

45. Chomez, P. et al. An overview of the MAGE gene family with the identification of all 
human members of the family. Cancer Res. 61,  5544–5551 (2001). 

46. Chen, Y. T. et al. A testicular antigen aberrantly expressed in human cancers detected 
by autologous antibody screening. Proc. Natl. Acad. Sci. U.S.A. 94,  1914–1918 
(1997). 

47. Lethé, B. et al. LAGE-1, a new gene with tumor specificity. Int. J. Cancer 76,  903–
908 (1998). 

48. Aarnoudse, C. A., van den Doel, P. B., Heemskerk, B. & Schrier, P. I. Interleukin-2-
induced, melanoma-specific T cells recognize CAMEL, an unexpected translation 
product of LAGE-1. Int. J. Cancer 82,  442–448 (1999). 

49. Alexander, R. B., Brady, F., Leffell, M. S., Tsai, V. & Celis, E. Specific T cell recognition 
of peptides derived from prostate-specific antigen in patients with prostate cancer. 
Urology 51,  150–157 (1998). 

50. Kawakami, Y. et al. Identification of the immunodominant peptides of the MART-1 
human melanoma antigen recognized by the majority of HLA-A2-restricted tumor 
infiltrating lymphocytes. J. Exp. Med. 180,  347–352 (1994). 

51. Bakker, A. B. et al. Melanocyte lineage-specific antigen gp100 is recognized by 
melanoma-derived tumor-infiltrating lymphocytes. J. Exp. Med. 179,  1005–1009 
(1994). 

52. Wang, R. F., Robbins, P. F., Kawakami, Y., Kang, X. Q. & Rosenberg, S. A. 
Identification of a gene encoding a melanoma tumor antigen recognized by HLA-A31-
restricted tumor-infiltrating lymphocytes. J. Exp. Med. 181,  799–804 (1995). 

53. Wang, R. F., Appella, E., Kawakami, Y., Kang, X. & Rosenberg, S. A. Identification of 
TRP-2 as a human tumor antigen recognized by cytotoxic T lymphocytes. J. Exp. 
Med. 184,  2207–2216 (1996). 

54. Kawakami, Y. et al. The use of melanosomal proteins in the immunotherapy of 
melanoma. Journal of Immunotherapy 21,  237–246 (1998). 

55. Kawakami, Y. et al. Isolation of a new melanoma antigen, MART-2, containing a 
mutated epitope recognized by autologous tumor-infiltrating T lymphocytes. J. 
Immunol. 166,  2871–2877 (2001). 

56. Jerome, K. R. et al. Cytotoxic T-lymphocytes derived from patients with breast 
adenocarcinoma recognize an epitope present on the protein core of a mucin molecule 
preferentially expressed by malignant cells. Cancer Res. 51,  2908–2916 (1991). 

57. Finn, O. J. et al. MUC-1 epithelial tumor mucin-based immunity and cancer vaccines. 
Immunol. Rev. 145,  61–89 (1995). 

58. Bhattacharya-Chatterjee, M., Chatterjee, S. K. & Foon, K. A. Anti-idiotype antibody 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 120 

vaccine therapy for cancer. Expert Opin. Biol. Ther. 2,  869–881 (2002). 
59. Reddy, S. A., Okada, C., Wong, C., Bahler, D. & Levy, R. T cell antigen receptor 

vaccines for active therapy of T cell malignancies. Ann NY Acad Sci 941,  97–105 
(2001). 

60. Fontenot, J. D., Gavin, M. A. & Rudensky, A. Y. Foxp3 programs the development and 
function of CD4+CD25+ regulatory T cells. Nat. Immunol. 4,  330–336 (2003). 

61. Wildin, R. S. et al. X-linked neonatal diabetes mellitus, enteropathy and 
endocrinopathy syndrome is the human equivalent of mouse scurfy. Nat. Genet. 
27,  18–20 (2001). 

62. Bennett, C. L. et al. The immune dysregulation, polyendocrinopathy, enteropathy, X-
linked syndrome (IPEX) is caused by mutations of FOXP3. Nat. Genet. 27,  20–21 
(2001). 

63. Bronte, V., Serafini, P., Apolloni, E. & Zanovello, P. Tumor-induced immune 
dysfunctions caused by myeloid suppressor cells. Journal of Immunotherapy 
24,  431–446 (2001). 

64. Youn, J.-I., Nagaraj, S., Collazo, M. & Gabrilovich, D. I. Subsets of myeloid-derived 
suppressor cells in tumor-bearing mice. J. Immunol. 181,  5791–5802 (2008). 

65. Kusmartsev, S. et al. Oxidative Stress Regulates Expression of VEGFR1 in Myeloid 
Cells: Link to Tumor-Induced Immune Suppression in Renal Cell Carcinoma. The 
Journal of … (2008). 

66. Almand, B. et al. Increased production of immature myeloid cells in cancer patients: a 
mechanism of immunosuppression in cancer. J. Immunol. 166,  678–689 (2001). 

67. Mirza, N. et al. All-trans-retinoic acid improves differentiation of myeloid cells and 
immune response in cancer patients. Cancer Res. 66,  9299–9307 (2006). 

68. Ochoa, A. C., Zea, A. H., Hernandez, C. & Rodriguez, P. C. Arginase, prostaglandins, 
and myeloid-derived suppressor cells in renal cell carcinoma. Clin. Cancer Res. 13,  
721s–726s (2007). 

69. Diaz-Montero, C. M. et al. Increased circulating myeloid-derived suppressor cells 
correlate with clinical cancer stage, metastatic tumor burden, and doxorubicin-
cyclophosphamide chemotherapy. Cancer Immunol. Immunother. 58,  49–59 
(2009). 

70. Porembka, M. R. et al. Pancreatic adenocarcinoma induces bone marrow 
mobilization of myeloid-derived suppressor cells which promote primary tumor 
growth. Cancer Immunol. Immunother. 61,  1373–1385 (2012). 

71. Wang, L. et al. Increased myeloid-derived suppressor cells in gastric cancer correlate 
with cancer stage and plasma S100A8/A9 proinflammatory proteins. J. Immunol. 
190,  794–804 (2013). 

72. Schmielau, J. & Finn, O. J. Activated granulocytes and granulocyte-derived hydrogen 
peroxide are the underlying mechanism of suppression of t-cell function in advanced 
cancer patients. Cancer Res. 61,  4756–4760 (2001). 

73. Zea, A. H. et al. Arginase-Producing Myeloid Suppressor Cells in Renal Cell 
Carcinoma Patients: A Mechanism of Tumor Evasion. Cancer Res. (2005). 

74. Rodriguez, P. C. et al. Arginase I-producing myeloid-derived suppressor cells in renal 
cell carcinoma are a subpopulation of activated granulocytes. Cancer Res. 69,  
1553–1560 (2009). 

75. Movahedi, K. et al. Identification of discrete tumor-induced myeloid-derived 
suppressor cell subpopulations with distinct T cell-suppressive activity. Blood 111,  
4233–4244 (2008). 

76. Dolcetti, L. et al. Hierarchy of immunosuppressive strength among myeloid-derived 
suppressor cell subsets is determined by GM-CSF. Eur. J. Immunol. 40,  22–35 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 121 

(2010). 
77. Waight, J. D., Hu, Q., Miller, A., Liu, S. & Abrams, S. I. Tumor-Derived G-CSF Facilitates 

Neoplastic Growth through a Granulocytic Myeloid-Derived Suppressor Cell-
Dependent Mechanism. PLoS ONE 6,  e27690 (2011). 

78. Yang, L. et al. Expansion of myeloid immune suppressor Gr+CD11b+ cells in tumor-
bearing host directly promotes tumor angiogenesis. Cancer Cell 6,  409–421 (2004). 

79. Ellies, L. G. et al. Mammary tumor latency is increased in mice lacking the inducible 
nitric oxide synthase. Int. J. Cancer 106,  1–7 (2003). 

80. Pekarek, L. A., Starr, B. A., Toledano, A. Y. & Schreiber, H. Inhibition of tumor growth 
by elimination of granulocytes. J. Exp. Med. 181,  435–440 (1995). 

81. Li, H., Han, Y., Guo, Q., Zhang, M. & Cao, X. Cancer-expanded myeloid-derived 
suppressor cells induce anergy of NK cells through membrane-bound TGF-beta 1. J. 
Immunol. 182,  240–249 (2009). 

82. Vincent, J. et al. 5-Fluorouracil selectively kills tumor-associated myeloid-derived 
suppressor cells resulting in enhanced T cell-dependent antitumor immunity. Cancer 
Res. 70,  3052–3061 (2010). 

83. Kodumudi, K. N. et al. A novel chemoimmunomodulating property of docetaxel: 
suppression of myeloid-derived suppressor cells in tumor bearers. Clin. Cancer Res. 
16,  4583–4594 (2010). 

84. Sevko, A. et al. Antitumor effect of paclitaxel is mediated by inhibition of myeloid-
derived suppressor cells and chronic inflammation in the spontaneous melanoma 
model. J. Immunol. 190,  2464–2471 (2013). 

85. Sumida, K. et al. Anti-IL-6 receptor mAb eliminates myeloid-derived suppressor cells 
and inhibits tumor growth by enhancing T-cell responses. Eur. J. Immunol. 42,  
2060–2072 (2012). 

86. Munn, D. H. et al. Prevention of allogeneic fetal rejection by tryptophan catabolism. 
Science 281,  1191–1193 (1998). 

87. Uyttenhove, C. et al. Evidence for a tumoral immune resistance mechanism based on 
tryptophan degradation by indoleamine 2,3-dioxygenase. Nat. Med. 9,  1269–1274 
(2003). 

88. Brandacher, G. et al. Prognostic value of indoleamine 2,3-dioxygenase expression in 
colorectal cancer: effect on tumor-infiltrating T cells. Clin. Cancer Res. 12,  1144–
1151 (2006). 

89. Inaba, T. et al. Role of the immunosuppressive enzyme indoleamine 2,3-dioxygenase 
in the progression of ovarian carcinoma. Gynecol. Oncol. 115,  185–192 (2009). 

90. Pan, K. et al. Expression and prognosis role of indoleamine 2,3-dioxygenase in 
hepatocellular carcinoma. J. Cancer Res. Clin. Oncol. 134,  1247–1253 (2008). 

91. Ino, K. et al. Indoleamine 2,3-dioxygenase is a novel prognostic indicator for 
endometrial cancer. Br. J. Cancer 95,  1555–1561 (2006). 

