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Abstract 

While adoptive cell transfer (ACT) therapy using chimeric antigen receptor (CAR) T cells can 

be effective in the treatment of haematological B cell malignancies, the treatment of solid 

tumours has been challenging. Limiting factors such as low levels of CAR T cell activity and 

poor infiltration into solid tumours, antigen heterogeneity and immunosuppressive 

microenvironments are playing important roles in solid tumour resistance to CAR T cell 

therapy. Therefore, a better understanding of these limiting factors is necessary for overcoming 

these challenges and addressing tumour resistance to immunotherapy. 

Multiple studies have investigated different strategies to increase the efficacy of CAR T cell 

therapy in solid tumours including the modification of CAR T cell structure and using a 

combination of checkpoint inhibitors. Recently a study from our laboratory demonstrated the 

eradication of established large tumours including E0771-Her2 breast cancer, 24JK-Her2 

sarcoma, and MC38-Her2 colon carcinoma using adoptive cell transfer incorporating 

vaccination (ACTIV) therapy.  

In ACTIV therapy, tumour-bearing mice were preconditioned with whole-body irradiation and 

then treated with dual specific CAR T cells and vaccinia virus VV-gp100 in addition to IL-2 

administration. The dual specific CAR T cell possessed a CAR specific for Her2 together with 

a TCR specific for the premelanosome protein, Pmel. Pmel serves as a strong immunogen that 

is incorporated in a vaccinia virus, VV-gp100, in ACTIV therapy and facilitates dual-specific 

(CARaMEL) T cell activation, proliferation and infiltration.  

Despite the significant results of ACTIV therapy in the elimination of the above tumours, we 

identified a relatively resistant tumour, AT3-Her2 breast cancer tumour. Since an 

understanding of mechanisms of tumour resistance is essential for potential extension of 

ACTIV therapy to a broader range of tumours, we used E0771-Her2 and AT3-Her2 tumours 

as comparative tumour models for studying limitations in effective ACTIV therapy and 

proposing potential approaches to overcome those limitations. 

In our study E0771-Her2 and AT3-Her2 tumours were representative of sensitivity and 

resistance to ACTIV therapy respectively. We identified the relative resistance of AT3-Her2 

tumours to CARaMEL T cell cytotoxicity and poor T cell infiltration into tumours as two main 

limiting factors in effective ACTIV therapy of AT3-Her2 tumours.  



 v 

We used two approaches to address these challenges. Firstly, we used the combination of 

oncolytic vaccinia virus VV-dd with ACTIV therapy and showed a significant improvement in 

therapeutic efficacy of ACTIV therapy. In addition, we showed that oncolytic VV-dd can 

increase apoptosis in AT3-Her2 tumours. Analysis of T cell proliferation and distribution 

showed a higher T cell infiltration using ACTIV+VV-dd therapy. 

In another approach to address the relative resistance of AT3-Her2 tumours to CARaMEL T 

cell killing, we used an IAP antagonist, SMAC-mimetic drug, named AZD5582 in combination 

with ACTIV therapy. Our results showed a significantly higher level of CARaMEL T cell 

cytotoxicity using a combination of the CARaMEL T cells with AZD5582 in vitro. In addition, 

inhibition of AT3-Her2 tumour growth increased remarkably using AZD5582 in combination 

with ACTIV therapy. Further analysis showed that this therapy could also increase T cell 

infiltration into AT3-Her2 tumours and induce apoptosis in tumour cells. Therefore, both 

strategies demonstrated the promising potential for increasing the therapeutic efficacy of 

ACTIV therapy and its extension to a broader range of solid tumours. 
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 Cancer and immunity 

Cancer is a complex disease that is defined as uncontrolled growth and division of cells that 

have the potential of spreading in other parts of the body 1. Conventional cancer therapy has 

been limited to three main clinical approaches including surgery 1, radiation therapy 1,2 and 

chemotherapy 1,3,4. Every year thousands of new patients are diagnosed with cancer. Despite 

conventional and new therapies, cancer is still a leading cause of death in the world, with 

approximately 34.4% of patients across all cancers dying from their malignancy 5. 

Immunotherapy is a newly emerging therapy that uses the immune system to eradicate cancer 

3. The potential for the immune system to impact on cancer was first described over 100 years 

ago by William Coley in studies involving the administration of bacterial toxins to patients with 

inoperable sarcoma, which led to resolution of disease in a proportion of patients 6. Over 50 

years ago, transfer of immune cells from tumour-immunized animals was demonstrated to 

inhibit tumour growth in recipient animals 7.  In addition, mice could be protected from 

syngeneic transplantable tumours by prior immunization with the same tumour 8. More 

recently, demonstrations of a higher incidence of a variety of cancers in immunodeficient mice 

have further consolidated the potential of immunity to control tumour cells, and supported the 

possibility of using the immune system against cancer 8. 

In this introduction to the thesis, I will provide a brief background on the immune system, 

followed by a discussion of factors that can negatively regulate immunity. This will be followed 

by a discussion of adoptive immunotherapy as a means to provide tumour-reactive T cells, 

together with ways to enhance their activity in the face of immunosuppression. 

 Overview of the immune system 

The immune system is made up of an interactive network of lymphoid organs, immune cells, 

humoral factors, chemokines and cytokines that work together to protect the host against 

infectious diseases and tumours. Immunity can be classified into two broad groups based on 

the speed and specificity of reaction: The innate immune system and the adaptive immune 

system. Despite being separate, both of these groups interact with each other to provide 

effective protection against pathogens and transformed cells 9
. The following section will 

provide a brief overview of various cell types involved in innate and adaptive immunity, and 

their roles in the recognition and elimination of pathogens and tumour cells. 
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 Innate immunity 

The innate immune system is the first line of defence that includes various cellular and 

molecular components such as neutrophils, monocytes, macrophages and cytokines. All these 

elements function immediately to defend against foreign materials and invading pathogens. 

The speed of the innate immune system response is high but they may sometimes damage 

normal tissues due to their non-specific responses 9,10. 

The cellular components of the innate immune system, including neutrophils, macrophages, 

dendritic cells (DCs), eosinophils and natural killer cells (NK cells), express pattern recognition 

receptors (PRRs), which enable them to detect pathogen associated molecular patterns 

(PAMPs) and danger associated molecular patterns (DAMPs). These molecules (PAMPs and 

DAMPs) are associated with pathogens or dying cells and their recognition leads to activation 

of intracellular signalling cascades and production of a wide variety of pro-inflammatory 

molecules to provide an effective immediate response 11,12. The main effector cells of the innate 

immune system that directly interacts with cancer cells are NK cells, DCs, macrophages and 

polymorphonuclear leukocytes including neutrophils, eosinophils, and basophils 13.  

NK cells are cytotoxic innate immune cells that kill diseased cells by releasing perforin and 

granzymes leading to apoptosis of infected or transformed cells. NK cells have two main 

classes of receptors on their surface: stimulatory receptors and inhibitory receptors 14,15. Natural 

killer group 2D (NKG2D) is a well-known stimulatory receptor 14 that has several ligands on 

tumour cells including MHC class-I-chain-related protein A (MICA) 16, MICB 17, UL16 18 in 

humans, and minor histocompatibility molecule H60 and Retinoic acid early transcript 1 

protein (Rae 1) 19–21 in the mouse. Interactions of NKG2D with its stimulatory ligands on 

tumour cells induces apoptosis in cancer cells. Secretion of cytokines such as IFN-γ and release 

of perforin and granzymes are also NK cell effector mechanisms mediated by activating 

receptors including FcγRIII (CD16), which functions in an antibody-dependent manner 15. 

Other NK cell stimulatory receptors such as NKp30 22, NKp44 23, and NKp46 24 play a similar 

role in activation of NK cells and inducing cell death in target cell. 

In contrast to stimulatory receptors, interaction of inhibitory receptors on NK cells such as 

human killer-cell immunoglobulin-like receptors (KIR) with their ligand such as  HLA-G, on 

tumours, inhibit cytotoxicity of NK cells and prevent cancer cell killing 25,26. 
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Apart from stimulatory and inhibitory receptors, TNF family ligands are extensively expressed 

by NK cells, including TNF, TNF-related apoptosis-inducing ligand (TRAIL), lymphotoxin 

and Fas ligand 13. The interaction of TNF ligands with their receptors on cancer cells, such as 

the TNF receptor, can efficiently induce cell death in tumour cells 27. Therefore, targeting the 

TNF superfamily can be helpful in an effective immunotherapy 28. 