92. Liu, P. et al. Expression of indoleamine 2,3-dioxygenase in nasopharyngeal carcinoma 
impairs the cytolytic function of peripheral blood lymphocytes. BMC Cancer 9,  416 
(2009). 

93. Polak, M. E. et al. Mechanisms of local immunosuppression in cutaneous melanoma. 
Br. J. Cancer 96,  1879–1887 (2007). 

94. Nakamura, T. et al. Expression of indoleamine 2, 3-dioxygenase and the recruitment 
of Foxp3-expressing regulatory T cells in the development and progression of uterine 
cervical cancer. Cancer Sci. 98,  874–881 (2007). 

95. Inaba, T. et al. Indoleamine 2,3-dioxygenase expression predicts impaired survival of 
invasive cervical cancer patients treated with radical hysterectomy. Gynecol. Oncol. 
117,  423–428 (2010). 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 122 

96. Munn, D. H. et al. GCN2 kinase in T cells mediates proliferative arrest and anergy 
induction in response to indoleamine 2,3-dioxygenase. Immunity 22,  633–642 
(2005). 

97. Ogata, S. et al. Apoptosis induced by nicotinamide-related compounds and quinolinic 
acid in HL-60 cells. Biosci. Biotechnol. Biochem. 64,  327–332 (2000). 

98. Montagnoli, C. et al. Immunity and tolerance to Aspergillus involve functionally 
distinct regulatory T cells and tryptophan catabolism. J. Immunol. 176,  1712–1723 
(2006). 

99. Fallarino, F. et al. The Combined Effects of Tryptophan Starvation and Tryptophan 
Catabolites Down-Regulate T Cell Receptor ζ-Chain and Induce a Regulatory 
Phenotype in Naive T Cells. The Journal of … (2006). 

100. Curti, A. et al. Modulation of tryptophan catabolism by human leukemic cells results 
in the conversion of CD25- into CD25+ T regulatory cells. Blood 109,  2871–2877 
(2007). 

101. Sharma, M. D. et al. Reprogrammed foxp3(+) regulatory T cells provide essential help 
to support cross-presentation and CD8(+) T cell priming in naive mice. Immunity 
33,  942–954 (2010). 

102. Witkiewicz, A. K. et al. Genotyping and expression analysis of IDO2 in human 
pancreatic cancer: a novel, active target. J. Am. Coll. Surg. 208,  781–7– 
discussion 787–9 (2009). 

103. Friberg, M. et al. Indoleamine 2,3-dioxygenase contributes to tumor cell evasion of T 
cell-mediated rejection. Int. J. Cancer 101,  151–155 (2002). 

104. ClnicalTrials.gov: IDO Inhibitor Study for Advanced Solid Tumors - A 
Phase I Study of NLG-919 for Adult Patients With Recurrent Advanced 
Solid Tumors (2014). http://clinicaltrials.gov/ct2/show/NCT02048709. Accessed 23 
April 2014. 

105. ClinicalTrials.gov: IDO Inhibitor Study for Relapsed or Refractory Solid Tumors (D-1MT) 
- A Phase I Study of 1-methyl-D-tryptophan (D-1MT) in Patients With Relapsed or 
Refractory Solid Tumors (2008) http://clinicaltrials.gov/show/NCT00739609 Accessed 
23 April 2014. 

106. ClinicalTrials.gov: Study of IDO Inhibitor in Combination With Ipilimumab for Adult 
Patients With Metastatic Melanoma - A Phase I/II Study of the Concomitant 
Administration of Indoximod Plus Ipilimumab for Adult Patients With Metastatic 
Melanoma. 2014 http://clinicaltrials.gov/ct2/show/NCT02073123. Accessed 23 April 
2014. 

107. McGettrick, H. M., Butler, L. M., Buckley, C. D., Rainger, G. E. & Nash, G. B. Tissue 
stroma as a regulator of leukocyte recruitment in inflammation. J. Leukoc. Biol. 
91,  385–400 (2012). 

108. Feig, C. et al. The pancreas cancer microenvironment. Clin. Cancer Res. 18,  
4266–4276 (2012). 

109. Kuang, D.-M. et al. Tumor-derived hyaluronan induces formation of 
immunosuppressive macrophages through transient early activation of monocytes. 
Blood 110,  587–595 (2007). 

110. Ruffell, B. et al. Leukocyte composition of human breast cancer. Proc. Natl. Acad. 
Sci. U.S.A. 109,  2796–2801 (2012). 

111. Galdiero, M. R., Garlanda, C., Jaillon, S., Marone, G. & Mantovani, A. Tumor 
associated macrophages and neutrophils in tumor progression. J. Cell. Physiol. 
228,  1404–1412 (2013). 

112. Mantovani, A., Sozzani, S., Locati, M., Allavena, P. & Sica, A. Macrophage 
polarization: tumor-associated macrophages as a paradigm for polarized M2 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 123 

mononuclear phagocytes. Trends Immunol. 23,  549–555 (2002). 
113. Knudson, A. G. Two genetic hits (more or less) to cancer. Nat. Rev. Cancer 1,  157–

162 (2001). 
114. Hurwitz, A. A. et al. Combination immunotherapy of primary prostate cancer in a 

transgenic mouse model using CTLA-4 blockade. Cancer Res. 60,  2444–2448 
(2000). 

115. Reilly, R. T. et al. The collaboration of both humoral and cellular HER-2/neu-targeted 
immune responses is required for the complete eradication of HER-2/neu-expressing 
tumors. Cancer Res. 61,  880–883 (2001). 

116. Ercolini, A. M. et al. Recruitment of latent pools of high-avidity CD8(+) T cells to the 
antitumor immune response. J. Exp. Med. 201,  1591–1602 (2005). 

117. Carpenito, C. et al. Control of large, established tumor xenografts with genetically 
retargeted human T cells containing CD28 and CD137 domains. Proc. Natl. Acad. 
Sci. U.S.A. 106,  3360–3365 (2009). 

118. Gilboa, E. The makings of a tumor rejection antigen. Immunity 11,  263–270 (1999). 
119. Hanson, H. L. et al. Eradication of established tumors by CD8+ T cell adoptive 

immunotherapy. Immunity 13,  265–276 (2000). 
120. Overwijk, W. W. et al. Tumor regression and autoimmunity after reversal of a 

functionally tolerant state of self-reactive CD8+ T cells. J. Exp. Med. 198,  569–580 
(2003). 

121. Xie, Y. et al. Naive tumor-specific CD4(+) T cells differentiated in vivo eradicate 
established melanoma. Journal of Experimental Medicine 207,  651–667 
(2010). 

122. Dranoff, G. et al. Vaccination with irradiated tumor cells engineered to secrete 
murine granulocyte-macrophage colony-stimulating factor stimulates potent, specific, 
and long-lasting anti-tumor immunity. Proc. Natl. Acad. Sci. U.S.A. 90,  3539–
3543 (1993). 

123. Naluai, A. T. et al. The CTLA4/CD28 gene region on chromosome 2q33 confers 
susceptibility to celiac disease in a way possibly distinct from that of type 1 diabetes 
and other chronic inflammatory disorders. Tissue Antigens 56,  350–355 (2000). 

124. Howard, T. A., Rochelle, J. M. & Seldin, M. F. Cd28 and Ctla-4, two related members 
of the Ig supergene family, are tightly linked on proximal mouse chromosome 1. 
Immunogenetics 33,  74–76 (1991). 

125. Balzano, C., Buonavista, N., Rouvier, E. & Golstein, P. CTLA-4 and CD28: similar 
proteins, neighbouring genes. Int. J. Cancer Suppl. 7,  28–32 (1992). 

126. Collins, A. V. et al. The interaction properties of costimulatory molecules revisited. 
Immunity 17,  201–210 (2002). 

127. van der Merwe, P. A., Bodian, D. L., Daenke, S., Linsley, P. & Davis, S. J. CD80 (B7-1) 
binds both CD28 and CTLA-4 with a low affinity and very fast kinetics. J. Exp. Med. 
185,  393–403 (1997). 

128. Kearney, E. R. et al. Antigen-dependent clonal expansion of a trace population of 
antigen-specific CD4+ T cells in vivo is dependent on CD28 costimulation and 
inhibited by CTLA-4. The Journal of … (1995). 

129. Tivol, E. A. et al. Loss of CTLA-4 leads to massive lymphoproliferation and fatal 
multiorgan tissue destruction, revealing a critical negative regulatory role of CTLA-4. 
Immunity 3,  541–547 (1995). 

130. Waterhouse, P. et al. Lymphoproliferative disorders with early lethality in mice 
deficient in Ctla-4. Science 270,  985–988 (1995). 

131. Marengere, L. E. M. et al. Regulation of T Cell Receptor Signaling by Tyrosine 
Phosphatase SYP Association with CTLA-4. Science 272,  1170–1173 (1996). 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 124 

132. Leach, D. R., Krummel, M. F. & Allison, J. P. Enhancement of antitumor immunity by 
CTLA-4 blockade. Science 271,  1734–1736 (1996). 

133. Kwon, E. D. et al. Manipulation of T cell costimulatory and inhibitory signals for 
immunotherapy of prostate cancer. Proc. Natl. Acad. Sci. U.S.A. 94,  8099–8103 
(1997). 

134. Yang, Y. F. et al. Enhanced induction of antitumor T-cell responses by cytotoxic T 
lymphocyte-associated molecule-4 blockade: the effect is manifested only at the 
restricted tumor-bearing stages. Cancer Res. 57,  4036–4041 (1997). 

135. Shrikant, P., Khoruts, A. & Mescher, M. F. CTLA-4 blockade reverses CD8+ T cell 
tolerance to tumor by a CD4+ T cell- and IL-2-dependent mechanism. Immunity 11,  
483–493 (1999). 

136. Sotomayor, E. M., Borrello, I., Tubb, E., Allison, J. P. & Levitsky, H. I. In vivo blockade 
of CTLA-4 enhances the priming of responsive T cells but fails to prevent the induction 
of tumor antigen-specific tolerance. Proc. Natl. Acad. Sci. U.S.A. 96,  11476–
11481 (1999). 

137. Gregor, P. D. et al. CTLA-4 blockade in combination with xenogeneic DNA vaccines 
enhances T-cell responses, tumor immunity and autoimmunity to self antigens in 
animal and cellular model systems. Vaccine 22,  1700–1708 (2004). 