Apoptotic cancer cells express molecular signals such as expression of lipid phosphatidylserine 

(PS), oxidized PS, oxidized low-density lipoprotein, and the multi-functional protein 

calreticulin (CRT) on their surface that can provide engagement by macrophages. Recognition 

of these signals by macrophages triggers engulfment of apoptotic cells by macrophages 29–31.  

Macrophages are phagocytes that express several receptors, including PRRs and Fc receptors, 

to recognise their potential targets such as infected and dying cells  32. Release of danger signals 

from apoptotic cells can trigger macrophage-mediated wound healing mechanisms and 

stimulation of anti-inflammatory pathways 33,34. In mice, expression of extracellular markers 

such as F4/80 and CD11b are used for identification of macrophages, while CD11b, CD68, 

CD163 and CD115 are the human markers for this population 35.  

Tumour-associated macrophages (TAM) can be associated with an immune suppressive 

microenvironment, contributing to tumour growth 34. For instance, secretion of angiogenic 

factors, such as vascular endothelial growth factors (VEGFs), by TAMs can provide nutrition 

required for tumour growth and enable their metastasis 36. Also, producing immune suppressive 

factors, such as IL-10 and transforming growth factor β (TGF-β), can favour 

immunosuppressive T regulatory cells benefiting tumour cell growth. Depletion of 

macrophages has been demonstrated to enhance immunotherapy in preclinical mouse models 

of cancer 37. Classically, TAMs have been classified into two groups of M1 and M2 

macrophages. M1 macrophages, typically generated in response to microbial products or IFNγ, 

are proinflammatory and cytotoxic, whereas M2 macrophages, typically generated in the 

presence of cytokines like IL-4, are anti-inflammatory and wound-healing macrophages 38,39. 

However, recent studies suggest that macrophage polarization is more diverse than the M1/M2 

classification due to diversity in standardising experiments 40. Indeed, our understanding of 

macrophage activation and polarisation are still developing.  

In addition to macrophages, DCs possess phagocytic abilities, and are known as professional 

antigen presenting cells (APC). They are identified by expression of markers including, MHC-

II, and CD11c on their surface. DC phagocytosis leads to antigen processing and presentation 
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to lymphocytes and secretion of cytokines. Two major types of DCs are classical DCs and 

plasmacytoid DCs 41 that are described below : 

Plasmacytoid DCs are a subset of DCs, which circulate through blood into lymph nodes and 

lymphoid tissues. Plasmacytoid DCs are involved in the proinflammatory activation of  

cytotoxic effector T lymphocytes and classical DCs 42. In addition, plasmacytoid DCs express 

a range of PRRs including Toll-like receptor 7 and 9 and are specialised in virus recognition 43. 

Upon identification of microbial nucleic acids, they can secrete large amounts of type I IFN 41. 

Induced IFN-α can stimulate IFN-γ secretion and increase TNF-mediated apoptosis in target 

cells 44. 

Classical DCs exist in most lymphoid and non-lymphoid tissues and engage in a range of 

activities that contribute to the initiation of immunity. For instance, DCs in the skin and 

periphery are responsible for capturing antigens and moving to lymphoid organs to initiate an 

immune response 45. In addition, activated dermal DCs and epidermal Langerhans cells 

stimulate CD4+ and CD8+ T cell priming to induce cellular immunity 46. Classical DCs 

recognise tissue injury, process captured antigen and present it to T lymphocytes  41.  

Polymorphonuclear leukocytes including neutrophils, eosinophils, and basophils are another 

important group of innate immune system cells that play a significant role in immune defence, 

but also can be involved in tumourigenesis and metastasis 47. Polymorphonuclear leukocytes 

are the most numerous circulating blood leukocytes that provide first line defence against 

infection, and the response and secretion of cytokines by polymorphonuclear leukocytes 

contribute to a complex cross-talk with innate and adaptive immunity 48,49. 

Relatively few studies have investigated the direct molecular interactions between 

polymorphonuclear leukocytes and tumour cells. One of the examples is the activation of Fcγ 

receptors on neutrophils that mediate secretion of cytokines and chemokines that enable 

recruitment of macrophages and DCs into the tumour microenvironment 47. In addition to 

cytokines, and chemokines, additional products, such as reactive oxygen species and 

proteinases, have been identified with specific roles in regulating angiogenesis, tumour cell 

expansion, and progression 47. 

 Adaptive immunity 

Unlike the innate immune responses, which are rapid and relatively non-specific, adaptive 

immune responses are precise and their development takes several days or weeks. The adaptive 
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immune system has been classified into two parts: The humoral or antibody immunity, carried 

out by B lymphocytes, and the cellular immunity, mediated by T lymphocytes 50.  

B lymphocytes are produced and mature in the bone marrow and then move to the lymph nodes, 

where they can engage antigens from pathogens and toxins. The antigens on pathogens can 

trigger B cell development into plasma cells and lead to antibody secretion into the 

bloodstream. Specific antibody engagement with antigen can neutralize pathogens or toxins, 

and facilitate pathogen engulfment by innate immune cells. Memory B cells are also formed, 

which can remain in lymphoid tissue and reactivate with a more vigorous and rapid response 

when encountering that particular antigen in future 51–53. 

Cellular immunity of the adaptive immune system is mediated by T lymphocytes, which are 

classified into two main types: helper T cells (CD4+), and cytotoxic T cells (CD8+), which can 

recognise intracellular antigens through their T cell receptor (TCR). The TCR is associated 

with a complex of proteins, termed CD3, which includes ,, and  chains. During 

development in the thymus, T lymphocytes express both CD4 and CD8 molecules on their 

surface, and are named as double positive (DP) thymocytes. DP thymocytes develop further 

and differentiate into single positive CD4+ or CD8+ T lymphocytes. The activation of CD4+ 

and CD8+ T cells depends on recognition of antigenic peptides on major histocompatibility 

complex (MHC) receptors. DP thymocytes undergo a series of positive and negative selection 

to ensure they can engage self MHC (positive selection) but not react to self-antigens and cause 

auto-immunity (negative selection) 54,55.  

T lymphocytes circulate through lymph nodes via lymphatic vessels and scan continuously 

looking for foreign antigens. The TCR on CD4+ T cells can only recognize antigens displayed 

on MHCII molecules, which are presented on APCs, whereas CD8 T cells only recognise 

antigenic peptides on MHCI. T lymphocyte activation needs three signalling steps: (1) the 

ligation of appropriate MHC with TCR. (2) the interaction of costimulatory receptors, such as 

CD28, with their ligands on APCs, such as CD80 and CD86. (3) engagement with cytokines, 

such as IL-2. These three important signalling steps provide T cell activation, proliferation and 

survival 56.   

CD4+ lymphocytes differentiate into different subtypes depending on the cytokines they are 

exposed to, and are responsible for helping other immune cells via secretion of cytokines 

including IL-2, IL-4, IL-5, IL-13, IFNγ and TNF-α 57,58. In contrast to CD4+ T lymphocytes, 

following CD8 T lymphocytes interaction with APCs in the lymph nodes and proliferation, 
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these T cells migrate to diseased tissues in order to kill pathogen-infected cells or eradicate 

cancer cells through their cytotoxic mechanism 59. Cytotoxic effector T cells can kill malignant 

cells through granule exocytosis involving perforin and granzyme B, in addition to other 

cytotoxic actions, for example mediated by TRAIL and Fas ligand 60–62. 

Upon recognition of target cells by CD8+ T lymphocytes and formation of an immunological 

synapse, specialized cytoplasmic granules containing the pore forming protein perforin and 

serine proteases, including granzyme B, in are released into the synapse. Perforin then form 

holes in the target cell membrane that allow passage of granzyme B into the target cell. 

Following granzyme B entrance, a series of reactions occur leading to cleavage and activation 

of executioner caspase 3 and apoptosis 63–65.  

In addition to cytoplasmic granule-mediated cytotoxicity, death ligands can be employed, 

which are proteins that mediate tumour cell killing through ligation of FAS or TRAIL receptors 

expressed on diseased cells by their appropriate ligands (TNF-, FasL, and TRAIL) expressed 

by cytotoxic lymphocyte 60. Aggregation of death receptors on the cell surface triggers 

intracellular signalling for colocalization of receptors with adaptor death domain proteins, such 

as FAS associated death domain (FADD) and TNF receptor-associated death domain 

(TRADD), leading to activation of caspases and apoptosis 66,67.  

Following diseased cell killing and pathogen elimination, large numbers of the specific T 

lymphocytes will undergo apoptosis, while a proportion of these cells differentiate further into 

memory cells, known as effector memory T cells (TEM) and central memory T cells (TCM). 