138. Weber, J. et al. 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. Clin. 
Cancer Res. 15,  5591–5598 (2009). 

139. Wolchok, J. D. et al. Ipilimumab efficacy and safety in patients with advanced 
melanoma: a retrospective analysis of HLA subtype from four trials. Cancer Immun. 
10,  9 (2010). 

140. O'Day, S. J. et al. Efficacy and safety of ipilimumab monotherapy in patients with 
pretreated advanced melanoma: a multicenter single-arm phase II study. (2010). 

141. Hodi, F. S., O'Day, S. J. & McDermott, D. F. Improved Survival with Ipilimumab in 
Patients with Metastatic Melanoma — NEJM. … England Journal of … (2010). 

142. Slovin, S. F. et al. Ipilimumab alone or in combination with radiotherapy in metastatic 
castration-resistant prostate cancer: results from an open-label, multicenter phase I/II 
study. Annals of Oncology 24,  1813–1821 (2013). 

143. Le, D. T. et al. Evaluation of ipilimumab in combination with allogeneic pancreatic 
tumor cells transfected with a GM-CSF gene in previously treated pancreatic cancer. J. 
Immunother. 36,  382–389 (2013). 

144. Camacho, L. H. et al. Phase I/II trial of tremelimumab in patients with metastatic 
melanoma. J. Clin. Oncol. 27,  1075–1081 (2009). 

145. Millward, M. et al. Phase I study of tremelimumab (CP-675  206) plus PF-3512676 
(CPG 7909) in patients with melanoma or advanced solid tumours. Br. J. Cancer 
108,  1998–2004 (2013). 

146. Kirkwood, J. M. et al. Phase II Trial of Tremelimumab (CP-675,206) in Patients with 
Advanced Refractory or Relapsed Melanoma. Clinical cancer … (2010). 

147. Ribas, A. et al. Phase III randomized clinical trial comparing tremelimumab with 
standard-of-care chemotherapy in patients with advanced melanoma. J. Clin. 
Oncol. 31,  616–622 (2013). 

148. Chung, K. Y. et al. Phase II study of the anti-cytotoxic T-lymphocyte-associated 
antigen 4 monoclonal antibody, tremelimumab, in patients with refractory metastatic 
colorectal cancer. J. Clin. Oncol. 28,  3485–3490 (2010). 

149. Vonderheide, R. H. et al. Tremelimumab in combination with exemestane in patients 
with advanced breast cancer and treatment-associated modulation of inducible 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 125 

costimulator expression on patient T cells. Clin. Cancer Res. 16,  3485–3494 
(2010). 

150. Ralph, C. et al. Modulation of lymphocyte regulation for cancer therapy: a phase II 
trial of tremelimumab in advanced gastric and esophageal adenocarcinoma. Clin. 
Cancer Res. 16,  1662–1672 (2010). 

151. Nishimura, H. et al. Developmentally regulated expression of the PD-1 protein on the 
surface of double-negative (CD4-CD8-) thymocytes. Int. Immunol. 8,  773–780 
(1996). 

152. Keir, M. E., Butte, M. J., Freeman, G. J. & Sharpe, A. H. PD-1 and its ligands in 
tolerance and immunity. Annu. Rev. Immunol. 26,  677–704 (2008). 

153. Chen, L., Dong, H., Zhu, G. & Tamada, K. B7-H1, a third member of the B7 family, co-
stimulates T-cell proliferation and interleukin-10 secretion - Nature Medicine. Nat. 
Med. 5,  1365–1369 (1999). 

154. Freeman, G. J. et al. Engagement of the PD-1 immunoinhibitory receptor by a novel 
B7 family member leads to negative regulation of lymphocyte activation. J. Exp. 
Med. 192,  1027–1034 (2000). 

155. Latchman, Y. et al. PD-L2 is a second ligand for PD-1 and inhibits T cell activation. 
Nat. Immunol. 2,  261–268 (2001). 

156. Tseng, S. Y. et al. B7-DC, a new dendritic cell molecule with potent costimulatory 
properties for T cells. J. Exp. Med. 193,  839–846 (2001). 

157. Zhang, X. et al. Structural and functional analysis of the costimulatory receptor 
programmed death-1. Immunity 20,  337–347 (2004). 

158. Brown, J. A. et al. Blockade of programmed death-1 ligands on dendritic cells 
enhances T cell activation and cytokine production. J. Immunol. 170,  1257–1266 
(2003). 

159. Iwai, Y. et al. Involvement of PD-L1 on tumor cells in the escape from host immune 
system and tumor immunotherapy by PD-L1 blockade. Proc. Natl. Acad. Sci. 
U.S.A. 99,  12293–12297 (2002). 

160. Blank, C. et al. PD-L1/B7H-1 Inhibits the Effector Phase of Tumor Rejection by T Cell 
Receptor (TCR) Transgenic CD8+ T Cells. (2004). 

161. Dong, H. et al. Tumor-associated B7-H1 promotes T-cell apoptosis: a potential 
mechanism of immune evasion. Nat. Med. 8,  793–800 (2002). 

162. Zou, W. & Chen, L. Inhibitory B7-family molecules in the tumour microenvironment. 
Nat. Rev. Immunol. 8,  467–477 (2008). 

163. Hamid, O. et al. Safety and tumor responses with lambrolizumab (anti-PD-1) in 
melanoma. N. Engl. J. Med. 369,  134–144 (2013). 

164. Brahmer, J. R. et al. Phase I study of single-agent anti-programmed death-1 (MDX-
1106) in refractory solid tumors: safety, clinical activity, pharmacodynamics, and 
immunologic correlates. J. Clin. Oncol. 28,  3167–3175 (2010). 

165. Brahmer, J. R. et al. Safety and activity of anti-PD-L1 antibody in patients with 
advanced cancer. N. Engl. J. Med. 366,  2455–2465 (2012). 

166. Topalian, S., Brahmer, J. & Hodi, F. Anti-PD1 (BMS-936558, MDX-1106) in patients 
with advanced solid tumors: clinical activity, safety, and a potential biomarker of 
response. ASCO Abstract (2012). 

167. Topalian, S. L. et al. Survival, Durable Tumor Remission, and Long-Term Safety in 
Patients With Advanced Melanoma Receiving Nivolumab. J. Clin. Oncol. (2014). 
doi:10.1200/JCO.2013.53.0105 

168. Garon, E. B. et al. Preliminary clinical safety and activity of MK-3475 monotherapy 
for the treatment of previously treated patients with non-small cell lung cancer 
(NSCLC). 15th World Conference on Lung Cancer: International 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 126 

Association for the Study of Lung Cancer (IASLC ) (2013). 
169. Soria, J. C. et al. Clinical activity, safety and biomarkers of PD-L1 blockade in non-

small cell lung cancer (NSCLC): Additional analyses from a clinical study of the 
engineered antibody MPDL3280A (anti-PDL1). in The European Cancer 
Congress 2013 (2013). at <http://eccamsterdam2013.ecco-org.eu/Scientific-
Programme/Abstract-search.aspx?abstractid=6899> 

170. Westin, J. R. et al. Safety and activity of PD1 blockade by pidilizumab in combination 
with rituximab in patients with relapsed follicular lymphoma: a single group, open-
label, phase 2 trial. Lancet Oncol. (2013). doi:10.1016/S1470-2045(13)70551-5 

171. Rosenberg, S. A., Mulé, J. J., Spiess, P. J., Reichert, C. M. & Schwarz, S. L. 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 (1985). 

172. Atkins, M. B. Cytokine-based therapy and biochemotherapy for advanced melanoma. 
Clin. Cancer Res. 12,  2353s–2358s (2006). 

173. Dutcher, J. P. et al. A phase II study of interleukin-2 and lymphokine-activated killer 
cells in patients with metastatic malignant melanoma. J. Clin. Oncol. 7,  477–485 
(1989). 

174. Rosenberg, S. A. Treatment of 283 Consecutive Patients With Metastatic Melanoma or 
Renal Cell Cancer Using High-Dose Bolus Interleukin 2. JAMA 271,  907–913 (1994). 

175. Atkins, M. B. et al. High-dose recombinant interleukin 2 therapy for patients with 
metastatic melanoma: analysis of 270 patients treated between 1985 and 1993. J. 
Clin. Oncol. 17,  2105–2116 (1999). 

176. Kantoff, P. W., Higano, C. S. & Shore, N. D. Sipuleucel-T Immunotherapy for 
Castration-Resistant Prostate Cancer — NEJM. … England Journal of … (2010). 

177. Cheever, M. A. & Higano, C. S. PROVENGE (Sipuleucel-T) in prostate cancer: the first 
FDA-approved therapeutic cancer vaccine. Clin. Cancer Res. 17,  3520–3526 
(2011). 

178. Schwartzentruber, D. J. et al. gp100 peptide vaccine and interleukin-2 in patients 
with advanced melanoma. N. Engl. J. Med. 364,  2119–2127 (2011). 

179. McDermott, D. et al. Efficacy and safety of ipilimumab in metastatic melanoma 
patients surviving more than 2 years following treatment in a phase III trial (MDX010-
20). Ann. Oncol. 24,  2694–2698 (2013). 

180. Chang, A. E. et al. Immunogenetic therapy of human melanoma utilizing autologous 
tumor cells transduced to secrete granulocyte-macrophage colony-stimulating factor. 
Hum. Gene Ther. 11,  839–850 (2000). 

181. Kusumoto, M. et al. Phase 1 clinical trial of irradiated autologous melanoma cells 
adenovirally transduced with human GM-CSF gene. Cancer Immunol. 
Immunother. 50,  373–381 (2001). 

182. Soiffer, R. et al. Vaccination with irradiated, autologous melanoma cells engineered 
to secrete granulocyte-macrophage colony-stimulating factor by adenoviral-mediated 
gene transfer augments antitumor immunity in patients with metastatic melanoma. J. 
Clin. Oncol. 21,  3343–3350 (2003). 

183. Simons, J. W. et al. Bioactivity of autologous irradiated renal cell carcinoma vaccines 
generated by ex vivo granulocyte-macrophage colony-stimulating factor gene transfer. 
Cancer Res. 57,  1537–1546 (1997). 

184. Simons, J. W. et al. Induction of immunity to prostate cancer antigens: results of a 
clinical trial of vaccination with irradiated autologous prostate tumor cells engineered 
to secrete granulocyte-macrophage colony-stimulating factor using ex vivo gene 
transfer. Cancer Res. 59,  5160–5168 (1999). 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 127 

185. Jaffee, E. M. et al. Novel allogeneic granulocyte-macrophage colony-stimulating 
factor-secreting tumor vaccine for pancreatic cancer: a phase I trial of safety and 
immune activation. J. Clin. Oncol. 19,  145–156 (2001). 