These cells are responsible for generating a more rapid response toward secondary infections 

involving the same antigen, and  providing life-long immunity for the host 68,69. 

The immune system is responsible for generating an effective immune response, while 

tolerance against self-antigen is also maintained. The inflammatory response is vital in 

eradication of malignant cells; However, activity of these cells must be controlled to avoid 

over-activation and maintain homeostasis 70. Therefore, there are number of inhibitory and 

activating molecules expressed on T lymphocytes that regulate their activation and function. 

These molecules will be discussed in more detail in section 1.3.3. 
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 Tumour immunology and immune surveillance 

The innate and adaptive immune system work together to protect the body against disease. In 

the case of cancer, the immune system can be confronted by numerous new antigens generated 

from genetic mutations, which can be treated in the same manner as external pathogens, 

although this is not always the case 71. Cancer immunotherapy employs the idea of utilising the 

host’s immune system to fight against cancer 72. The theory that cancer cells can be recognised 

and eliminated by the immune system was proposed by Sir Macfarlane Burnet and others over 

40 years ago 73–75, and has been extensively studied over decades. For instance, the importance 

of immunosurveillance has been demonstrated in altering the susceptibility to tumour 

development in immunocompromised mouse strains 76–78. Also, the correlation between the 

density of tumour-infiltrating lymphocytes (TIL) and cancer survival is further evidence for a 

role of the immune system in the control of malignant cells 79–84. 

The theory of immunoediting, which involves the process of immunosurveillance, is classified 

into three stages: elimination, equilibrium and escape 85,86. The elimination phase of 

immunoediting involves the recognition and killing of cancer cells by the innate and adaptive 

immune system, which prevents cancer development. In this process, an initial innate response 

leads to the production of danger signals and inflammatory cytokines, which lead to recruitment 

of more innate immune cells such as NK cells, macrophages and DCs into tumour sites and 

secretion of more inflammatory cytokines. Recognition of tumours by innate immune cells can 

also involve killing by NK cells and maturation of DCs. DCs migrate to lymph nodes following 

their maturation, where they can present their antigen to naive lymphocytes, leading to 

lymphocyte activation and expansion. Activated T lymphocytes then move into tumour sites 

and respond against remaining cancer cells 87–92. 

The second phase of immunoediting is equilibrium, which includes the generation of tumour 

cells, via random gene mutation, able to evade existing immune responses. The immune system 

then raises a new response to newly emerging malignant cells. This process continues in a 

cyclical manner, which may persist for many years Malignant cells may eventually evade 

immunity leading to the third phase of immunoediting 93. 

The third phase of immunoediting is escape, in which malignant cells continue their growth 

and progression and escape immune system elimination 94. There are numerous factors and 

strategies that tumour cells employ to evade immune system. Immunotherapy seeks to study 

cancer cell escape mechanisms to design effective approaches in tumour eradication. The 
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factors that are involved in tumour resistance to immunity and immunotherapy may have 

originated from cancer cells themselves, considered as intrinsic factors, or originate from other 

cells in tumour microenvironment, considered as extrinsic factors. 

In this thesis we discuss inhibitory immune checkpoints, immune suppressive cells and factors 

and infiltrating immune cell frequency as examples of extrinsic factors. We also discuss antigen 

loss, tumour metabolism and resistance to apoptosis pathways as examples intrinsic factors 

leading to tumour cell escape from immune cells (Figure 1.1). 

 

 

Figure 1.1. A schematic representation of tumour resistance elements in immunotherapy 

In this introduction to the thesis I discuss a range of factors that contribute to the resistance of 

tumours to immunotherapy. These factors are categorized into intrinsic factors and extrinsic factors. 

Intrinsic factors are those inherent in the cancer cell, such as antigen expression, metabolism and 

responses to apoptotic signals. Extrinsic factors are those performed by other cellular components 

of tumours and the broader immune system. Extrinsic factors include immune checkpoints, 

immunosuppressive cells and limitations on lymphocyte infiltration. 
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Tregs are a subpopulation of CD4+ T cells, with high expression of CD25, whose main function 

is to maintain tolerance to self-antigens by suppressing effector T cells 95. The secretion of 

inhibitory cytokines, depletion of interleukin-2 (IL-2) as well as suppression of DC maturation 

are examples of Treg inhibitory mechanism 96. Treg cells need IL-2 for the production of IL-

10, a cytokine suppressing cytotoxic T cell responses, and their suppressive function is 

associated with the expression of the transcription factor Fork head box P3 (Foxp3) 95–99.  

 TGF-β is a cytokine that is produced by Tregs to inhibit effector T cells, and help Treg 

differentiation and development 100. Removal of Treg cells in mouse models helps the 

elimination of cancer cells, whereas their transfer into tumour-bearing mice leads to tumour 

progression 100. Tregs can also occur at relatively high frequencies in cancer patients, and 

clinical studies suggest Treg depletion as beneficial in the treatment of cancer patients, such as 

in non-small cell lung cancer (NSCLC) 101, and triple negative breast cancers 102. The 

widespread application of these concepts awaits the development of reagents able to 

specifically deplete Tregs. However, targeting this aspect of immune regulation will involve 

balancing the requirements of tumour suppression and autoimmunity. 

 

Myeloid-derived suppressor cells (MDSCs) 

 

MDSCs are the heterogeneous group of both monocytic and polymorphonuclear cells that 

accumulate during cancer, inflammation and pathologic conditions, which are characterized by 

their strong immunosuppressive ability 103,104. In mice, MDSCs are recognised by both Gr-1 

and CD11b markers whereas in human, CD11b, CD15 and CD66b are used as MDSC markers 

105. 

Importantly, MDSC activation enhances the expression of immune suppressive factors such as 

arginase and inducible nitric oxide (iNOS). These factors mediate immunosuppression by 

suppressing T cell proliferation and increasing T cell apoptosis. Therefore, targeting MDSCs 

is an attractive approach for bypassing tumour-mediated immunosuppression 104,106–108. Recent 

studies on MDSC differentiation blockade through cyclooxygenase  inhibitors demonstrated 

suppression of gliomagenesis in a mouse model 109. Also depletion of MDSC in combination 

with Cytotoxic T-Lymphocyte Antigen-4 (CTLA-4) blockade induces responses to CTLA-4-

based checkpoint blockade in mice models bearing head and neck cancer 110. 

 

M2 macrophages 
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As mentioned earlier, macrophages are important immune cells that based on their surface 

phenotype have been classified into a variety of subsets, which are typified by M1 and M2 

macrophages. However, it is becoming clear that macrophages exist in a spectrum of 

phenotypes, and their remarkable plasticity in response to environmental signals can change 

their phenotype and function 111. 

The M1 subset refers to classically activated or inflammatory macrophages, while the M2 

subset refers to alternatively activated or wound-healing macrophages. In humans M1 

macrophages are defined by CD64, IDO, SOCS1, CXCL10 whereas in mice CXCL9, CXCL10 

and NOS2 are M1 macrophages marker 112. Also, M2 macrophage markers in humans are 

CXCL10, MRC1, TGM2, CD23, CCL22 whereas in mice, Mrc1, tgm2, Fizz1, Ym1/2, Arg1 

are defined as M2 macrophage markers 112. 

M2 activation is important for tumour resistance mechanisms involving arginase activity. 

Tumour resident M2 macrophages induce expression of cytokines and growth factors such as 

IL-4, IL-13, IL-10, TGF- 40,112–115. Tumour-infiltrating macrophages exhibiting a M2-like 

phenotype are sometimes referred to TAMs 116. A high density of TAMs plays a role in the 

induction of tumour progression and immune suppression via secretion of cytokines including 

TGF- into the tumour microenvironment. The importance of TAMs in tumour metastasis has 

been highlighted in studies involving depletion or blocking of M2 macrophages that resulted 

in the suppression of cancer 117–119.  

 Immunosuppressive cytokines 

Components of tumours actively secrete immunosuppressive cytokines such as TGF-β and IL-

10 that can inhibit T lymphocytes and NK cells 120. Cytokines can be released by cells in 

response to a variety of conditions such as infection, inflammation and injury. In these settings, 

cytokines help in cell-cell communication and interactions in order to initiate immune 

responses required for tissue repair and resolution of cellular stress. In contrast, persistence in 

cytokine production as a result of failure in regulating cellular stress can impact in different 

stages of cancer formation and progression 121. In this thesis we briefly describe TGF-β and IL-

10 as two important immune suppressive cytokines in cancer development. 