186. Salgia, R. et al. Vaccination with irradiated autologous tumor cells engineered to 
secrete granulocyte-macrophage colony-stimulating factor augments antitumor 
immunity in some patients with metastatic non-small-cell lung carcinoma. J. Clin. 
Oncol. 21,  624–630 (2003). 

187. Nemunaitis, J. et al. Granulocyte-macrophage colony-stimulating factor gene-
modified autologous tumor vaccines in non-small-cell lung cancer. J. Natl. Cancer 
Inst. 96,  326–331 (2004). 

188. Dudley, M. E. et al. Cancer regression and autoimmunity in patients after clonal 
repopulation with antitumor lymphocytes. Science 298,  850–854 (2002). 

189. Dudley, M. E. et al. 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 (2005). 

190. Besser, M. J. et al. Clinical responses in a phase II study using adoptive transfer of 
short-term cultured tumor infiltration lymphocytes in metastatic melanoma patients. 
Clin. Cancer Res. 16,  2646–2655 (2010). 

191. Moore, M. W., Carbone, F. R. & Bevan, M. J. Introduction of soluble protein into the 
class I pathway of antigen processing and presentation. Cell 54,  777–785 (1988). 

192. Mombaerts, P. et al. RAG-1-deficient mice have no mature B and T lymphocytes. Cell 
68,  869–877 (1992). 

193. Mazurier, F. et al. A Novel Immunodeficient Mouse Model-RAG2 gamma Cytokine 
Receptor Chain Double Mutants-Requiring Exogenous Cytokine Administration for 
Human Hematopoietic Stem Cell Engraftment Common. J. Interferon Cytokine 
Res. 19,  533–541 (1999). 

194. Mamalaki, C. et al. Positive and Negative Selection in Transgenic Mice Expressing a 
T-Cell Receptor Specific for Influenza Nucleoprotein and Endogenous Superantigen. 
Developmental Immunology 3,  159–174 (1993). 

195. Townsend, A., Rothbard, J., Gotch, F. M. & Bahadur, G. The epitopes of influenza 
nucleoprotein recognized by cytotoxic T lymphocytes can be defined with short 
synthetic peptides. Cell (1986). 

196. Davis, S. J. PD1 Transgenic Mouse. at <http://www.isis-
innovation.com/licensing/research-reagents/4460.html> 

197. Schaefer, B. C., Schaefer, M. L., Kappler, J. W., Marrack, P. & Kedl, R. M. Observation 
of antigen-dependent CD8+ T-cell/ dendritic cell interactions in vivo. Cell. Immunol. 
214,  110–122 (2001). 

198. Kelly, J. M. et al. Identification of conserved T cell receptor CDR3 residues contacting 
known exposed peptide side chains from a major histocompatibility complex class I-
bound determinant. Eur. J. Immunol. 23,  3318–3326 (1993). 

199. Hogquist, K. A. et al. T cell receptor antagonist peptides induce positive selection. 
Cell 76,  17–27 (1994). 

200. Clarke, S. R. et al. Characterization of the ovalbumin-specific TCR transgenic line OT-
I: MHC elements for positive and negative selection. Immunol. Cell Biol. 78,  110–
117 (2000). 

201. Hermans, I. F. et al. The VITAL assay: a versatile fluorometric technique for assessing 
CTL- and NKT-mediated cytotoxicity against multiple targets in vitro and in vivo. 
Journal of Immunological Methods 285,  25–40 (2004). 

202. Simon, A. K. et al. Fas ligand breaks tolerance to self-antigens and induces tumor 
immunity mediated by antibodies. Cancer Cell 2,  315–322 (2002). 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 128 

203. Zhang, Z., Martino, A. & Faulon, J.-L. Identification of expression patterns of IL-2-
responsive genes in the murine T cell line CTLL-2. J. Interferon Cytokine Res. 
27,  991–995 (2007). 

204. Pettit, D. K. et al. Structure-function studies of interleukin 15 using site-specific 
mutagenesis, polyethylene glycol conjugation, and homology modeling. J. Biol. 
Chem. 272,  2312–2318 (1997). 

205. Mueller, D. L., Jenkins, M. K. & Schwartz, R. H. Clonal expansion versus functional 
clonal inactivation: a costimulatory signalling pathway determines the outcome of T 
cell antigen receptor occupancy. Annu. Rev. Immunol. 7,  445–480 (1989). 

206. Liechtenstein, T., Dufait, I., Lanna, A., Breckpot, K. & Escors, D. Modulating co-
stimulation during antigen presentation to enhance cancer immunotherapy. 
Immunology, endocrine & metabolic agents in medicinal chemistry 12,  
224 (2012). 

207. Chen, L. & Flies, D. B. Molecular mechanisms of T cell co-stimulation and co-inhibition. 
Nat. Rev. Immunol. 13,  227–242 (2013). 

208. Azuma, M. et al. B70 antigen is a second ligand for CTLA-4 and CD28. Nature 
366,  76–79 (1993). 

209. Inaba, K. et al. The tissue distribution of the B7-2 costimulator in mice: abundant 
expression on dendritic cells in situ and during maturation in vitro. J. Exp. Med. 
180,  1849–1860 (1994). 

210. Lanier, L. L. et al. CD80 (B7) and CD86 (B70) provide similar costimulatory signals for 
T cell proliferation, cytokine production, and generation of CTL. J. Immunol. 154,  
97–105 (1995). 

211. Hodi, F. S. Cytotoxic T-Lymphocyte‚ Associated Antigen-4. Clin. Cancer Res. 13,  
5238–5242 (2007). 

212. Hathcock, K. S., Laszlo, G., Pucillo, C., Linsley, P. & Hodes, R. J. Comparative analysis 
of B7-1 and B7-2 costimulatory ligands: expression and function. J. Exp. Med. 180,  
631–640 (1994). 

213. Fourcade, J. et al. Upregulation of Tim-3 and PD-1 expression is associated with 
tumor antigen-specific CD8+ T cell dysfunction in melanoma patients. Journal of 
Experimental Medicine 207,  2175–2186 (2010). 

214. Hodge, J. W., Abrams, S., Schlom, J. & Kantor, J. A. Induction of antitumor immunity 
by recombinant vaccinia viruses expressing B7-1 or B7-2 costimulatory molecules. 
Cancer Res. 54,  5552 (1994). 

215. Guinn, B. A., DeBenedette, M. A., Watts, T. H. & Berinstein, N. L. 4-1BBL cooperates 
with B7-1 and B7-2 in converting a B cell lymphoma cell line into a long-lasting 
antitumor vaccine. J. Immunol. 162,  5003–5010 (1999). 

216. Ostrand-Rosenberg, S., Baskar, S., Patterson, N. & Sciences, V. K. C. O. B. Expression 
of MHC Class II and B7-1 and B7-2 costimulatory molecules accompanies tumor 
rejection and reduces the metastatic potential of tumor cells. Tissue Antigens 47,  
414–421 (1996). 

217. Chang, C.-S., Chang, J. H., Hsu, N. C., Lin, H.-Y. & Chung, C.-Y. Expression of CD80 
and CD86 costimulatory molecules are potential markers for better survival in 
nasopharyngeal carcinoma. BMC Cancer 7,  88 (2007). 

218. Gupta, A. et al. Radiotherapy Promotes Tumor-Specific Effector CD8+ T Cells via 
Dendritic Cell Activation. J. Immunol. 189,  558–566 (2012). 

219. Wu, C.-Y. et al. Enhanced Cancer Radiotherapy through Immunosuppressive Stromal 
Cell Destruction in Tumors. Clin. Cancer Res. 20,  644–657 (2014). 

220. Schweitzer, A. N. & Sharpe, A. H. Studies using antigen-presenting cells lacking 
expression of both B7-1 (CD80) and B7-2 (CD86) show distinct requirements for B7 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 129 

molecules during priming versus restimulation of Th2 but not Th1 cytokine production. 
J. Immunol. 161,  2762–2771 (1998). 

221. Stopeck, A. T. et al. Loss of B7.2 (CD86) and intracellular adhesion molecule 1 (CD54) 
expression is associated with decreased tumor-infiltrating T lymphocytes in diffuse B-
cell large-cell lymphoma. Clin. Cancer Res. 6,  3904–3909 (2000). 

222. Marlin, S. D. & Springer, T. A. Purified intercellular adhesion molecule-1 (ICAM-1) is a 
ligand for lymphocyte function-associated antigen 1 (LFA-1). Cell 51,  813–819 
(1987). 

223. Kikuchi, T., Joki, T., Akasaki, Y., Abe, T. & Ohno, T. Induction of antitumor immunity 
using intercellular adhesion molecule 1 (ICAM-1) transfection in mouse glioma cells. 
Cancer Lett. 142,  201–206 (1999). 

224. Kanwar, J. R. et al. Requirements for ICAM-1 immunogene therapy of lymphoma. 
Cancer Gene Ther. 10,  468–476 (2003). 

225. Kohl, S., Springer, T. A., Schmalstieg, F. C., Loo, L. S. & Anderson, D. C. Defective 
natural killer cytotoxicity and polymorphonuclear leukocyte antibody-dependent 
cellular cytotoxicity in patients with LFA-1/OKM-1 deficiency. The Journal of … 
(1984). 

226. Timonen, T., Patarroyo, M. & Gahmberg, C. G. CD11a-c/CD18 and GP84 (LB-2) 
adhesion molecules on human large granular lymphocytes and their participation in 
natural killing. J. Immunol. 141,  1041–1046 (1988). 

227. Chong, A. S., Boussy, I. A., Jiang, X. L., Lamas, M. & Graf, L. H. CD54/ICAM-1 is a 
costimulator of NK cell-mediated cytotoxicity. Cell. Immunol. 157,  92–105 (1994). 

228. Sartor, W. M., Kyprianou, N., Fabian, D. F. & Lefor, A. T. Enhanced expression of 
ICAM-1 in a murine fibrosarcoma reduces tumor growth rate. J. Surg. Res. 59,  66–
74 (1995). 

229. Uzendoski, K., Kantor, J. A., Abrams, S. I., Schlom, J. & Hodge, J. W. Construction and 
characterization of a recombinant vaccinia virus expressing murine intercellular 
adhesion molecule-1: induction and potentiation of antitumor responses. Hum. 
Gene Ther. 8,  851–860 (1997). 

230. Liu, Z., Guo, B. & Lopez, R. D. Expression of intercellular adhesion molecule (ICAM)-1 
or ICAM-2 is critical in determining sensitivity of pancreatic cancer cells to cytolysis by 
human gammadelta-T cells: implications in the design of gammadelta-T-cell-based 
immunotherapies for pancreatic cancer. J. Gastroenterol. Hepatol. 24,  900–911 
(2009). 

231. Sunami, T., Yashiro, M. & Chung, K. H. Y. S. ICAM-1 (Intercellular Adhesion Molecule-
1) Gene Transfection Inhibits Lymph Node Metastasis by Human Gastric Cancer Cells. 
Cancer Sci. 91,  925–933 (2000). 

232. Maeda, K. et al. Expression of intercellular adhesion molecule-1 and prognosis in 
colorectal cancer. Oncol. Rep. 9,  511–514 (2002). 

233. Tachimori, A. et al. Up regulation of ICAM-1 gene expression inhibits tumour growth 
and liver metastasis in colorectal carcinoma. European Journal of Cancer 41,  
1802–1810 (2005). 

234. Ogawa, Y. et al. Expression of intercellular adhesion molecule-1 in invasive breast 
cancer reflects low growth potential, negative lymph node involvement, and good 
prognosis. Clin. Cancer Res. 4,  31–36 (1998). 

235. Kageshita, T. et al. Clinical relevance of ICAM-1 expression in primary lesions and 
serum of patients with malignant melanoma. Cancer Res. 53,  4927–4932 (1993). 

236. Maruo, Y. et al. ICAM-1 expression and the soluble ICAM-1 level for evaluating the 
metastatic potential of gastric cancer. Int. J. Cancer 100,  486–490 (2002). 

237. Hallahan, D., Kuchibhotla, J. & Wyble, C. Cell adhesion molecules mediate radiation-



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 130 

induced leukocyte adhesion to the vascular endothelium. Cancer Res. 56,  5150–
5155 (1996). 

238. Behrends, U. et al. Ionizing radiation induces human intercellular adhesion molecule-
1 in vitro. J. Invest. Dermatol. 103,  726–730 (1994). 

239. Heckmann, M., Douwes, K., Peter, R. & Degitz, K. Vascular activation of adhesion 
molecule mRNA and cell surface expression by ionizing radiation. Exp. Cell Res. 
238,  148–154 (1998). 

240. Handschel, J. et al. Irradiation induces increase of adhesion molecules and 
accumulation of beta2-integrin-expressing cells in humans. Int. J. Radiat. Oncol. 
Biol. Phys. 45,  475–481 (1999). 

241. Ishii, Y. & Kitamura, S. Soluble intercellular adhesion molecule-1 as an early detection 
marker for radiation pneumonitis. Eur. Respir. J. 13,  733–738 (1999). 

242. Tsujino, K., Kodama, A., Kanaoka, N., Maruta, T. & Kono, M. Expression of pulmonary 
mRNA encoding ICAM-1, VCAM-1, and P-selectin following thoracic irradiation in 
mice. Radiat Med 17,  283–287 (1999). 

243. Müller, K. et al. Intercellular adhesion molecule-1: a consistent inflammatory marker 
of the cutaneous radiation reaction both in vitro and in vivo. Br. J. Dermatol. 155,  
670–679 (2006). 

244. Santin, A. D. et al. Effects of irradiation on the expression of surface antigens in 
human ovarian cancer. Gynecol. Oncol. 60,  468–474 (1996). 

245. Santin, A. D. et al. The effects of irradiation on the expression of a tumour rejection 
antigen (heat shock protein gp96) in human cervical cancer. Int. J. Radiat. Biol. 
73,  699–704 (1998). 

246. Hallahan, D. E. & Virudachalam, S. Intercellular adhesion molecule 1 knockout 
abrogates radiation induced pulmonary inflammation. Proc. Natl. Acad. Sci. 
U.S.A. 94,  6432–6437 (1997). 

247. Tesselaar, K., Gravestein, L. A., van Schijndel, G. M., Borst, J. & van Lier, R. A. 
Characterization of murine CD70, the ligand of the TNF receptor family member CD27. 
J. Immunol. 159,  4959–4965 (1997). 

248. Bowman, M. R. et al. The cloning of CD70 and its identification as the ligand for 
CD27. J. Immunol. 152,  1756–1761 (1994). 

249. Kobata, T. et al. CD27-CD70 interactions regulate B-cell activation by T cells. Proc. 
Natl. Acad. Sci. U.S.A. 92,  11249–11253 (1995). 

250. Tesselaar, K. et al. Expression of the murine CD27 ligand CD70 in vitro and in vivo. J. 
Immunol. 170,  33–40 (2003). 

251. Coquet, J. M. et al. Epithelial and dendritic cells in the thymic medulla promote 
CD4+Foxp3+ regulatory T cell development via the CD27–CD70 pathway. Journal 
of Experimental Medicine 210,  715–728 (2013). 

252. Hintzen, R. Q. et al. CD70 represents the human ligand for CD27. International 
Immunology 6,  477–480 (1994). 

253. Iwamoto, S. et al. TNF-α Drives Human CD14+ Monocytes to Differentiate into 
CD70+ Dendritic Cells Evoking Th1 and Th17 Responses. The Journal of 
Immunology 179,  1449–1457 (2007). 

254. Bullock, T. N. J. & Yagita, H. Induction of CD70 on dendritic cells through CD40 or TLR 
stimulation contributes to the development of CD8+ T cell responses in the absence of 
CD4+ T cells. J. Immunol. 174,  710–717 (2005). 

255. Sanchez, P. J., McWilliams, J. A., Haluszczak, C., Yagita, H. & Kedl, R. M. Combined 
TLR/CD40 Stimulation Mediates Potent Cellular Immunity by Regulating Dendritic Cell 
Expression of CD70 In Vivo. The Journal of Immunology 178,  1564–1572 
(2007). 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 131 

256. Krause, P. et al. Prostaglandin E2 enhances T-cell proliferation by inducing the 
costimulatory molecules OX40L, CD70, and 4-1BBL on dendritic cells. Blood 113,  
2451–2460 (2009). 

257. Lens, S. M., Tesselaar, K., van Oers, M. H. & van Lier, R. A. Control of lymphocyte 
function through CD27-CD70 interactions. Semin. Immunol. 10,  491–499 (1998). 

258. Borst, J., Hendriks, J. & Xiao, Y. CD27 and CD70 in T cell and B cell activation. Curr. 
Opin. Immunol. 17,  275–281 (2005). 

259. Koenen, H. J. P. M., Fasse, E. & Joosten, I. CD27/CFSE-Based Ex Vivo Selection of 
Highly Suppressive Alloantigen-Specific Human Regulatory T Cells. The Journal of 
Immunology 174,  7573–7583 (2005). 

260. Nolte, M. A., Van Olffen, R. W., Van Gisbergen, K. P. J. M. & van Lier, R. A. W. Timing 
and tuning of CD27–CD70 interactions: the impact of signal strength in setting the 
balance between adaptive responses and immunopathology. Immunol. Rev. 229,  
216–231 (2009). 

261. Petrau, C. et al. CD70: A Potential Target in Breast Cancer? J Cancer 5,  761–764 
(2014). 

262. Douin-Echinard, V. et al. The expression of CD70 and CD80 by gene-modified tumor 
cells induces an antitumor response depending on the MHC status. Cancer Gene 
Ther. 7,  1543–1556 (2000). 

263. Cormary, C., Hiver, E., Mariamé, B., Favre, G. & Tilkin-Mariamé, A.-F. Coexpression of 
CD40L and CD70 by semiallogenic tumor cells induces anti-tumor immunity. Cancer 
Gene Ther. 12,  963–972 (2005). 

264. Cormary, C., Gonzalez, R., Faye, J.-C., Favre, G. & Tilkin-Mariamé, A.-F. Induction of T-
cell antitumor immunity and protection against tumor growth by secretion of soluble 
human CD70 molecules. Cancer Gene Ther. 11,  497–507 (2004). 

265. Aulwurm, S., Wischhusen, J., Friese, M., Borst, J. & Weller, M. Immune stimulatory 
effects of CD70 override CD70-mediated immune cell apoptosis in rodent glioma 
models and confer long-lasting antiglioma immunity in vivo. Int. J. Cancer 118,  
1728–1735 (2006). 

266. Miller, J. et al. Soluble CD70: a novel immunotherapeutic agent for experimental 
glioblastoma. J. Neurosurg. 113,  280–285 (2010). 

267. Huang, J. et al. Irradiation enhances human T-cell function by upregulating CD70 
expression on antigen-presenting cells in vitro. Journal of Immunotherapy 34,  
327–335 (2011). 

268. Baird, G. S., Zacharias, D. A. & Tsien, R. Y. Biochemistry, mutagenesis, and 
oligomerization of DsRed, a red fluorescent protein from coral. Proc. Natl. Acad. 
Sci. U.S.A. 97,  11984–11989 (2000). 

269. Grosenbach, D. W., Schlom, J., Gritz, L., Gómez Yafal, A. & Hodge, J. W. A 
recombinant vector expressing transgenes for four T-cell costimulatory molecules 
(OX40L, B7-1, ICAM-1, LFA-3) induces sustained CD4+ and CD8+ T-cell activation, 
protection from apoptosis, and enhanced cytokine production. Cell. Immunol. 
222,  45–57 (2003). 

270. Kantoff, P. W. et al. Overall survival analysis of a phase II randomized controlled trial 
of a Poxviral-based PSA-targeted immunotherapy in metastatic castration-resistant 
prostate cancer. J. Clin. Oncol. 28,  1099–1105 (2010). 

271. Gulley, J. L. & Kantoff, P. W. Prospect Trial: A Phase 3 Efficacy Study of a Recombinant 
Vaccinia Virus Vaccine to Treat Metastatic Prostate Cancer. 
http://clinicaltrialsgov/ct2/show/NCT01322490 

272. Bloom, M. B. et al. Identification of tyrosinase-related protein 2 as a tumor rejection 
antigen for the B16 melanoma. J. Exp. Med. 185,  453–459 (1997). 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 132 

273. Simmons, A. D. et al. GM-CSF-secreting cancer immunotherapies: preclinical analysis 
of the mechanism of action. Cancer Immunol. Immunother. 56,  1653–1665 
(2007). 

274. Newell, E. W. et al. Combinatorial tetramer staining and mass cytometry analysis 
facilitate T-cell epitope mapping and characterization. Nat. Biotechnol. 31,  623–
629 (2013). 