 

Transforming growth factor- β (TGF-β) 
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TGF-β is an important regulatory cytokine that plays dual role in different stages of cancer 

progression. In normal and premalignant cells, TGF-β enhances tumour suppression through 

preventing cancer cell development, proliferation and increasing apoptosis in tumour cells 122–

125. However cancer cells can lose their susceptibility to TGF-β-mediated suppression through 

mutations in TGF-β receptor or mutations in regulatory proteins in suppressive pathways such 

as Smad4 126,127. Once tumour cells overcome the suppressive effect of TGF-β, they can use it 

to their advantage in their proliferation, survival and progression. In addition, TGF-β can 

induce an epithelial-mesenchymal transition (EMT) in cancer cells, which can facilitate tumour 

migration and immune evasion 128–130.  

The overexpression of TGF-β has been reported in various types of human cancer, which 

correlates with tumour invasive phenotype, metastatic dissemination, angiogenesis and poor 

prognostic outcome. Therefore, different strategies have been developed to block the TGF-β 

pathway included using the TGF-β ligand inhibitors such as Belagenpumatucel-L, 

Fresolimumab 131,132 and the anti-TGF-β monoclonal antibody such as TβM1 133. The 

combination of  Fresolimumab and radiotherapy have demonstrated promising results in 

preclinical and clinical studies in treatment of metastatic breast cancer patients 134.  

 

IL-10 

 

IL-10 is a cytokine produced by variety of lymphoid and myeloid cells. There are publications 

on both the tumour promoting and tumour inhibiting role of IL-10 in cancer progression. IL-

10 can induce tumorigenesis by promoting tumour cell proliferation and inhibiting apoptosis. 

Alternatively, IL-10 expression can lead to tumour growth inhibition through increasing IFNγ 

expression and increasing CD8+ T cell infiltration and activation 135–137.   

IL-10 can mediate increases in CD8+ T cell activation and their intratumoral proliferation in 

several mouse tumour models, which is an example of the immune-stimulating role of IL-10 

138,139. In addition, several studies have highlighted the anti-tumour activity of IL-10 resulting 

from NK cell stimulation. In fact, IL-10 decreases the HLA/MHC expression and stimulate NK 

cells activation. However, at the same time reduction of MHC molecules provides a means of 

immune escape and tumour progression 140,141.   

Multiple studies in different forms of cancer, including melanoma and lung cancer, have found 

poor prognosis in patients correlate with high levels of IL-10, and there is widespread 
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acceptance on the role of IL-10 in suppressing cellular immunity. In a study inhibition of IL-

10 and programmed death receptor-1 (PD-1) resulted in a significant reduction of tumour size 

and an increase in survival in mice bearing ovarian cancer 142. 

 

 Immune checkpoints  

The main function of immune checkpoints is the regulation of immune cell activity to prevent 

excessive or prolonged immune responses leading to pathology. However, overexpression of 

immune checkpoints is one of the mechanisms co-opted by tumours that can lead to tumour 

resistance to immunity and immunotherapy. Tumour cells use a variety of immune checkpoints 

to evade the immune system and continue their development. 

 

Programmed death receptor-1 (PD-1)  

PD-L1 / PD-L2 and are commonly overexpressed immune checkpoint ligands in a range of 

cancers, and their interaction through their receptor PD-1 on T lymphocytes leads to poor T 

cell function 143,144. Upregulation of PD-L1 and PD-L2 in presence of inflammatory cytokines 

such as IFNγ and their engagement with PD-1 receptors on T lymphocytes leads to downstream 

inhibitory signals in T cells which induce T lymphocyte exhaustion, dysfunction and apoptosis 

145–148.  

Blocking the PD-1:PD-L1 interaction, using monoclonal antibodies, is a promising approach 

to enhance anti-tumour immune responses and increase the number and persistence of activated 

tumour-specific T cells, to induce durable anti-tumour responses 147. Pembrolizumab and 

nivolumab are the two PD-1 inhibitors that were approved by the US Food and Drug 

Administration (FDA) for advanced melanoma and for non-small cell lung and cancer 

(NSCLC) therapy. Interestingly, nivolumab in combination with ipilimumab (targeting CTLA-

4) has shown enhanced efficacy in patients with advanced melanoma 149. 