275. Takeda, K. et al. IFN-γ production by lung NK cells is critical for the natural resistance 
to pulmonary metastasis of B16 melanoma in mice. J. Leukoc. Biol. 90,  777–785 
(2011). 

276. Agata, Y. et al. Expression of the PD-1 antigen on the surface of stimulated mouse T 
and B lymphocytes. International Immunology 8,  765–772 (1996). 

277. Yamazaki, T. et al. Expression of programmed death 1 ligands by murine T cells and 
APC. J. Immunol. 169,  5538–5545 (2002). 

278. Greenwald, R. J., Freeman, G. J. & Sharpe, A. H. The B7 family revisited. Annu. Rev. 
Immunol. 23,  515–548 (2005). 

279. Chemnitz, J. M., Parry, R. V., Nichols, K. E., June, C. H. & Riley, J. L. SHP-1 and SHP-2 
associate with immunoreceptor tyrosine-based switch motif of programmed death 1 
upon primary human T cell stimulation, but only receptor ligation prevents T cell 
activation. J. Immunol. 173,  945–954 (2004). 

280. Dewan, M. Z. et al. Fractionated but Not Single-Dose Radiotherapy Induces an 
Immune-Mediated Abscopal Effect when Combined with Anti–CTLA-4 Antibody. 
Clinical cancer … (2009). 

281. Postow, M. A. et al. Immunologic correlates of the abscopal effect in a patient with 
melanoma. N. Engl. J. Med. 366,  925–931 (2012). 

282. Verbrugge, I. et al. Radiotherapy increases the permissiveness of established 
mammary tumors to rejection by immunomodulatory antibodies. Cancer Res. 72,  
3163–3174 (2012). 

283. Zeng, J., See, A. P., Phallen, J. & Jackson, C. M. Anti-PD-1 Blockade and Stereotactic 
Radiation Produce Long-Term Survival in Mice With Intracranial Gliomas. … Journal 
of Radiation … (2013). 

284. Deng, L. et al. Irradiation and anti–PD-L1 treatment synergistically promote 
antitumor immunity in mice. J. Clin. Invest. 124,  0–0 (2014). 

285. Herbst, R. S. et al. Predictive correlates of response to the anti-PD-L1 antibody 
MPDL3280A in cancer patients. Nature 515,  563–567 

286. Lipson, E. J. et al. Durable cancer regression off-treatment and effective reinduction 
therapy with an anti-PD-1 antibody. Clin. Cancer Res. 19,  462–468 (2013). 

287. Kato, K. et al. CD48 is a counter-receptor for mouse CD2 and is involved in T cell 
activation. J. Exp. Med. 176,  1241–1249 (1992). 

288. Brown, M. H. et al. 2B4, the natural killer and T cell immunoglobulin superfamily 
surface protein, is a ligand for CD48. J. Exp. Med. 188,  2083–2090 (1998). 

289. Evans, E. J. et al. Crystal Structure and Binding Properties of the CD2 and CD244 
(2B4)-binding Protein, CD48. Journal of Biological Chemistry 281,  29309–
29320 (2006). 

290. Elishmereni, M. & Levi-Schaffer, F. CD48: A co-stimulatory receptor of immunity. The 
International Journal of Biochemistry & Cell Biology 43,  25–28 (2011). 

291. González-Cabrero, J. et al. CD48-deficient mice have a pronounced defect in CD4(+) 
T cell activation. Proc. Natl. Acad. Sci. U.S.A. 96,  1019–1023 (1999). 

292. Cabrero, J. G., Freeman, G. J. & Reiser, H. The murine Cd48 gene: allelic polymorphism 
in the IgV-like region. European Journal of Immunogenetics 25,  421–423 
(1998). 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 133 

293. Mayer, B. et al. Expression of leukocyte cell adhesion molecules on gastric 
carcinomas: Possible involvement of LFA-3 expression in the development of distant 
metastases. Int. J. Cancer 64,  415–423 (1995). 

294. Li, Y., Hellstrom, K. E., Newby, S. A. & Chen, L. Costimulation by CD48 and B7-1 
Induces Immunity Against Poorly Immunogenic Tumors. Journal of Experimental 
Medicine 183,  639–644 (1996). 

295. Wheelock, E. F. Interferon-like virus-inhibitor induced in human leukocytes by 
phytohemagglutinin. Science 149,  310–311 (1965). 

296. Milstone, L. M. & Waksman, B. H. Release of virus inhibitor from tuberculin-sensitized 
peritoneal cells stimulated by antigen. J. Immunol. 105,  1068–1071 (1970). 

297. Gessani, S. & Belardelli, F. IFN-gamma expression in macrophages and its possible 
biological significance. Cytokine & Growth Factor Reviews 9,  117–123 (1998). 

298. Yoshimoto, T. et al. IL-12 up-regulates IL-18 receptor expression on T cells, Th1 cells, 
and B cells: synergism with IL-18 for IFN-gamma production. J. Immunol. 161,  
3400–3407 (1998). 

299. Carnaud, C. et al. Cutting edge: Cross-talk between cells of the innate immune 
system: NKT cells rapidly activate NK cells. J. Immunol. 163,  4647–4650 (1999). 

300. Flaishon, L. et al. Autocrine secretion of interferon gamma negatively regulates 
homing of immature B cells. J. Exp. Med. 192,  1381–1388 (2000). 

301. Harris, D. P. et al. Reciprocal regulation of polarized cytokine production by effector B 
and T cells. Nat. Immunol. 1,  475–482 (2000). 

302. Frucht, D. M. et al. IFN-gamma production by antigen-presenting cells: mechanisms 
emerge. Trends Immunol. 22,  556–560 (2001). 

303. Kaplan, D. H. et al. Demonstration of an interferon gamma-dependent tumor 
surveillance system in immunocompetent mice. Proc. Natl. Acad. Sci. U.S.A. 95,  
7556–7561 (1998). 

304. Street, S. E., Cretney, E. & Smyth, M. J. Perforin and interferon-gamma activities 
independently control tumor initiation, growth, and metastasis. Blood 97,  192–197 
(2001). 

305. Street, S. E. A., Trapani, J. A., MacGregor, D. & Smyth, M. J. Suppression of lymphoma 
and epithelial malignancies effected by interferon gamma. J. Exp. Med. 196,  129–
134 (2002). 

306. Rosa, F. M. & Fellous, M. Regulation of HLA-DR gene by IFN-gamma. Transcriptional 
and post-transcriptional control. J. Immunol. 140,  1660–1664 (1988). 

307. Yang, Y., Xiang, Z., Ertl, H. C. & Wilson, J. M. Upregulation of class I major 
histocompatibility complex antigens by interferon gamma is necessary for T-cell-
mediated elimination of recombinant adenovirus-infected hepatocytes in vivo. Proc. 
Natl. Acad. Sci. U.S.A. 92,  7257–7261 (1995). 

308. Früh, K. & Yang, Y. Antigen presentation by MHC class I and its regulation by 
interferon γ. Current Opinion in Immunology (1999). 

309. Schendel, D. J. et al. Gene transfer of human interferon gamma complementary DNA 
into a renal cell carcinoma line enhances MHC-restricted cytotoxic T lymphocyte 
recognition but suppresses non-MHC-restricted effector cell activity. Gene Ther. 7,  
950–959 (2000). 

310. Propper, D. J. et al. Low-dose IFN-gamma induces tumor MHC expression in 
metastatic malignant melanoma. Clin. Cancer Res. 9,  84–92 (2003). 

311. Yang, S., Vervaert, C. E., Seigler, H. F. & Darrow, T. L. Tumor cells cotransduced with 
B7.1 and gamma-IFN induce effective rejection of established parental tumor. Gene 
Ther. 6,  253–262 (1999). 

312. Windbichler, G. H. et al. Interferon-gamma in the first-line therapy of ovarian cancer: 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 134 

a randomized phase III trial. Br. J. Cancer 82,  1138–1144 (2000). 
313. Dummer, R. et al. Phase II clinical trial of intratumoral application of TG1042 

(adenovirus-interferon-gamma) in patients with advanced cutaneous T-cell 
lymphomas and multilesional cutaneous B-cell lymphomas. Mol Ther 18,  1244–
1247 (2010). 

314. Kobayashi, M. Identification and purification of natural killer cell stimulatory factor 
(NKSF), a cytokine with multiple biologic effects on human lymphocytes. Journal of 
Experimental Medicine 170,  827–845 (1989). 

315. Johnson, L. L.Sayles, P. C. Interleukin-12, dendritic cells, and the initiation of host-
protective mechanisms against Toxoplasma gondii. J. Exp. Med. 186,  1799–1802 
(1997). 

316. Hsieh, C. S. et al. Development of TH1 CD4+ T cells through IL-12 produced by 
Listeria-induced macrophages. Science 260,  547–549 (1993). 

317. Zou, J.-P. et al. Systemic administration of rIL-12 induces complete tumor regression 
and protective immunity: response is correlated with a striking reversal of suppressed 
IFN-γ production by anti-tumor T cells. International … (1995). 

318. Car, B. D., Eng, V. M., Lipman, J. M. & Anderson, T. D. The Toxicology of Interleukin-
12: A Review. Toxicologic pathology (1999). 

319. LOTZE, M. T. et al. Cytokine Gene Therapy of Cancer Using Interleukin-12: Murine 
and Clinical Trials. Ann NY Acad Sci 795,  440–454 (1996). 

320. Mazzolini, G. et al. Regression of colon cancer and induction of antitumor immunity 
by intratumoral injection of adenovirus expressing interleukin-12. Cancer Gene 
Ther. 6,  514–522 (1999). 

321. Narvaiza, I. et al. Intratumoral coinjection of two adenoviruses, one encoding the 
chemokine IFN-gamma-inducible protein-10 and another encoding IL-12, results in 
marked antitumoral synergy. J. Immunol. 164,  3112–3122 (2000). 

322. Gambotto, A. et al. Induction of antitumor immunity by direct intratumoral injection 
of a recombinant adenovirus vector expressing interleukin-12. Cancer Gene Ther. 
6,  45–53 (1999). 

323. Caruso, M. et al. Adenovirus-mediated interleukin-12 gene therapy for metastatic 
colon carcinoma. Proc. Natl. Acad. Sci. U.S.A. 93,  11302–11306 (1996). 

324. Lucas, M. L., Heller, L., Coppola, D. & Heller, R. IL-12 plasmid delivery by in vivo 
electroporation for the successful treatment of established subcutaneous B16.F10 
melanoma. Mol Ther 5,  668–675 (2002). 

325. Sin, J.-I. et al. Intratumoral electroporation of IL-12 cDNA eradicates established 
melanomas by Trp2180–188-specific CD8+ CTLs in a perforin/granzyme-mediated and 
IFN-γ-dependent manner: application of Trp2180–188 peptides. Cancer Immunol. 
Immunother. (2012). doi:10.1007/s00262-012-1214-8 

326. Chen, L. et al. Eradication of murine bladder carcinoma by intratumor injection of a 
bicistronic adenoviral vector carrying cDNAs for the IL-12 heterodimer and its 
inhibition by the IL-12 p40 subunit homodimer. J. Immunol. 159,  351–359 (1997). 

327. Daud, A. I. et al. Phase I trial of interleukin-12 plasmid electroporation in patients 
with metastatic melanoma. J. Clin. Oncol. 26,  5896–5903 (2008). 

328. Burgess, A. W. & Metcalf, D. The nature and action of granulocyte-macrophage colony 
stimulating factors. Blood (1980). 

329. Enzler, T. et al. Deficiencies of GM-CSF and interferon gamma link inflammation and 
cancer. J. Exp. Med. 197,  1213–1219 (2003). 

330. Lin, Y. et al. Big tumor regression induced by GM-CSF gene-modified 3LL tumor cells 
via facilitating DC maturation and deviation toward CD11c+CD8alpha+ subset. DNA 
Cell Biol. 26,  863–872 (2007). 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 135 

331. Qin, H. X. & Chatterjee, S. K. Construction of recombinant vaccinia virus expressing 
GM-CSF and its use as tumor vaccine. Gene Ther. 3,  59–66 (1996). 

332. Yu, J. S., Burwick, J. A., Dranoff, G. & Breakefield, X. O. Gene therapy for metastatic 
brain tumors by vaccination with granulocyte-macrophage colony-stimulating factor-
transduced tumor cells. Hum. Gene Ther. 8,  1065–1072 (1997). 

333. Wakimoto, H. et al. Intensified antitumor immunity by a cancer vaccine that produces 
granulocyte-macrophage colony-stimulating factor plus interleukin 4. Cancer Res. 
56,  1828–1833 (1996). 

334. Levitsky, H. I. et al. Immunization with granulocyte-macrophage colony-stimulating 
factor-transduced, but not B7-1-transduced, lymphoma cells primes idiotype-specific T 
cells and generates potent systemic antitumor immunity. The Journal of … (1996). 

335. Lee, C. T. et al. Genetic immunotherapy of established tumors with adenovirus-
murine granulocyte-macrophage colony-stimulating factor. Hum. Gene Ther. 8,  
187–193 (1997). 

336. Disis, M. L. et al. Granulocyte-macrophage colony-stimulating factor: an effective 
adjuvant for protein and peptide-based vaccines. Blood 88,  202–210 (1996). 

337. Madan, R. A. et al. Ipilimumab and a poxviral vaccine targeting prostate-specific 
antigen in metastatic castration-resistant prostate cancer: a phase 1 dose-escalation 
trial. Lancet Oncol. 13,  501–508 (2012). 

338. Efficacy and Safety Study of OncoVEXGM-CSF Compared to GM-CSF in 
Melanoma. at <http://clinicaltrials.gov/show/NCT00769704> 

339. Andtbacka, R. H. I. et al. OPTiM: A randomized phase III trial of talimogene 
laherparepvec (T-VEC) versus subcutaneous (SC) granulocyte-macrophage colony-
stimulating factor (GM-CSF) for the treatment (tx) of unresected stage IIIB/C and IV 
melanoma. ASCO Meeting Abstracts 31,  LBA9008 (2013). 

340. Bazan, J. F. et al. A new class of membrane-bound chemokine with a CX3C motif. 
Nature 385,  640–644 (1997). 

341. Umehara, H. et al. Fractalkine, a CX3C-chemokine, functions predominantly as an 
adhesion molecule in monocytic cell line THP-1. Immunol. Cell Biol. 79,  298–302 
(2001). 

342. Pan, Y. et al. Neurotactin, a membrane-anchored chemokine upregulated in brain 
inflammation. Nature 387,  611–617 (1997). 

343. Garton, K. J. et al. Tumor necrosis factor-alpha-converting enzyme (ADAM17) 
mediates the cleavage and shedding of fractalkine (CX3CL1). J. Biol. Chem. 276,  
37993–38001 (2001). 

344. Tsou, C. L., Haskell, C. A. & Charo, I. F. Tumor necrosis factor-alpha-converting 
enzyme mediates the inducible cleavage of fractalkine. J. Biol. Chem. 276,  44622–
44626 (2001). 

345. Guo, J. et al. Fractalkine transgene induces T-cell-dependent antitumor immunity 
through chemoattraction and activation of dendritic cells. Int. J. Cancer 103,  212–
220 (2003). 

346. Guo, J. et al. Chemoattraction, adhesion and activation of natural killer cells are 
involved in the antitumor immune response induced by fractalkine/CX3CL1. 
Immunol. Lett. (2003). 

347. Lavergne, E. et al. Fractalkine Mediates Natural Killer-Dependent Antitumor 
Responses in Vivo. Cancer Res. (2003). 

348. Xin, H. et al. Antitumor immune response by CX3CL1 fractalkine gene transfer 
depends on both NK and T cells. Eur. J. Immunol. 35,  1371–1380 (2005). 

349. Tang, L. et al. Gene therapy with CX3CL1/Fractalkine induces antitumor immunity to 
regress effectively mouse hepatocellular carcinoma. Gene Ther. 14,  1226–1234 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 136 

(2007). 
350. Berner, V. et al. IFN-gamma mediates CD4+ T-cell loss and impairs secondary 

antitumor responses after successful initial immunotherapy. Nat. Med. 13,  354–360 
(2007). 

351. PROLEUKIN®  (aldesleukin). fda.gov 1–19 (2012). at 
<http://www.accessdata.fda.gov/drugsatfda_docs/label/2012/103293s5130lbl.pdf> 

352. Klapper, J. A. et al. High-dose interleukin-2 for the treatment of metastatic renal cell 
carcinoma : a retrospective analysis of response and survival in patients treated in the 
surgery branch at the National Cancer Institute between 1986 and 2006. Cancer 
113,  293–301 (2008). 

353. Rosenberg, S. A., Yang, J. C., White, D. E. & Steinberg, S. M. 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 
(1998). 

354. Amin, A. & White, R. L. High-dose interleukin-2: is it still indicated for melanoma and 
RCC in an era of targeted therapies? Oncology (Williston Park, N.Y.) 27,  680–
691 (2013). 

355. Klebanoff, C. A. et al. IL-15 enhances the in vivo antitumor activity of tumor-reactive 
CD8+ T cells. Proc. Natl. Acad. Sci. U.S.A. 101,  1969–1974 (2004). 

356. Ochoa, M. C. et al. Interleukin-15 in gene therapy of cancer. Curr Gene Ther 13,  
15–30 (2013). 

357. ClinicalTrials.gov: A Phase I Study of Intravenous Recombinant Human IL-15 in Adults 
With Refractory Metastatic Malignant Melanoma and Metastatic Renal Cell Cancer. 
http://www.clinicaltrials.gov/ct2/show/NCT01021059. Accessed 24 February 2014. 

358. ClinicalTrials.gov: Recombinant Interleukin-15 in Treating Patients With Advanced 
Melanoma, Kidney Cancer, Non-Small Cell Lung Cancer, or Squamous Cell Head and 
Neck Cancer. http://www.clinicaltrials.gov/ct2/show/NCT01727076. Accessed 01 
March 2014. 

359. Sugamura, K. et al. The interleukin-2 receptor gamma chain: its role in the multiple 
cytokine receptor complexes and T cell development in XSCID. Annu. Rev. 
Immunol. 14,  179–205 (1996). 

360. Noguchi, M. et al. Interleukin-2 receptor gamma chain: a functional component of 
the interleukin-7 receptor. Science 262,  1877–1880 (1993). 

361. Waldmann, T. A. The biology of interleukin-2 and interleukin-15: implications for 
cancer therapy and vaccine design. Nat. Rev. Immunol. 6,  595–601 (2006). 

362. Bamford, R. N. et al. The interleukin (IL) 2 receptor beta chain is shared by IL-2 and a 
cytokine, provisionally designated IL-T, that stimulates T-cell proliferation and the 
induction of lymphokine-activated killer cells. Proc. Natl. Acad. Sci. U.S.A. 91,  
4940–4944 (1994). 

363. Grabstein, K. H. et al. Cloning of a T cell growth factor that interacts with the beta 
chain of the interleukin-2 receptor. Science 264,  965–968 (1994). 

364. Waldmann, T. A. The interleukin-2 receptor. J. Biol. Chem. 266,  2681–2684 
(1991). 

365. Giri, J. G. et al. Identification and cloning of a novel IL-15 binding protein that is 
structurally related to the alpha chain of the IL-2 receptor. EMBO J. 14,  3654–3663 
(1995). 

366. Dubois, S., Mariner, J., Waldmann, T. A. & Tagaya, Y. IL-15Ralpha recycles and 
presents IL-15 In trans to neighboring cells. Immunity 17,  537–547 (2002). 

367. Burkett, P. R. et al. Coordinate expression and trans presentation of interleukin (IL)-
15Ralpha and IL-15 supports natural killer cell and memory CD8+ T cell homeostasis. 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 137 

J. Exp. Med. 200,  825–834 (2004). 
368. Stonier, S. W., Ma, L. J., Castillo, E. F. & Schluns, K. S. Dendritic cells drive memory 

CD8 T-cell homeostasis via IL-15 transpresentation. Blood 112,  4546–4554 (2008). 
369. Stonier, S. W. & Schluns, K. S. Trans-presentation: a novel mechanism regulating IL-15 

delivery and responses. Immunol. Lett. 127,  85–92 (2010). 
370. Stoklasek, T. A., Schluns, K. S. & Lefrançois, L. Combined IL-15/IL-15Ralpha 

immunotherapy maximizes IL-15 activity in vivo. J. Immunol. 177,  6072–6080 
(2006). 

371. Huntington, N. D. et al. IL-15 transpresentation promotes both human T-cell 
reconstitution and T-cell-dependent antibody responses in vivo. Proc. Natl. Acad. 
Sci. U.S.A. 108,  6217–6222 (2011). 

372. Kermer, V., Baum, V., Hornig, N., Kontermann, R. E. & Müller, D. An antibody fusion 
protein for cancer immunotherapy mimicking IL-15 trans-presentation at the tumor 
site. Mol. Cancer Ther. 11,  1279–1288 (2012). 

373. Wuest, S. C. et al. A role for interleukin-2 trans-presentation in dendritic cell-
mediated T cell activation in humans, as revealed by daclizumab therapy. Nat. Med. 
17,  604–609 (2011). 

374. Smith, K. Interleukin-2: inception, impact, and implications. Science 240,  1169–
1176 (1988). 

375. Swain, S. L. Lymphokines and the immune response: the central role of interleukin-2. 
Curr. Opin. Immunol. 3,  304–310 (1991). 

376. Fehniger, T. A., Cooper, M. A. & Caligiuri, M. A. Interleukin-2 and interleukin-15: 
immunotherapy for cancer. Cytokine & Growth Factor Reviews 13,  169–183 
(2002). 

377. Waldmann, T. A., Dubois, S. & Tagaya, Y. Contrasting roles of IL-2 and IL-15 in the life 
and death of lymphocytes: implications for immunotherapy. Immunity 14,  105–110 
(2001). 

378. Robertson, M. J. & Ritz, J. Biology and clinical relevance of human natural killer cells. 
Blood 76,  2421–2438 (1990). 

379. Carson, W. E. et al. A potential role for interleukin-15 in the regulation of human 
natural killer cell survival. J. Clin. Invest. 99,  937–943 (1997). 

380. Mingari, M. C. et al. Human interleukin-2 promotes proliferation of activated B cells 
via surface receptors similar to those of activated T cells. Nature 312,  641–643 
(1984). 

381. Waldmann, T. A. et al. Expression of interleukin 2 receptors on activated human B 
cells. J. Exp. Med. 160,  1450–1466 (1984). 

382. Lenardo, M. J. Fas and the art of lymphocyte maintenance. Journal of 
Experimental Medicine (1996). 

383. Fontenot, J. D., Rasmussen, J. P., Gavin, M. A. & Rudensky, A. Y. A function for 
interleukin 2 in Foxp3-expressing regulatory T cells. Nat. Immunol. 6,  1142–1151 
(2005). 

384. D'Cruz, L. M. & Klein, L. Development and function of agonist-induced CD25+Foxp3+ 
regulatory T cells in the absence of interleukin 2 signaling. Nat. Immunol. 6,  1152–
1159 (2005). 

385. Maloy, K. J. & Powrie, F. Fueling regulation: IL-2 keeps CD4+ Treg cells fit. Nature 
immunology (2005). 

386. Zhang, X., Sun, S., Hwang, I., Tough, D. F. & Sprent, J. Potent and selective stimulation 
of memory-phenotype CD8+ T cells in vivo by IL-15. Immunity 8,  591–599 (1998). 

387. Ku, C. C., Murakami, M., Sakamoto, A., Kappler, J. & Marrack, P. Control of 
homeostasis of CD8+ memory T cells by opposing cytokines. Science 288,  675–678 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 138 

(2000). 
388. Schluns, K. S., Klonowski, K. D. & Lefrançois, L. Transregulation of memory CD8 T-cell 

proliferation by IL-15Ralpha+ bone marrow-derived cells. Blood 103,  988–994 
(2004). 

389. Becker, T. C. et al. Interleukin 15 is required for proliferative renewal of virus-specific 
memory CD8 T cells. J. Exp. Med. 195,  1541–1548 (2002). 

390. Judge, A. D., Zhang, X., Fujii, H., Surh, C. D. & Sprent, J. Interleukin 15 Controls both 
Proliferation and Survival of a Subset of Memory-Phenotype CD8+ T Cells. Journal 
of Experimental Medicine 196,  935–946 (2002). 

391. Marks-Konczalik, J. et al. IL-2-induced activation-induced cell death is inhibited in IL-
15 transgenic mice. Proc. Natl. Acad. Sci. U.S.A. 97,  11445–11450 (2000). 

392. Heim, R., Prasher, D. C. & Tsien, R. Y. Wavelength mutations and posttranslational 
autoxidation of green fluorescent protein. Proc. Natl. Acad. Sci. U.S.A. 91,  
12501–12504 (1994). 

393. Lippincott-Schwartz, J. & Patterson, G. H. Development and use of fluorescent protein 
markers in living cells. Science 300,  87–91 (2003). 

394. Willerford, D. M. et al. Interleukin-2 receptor alpha chain regulates the size and 
content of the peripheral lymphoid compartment. Immunity 3,  521–530 (1995). 

395. Sharma, R. et al. A regulatory T cell-dependent novel function of CD25 (IL-2Ralpha) 
controlling memory CD8(+) T cell homeostasis. J. Immunol. 178,  1251–1255 
(2007). 

396. De Paiva, C. S. et al. Age-related T-cell cytokine profile parallels corneal disease 
severity in Sjogren's syndrome-like keratoconjunctivitis sicca in CD25KO mice. 
Rheumatology (Oxford) 49,  246–258 (2010). 

397. Weber, J. S. et al. Nivolumab versus chemotherapy in patients with advanced 
melanoma who progressed after anti-CTLA-4 treatment (CheckMate 037): a 
randomised, controlled, open-label, phase 3 trial. Lancet Oncol. 16,  375–384 
(2015). 

398. Paz-Ares, L. et al. Phase III, randomized trial (CheckMate 057) of nivolumab (NIVO) 
versus docetaxel (DOC) in advanced non-squamous cell (non-SQ) non-small cell lung 
cancer (NSCLC). ASCO Meeting Abstracts 33,  LBA109 (2015). 

399. Antonia, S. J., Gettinger, S., Chow, L. Q. & Juergens, R. Nivolumab (Anti-PD-1; BMS-
936558, ONO-4538) and Ipilimumab in First-Line Non-Small Cell Lung Cancer (NSCLC): 
Interim Phase 1 Results. ASCO Meeting Abstracts (2014). at 
<http://meetinglibrary.asco.org/content/125736-144> 

400. Wolchok, J. D. et al. Nivolumab plus ipilimumab in advanced melanoma. N. Engl. J. 
Med. 369,  122–133 (2013). 

401. Postow, M. A. et al. Nivolumab and Ipilimumab versus Ipilimumab in Untreated 
Melanoma. N. Engl. J. Med. (2015). doi:10.1056/NEJMoa1414428 

402. Cha, E. & Daud, A. Plasmid IL-12 electroporation in melanoma. Hum Vaccin 
Immunother 8,  1734–1738 (2014). 

403. Collins, C. G. et al. Local gene therapy of solid tumors with GM-CSF and B7-1 
eradicates both treated and distal tumors. Cancer Gene Ther. 13,  1061–1071 
(2006). 

404. Whelan, M. C. et al. Effective immunotherapy of weakly immunogenic solid tumours 
using a combined immunogene therapy and regulatory T-cell inactivation. Cancer 
Gene Ther. 17,  501–511 (2010). 

405. Forde, P. F. et al. Enhancement of electroporation facilitated immunogene therapy 
via T-reg depletion. Cancer Gene Ther. 21,  349–354 (2014). 

406. Glass, L. F. et al. Bleomycin-mediated electrochemotherapy of metastatic melanoma. 



DPhil Thesis of Daniel Ajzensztejn, Oxford University, 2014 139 

Arch Dermatol 132,  1353–1357 (1996). 
407. Heller, R. et al. Phase I/II trial for the treatment of cutaneous and subcutaneous 

tumors using electrochemotherapy. Cancer 77,  964–971 (1996). 
408. Glass, L. F., Jaroszeski, M., Gilbert, R., Reintgen, D. S. & Heller, R. Intralesional 

bleomycin-mediated electrochemotherapy in 20 patients with basal cell carcinoma. J. 
Am. Acad. Dermatol. 37,  596–599 (1997). 

409. Mir, L. M. et al. Effective treatment of cutaneous and subcutaneous malignant 
tumours by electrochemotherapy. Br. J. Cancer 77,  2336–2342 (1998). 

410. Whelan, M. C., Larkin, J. O., Collins, C. G. & Cashman, J. Effective treatment of an 
extensive recurrent breast cancer which was refractory to multimodal therapy by 
multiple applications of electrochemotherapy. J Cancer (2006). 

411. Richards, J. M. et al. Phase I trial of IL-2 plasmid DNA with electroporation in 
metastatic melanoma. J Clin Oncol (Meeting Abstracts) 25,  8578 EP – (2007). 

412. Lichty, B. D., Breitbach, C. J., Stojdl, D. F. & Bell, J. C. Going viral with cancer 
immunotherapy. Nat. Rev. Cancer 14,  559–567 (2014). 

413. Kaufman, H. L. et al. Primary overall survival (OS) from OPTiM, a randomized phase 
III trial of talimogene laherparepvec (T-VEC) versus subcutaneous (SC) granulocyte-
macrophage colony-stimulating factor (GM-CSF) for the treatment (tx) of unresected 
stage IIIB/C and IV melanoma. ASCO Meeting Abstracts 32,  9008a (2014). 

414. Heo, J. et al. Randomized dose-finding clinical trial of oncolytic immunotherapeutic 
vaccinia JX-594 in liver cancer. Nat. Med. 19,  329–336 (2013). 

415. ClinicalTrials.gov: A Phase 2b Study of Modified Vaccinia Virus to Treat Patients 
Advanced Liver Cancer Who Failed Sorafenib (TRAVERSE) ClinicalTrials.gov Identifier: 
NCT01387555. Accessed 18 July 2015. 

416. Lee, Y.-S. et al. Enhanced antitumor effect of oncolytic adenovirus expressing 
interleukin-12 and B7-1 in an immunocompetent murine model. Clin. Cancer Res. 
12,  5859–5868 (2006). 

417. Choi, K.-J. et al. Concurrent delivery of GM-CSF and B7-1 using an oncolytic 
adenovirus elicits potent antitumor effect. Gene Ther. 13,  1010–1020 (2006). 

418. Hu, Z.-B. et al. A simplified system for generating oncolytic adenovirus vector 
carrying one or two transgenes. Cancer Gene Ther. 15,  173–182 (2008). 

419. Kwon, E. D. et al. Ipilimumab versus placebo after radiotherapy in patients with 
metastatic castration-resistant prostate cancer that had progressed after docetaxel 
chemotherapy (CA184-043): a multicentre, randomised, double-blind, phase 3 trial. 
Lancet Oncol. (2014). doi:10.1016/S1470-2045(14)70189-5 

 