 

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)  

CTLA-4 initially was discovered in differential screening of a mouse cytolytic T cell-derived 

cDNA library 150. This inhibitory receptor, known to be expressed on FOXP3+ Tregs and 
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activated T lymphocytes, performs immunosuppressive actions. CTLA-4 has high affinity for 

CD80/CD86 on APCs and out-competes the CD28-CD80/CD86 interaction. In contrast to the 

CD28/CD80 interaction, which leads to T cell activation and cytokine production, CTLA-4 

engagement with CD80 drives inhibitory signals to enhance immune tolerance 151–154. Since 

CTLA-4 inhibits T cells at the initial stage of T-cell activation; typically in lymph nodes; it is 

considered as a primary immune checkpoint 155.  

Preclinical studies using mAbs blocking CTLA-4 demonstrated an increase in tumour rejection 

in mice 156. Clinical trials in patients with metastatic melanoma, demonstrated Ipilimumab as 

an effective blockade of CTLA-4, which promoted anti-tumour responses and increases in 

tumour-specific T cells. The safety and efficacy of  Ipilimumab led to its approval by the FDA 

for treatment of melanoma and paediatric melanoma patients over 12 years old and is now in 

phase II/III clinical trials against other cancers 157,158.  

Lymphocyte Activation Gene-3 (LAG-3) 

 

LAG-3 is an another immune checkpoint that has been found to be upregulated on activated 

CD4+ and CD8+ T cells, Tregs and in a subset of NK cells 159. LAG-3 has higher affinity than 

CD4 in binding to MHCII, and can negatively regulate T cell activation and expansion 160. In 

addition, LAG-3 is needed for regulation of Treg function, and enhancement of LAG-3 

expression has been reported upon Treg activation 161. Yet, the exact downstream LAG-3 

signals that regulate its inhibitory mechanisms and its interplay with other inhibitory receptors 

are not fully elucidated at present 162,163. Several studies demonstrated the importance of LAG-

3 on Treg activity by using LAG-3-blocking antibodies or using LAG-3−/− mice 161,164. Clinical 

approaches to target LAG-3 were initiated with using IMP321, a LAG-3-Ig fusion protein 163. 

Phase I clinical trial studies using IMP321 in advanced renal cell carcinoma 165 and advanced 

pancreatic adenocarcinoma, where IMP321 was in combination with chemotherapy 166, 

resulted in no sever adverse events. In advanced renal cell carcinoma, high dose treatment 

resulted in tumour growth regression and stable disease 165, whereas in pancreatic 

adenocarcinoma, treatment did not change activity due to sub-optimal dosing 166. Another study 

using IMP321 in combination with paclitaxel in treatment of metastatic breast cancer induced 

the frequency and activity of APCs and increased percentages of NK and effector memory T 

cells 167. 
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Other anti-LAG-3 monoclonal antibodies such as BMS-986016 (NCT01968109), LAG525 

(NCT02460224) and MK-4280 (NCT02720068) are in ongoing clinical trials for the treatment 

of various solid tumours 163.  

 

 

T-cell Immunoglobulin domain and Mucin domain 3 (TIM-3) 

 

TIM-3 is a transmembrane protein expressed on the surface of IFN-γ–producing CD4+ T helper 

and CD8+ T cytotoxic T cells as well as NK cells. The interaction between TIM-3 on T cells 

and its ligand Galectin 9 on tumour cells leads to apoptosis in T lymphocytes 168. Thus, targeting 

TIM-3 is an attractive approach in immunotherapy 169–171. In fact, targeting TIM-3 in 

combination with inhibition of other immune checkpoints has high potential for developing 

durable therapeutics. For example, the combination of TIM-3 and PD-1 blockade with focal 

radiation resulted in tumour regression and long-term survival in a murine glioma model 172. 

In other studies where TIM-3 on T cells was co-expressed with PD-1in patients with advanced 

melanoma, NSCLC and follicular B-cell non–Hodgkin lymphoma, defects in T cell 

proliferation and cytokine production was reported. In these cases using TIM-3 blocking 

antibody demonstrated therapeutic benefits 173–176.  

 

B and T cell lymphocyte attenuator (BTLA) 

 

BTLA is a checkpoint receptor with similarities in structure and function with CTLA-4 and 

PD-1 that is expressed on both naive and activated T lymphocytes to regulate several stages of 

T cell activation. Interaction of BTLA with its ligand, herpes virus entry mediator (HVEM), 

inhibits T cell activation, expansion and cytokine production. Therefore, tumour cells exploit 

inhibitory signals resulted from ligation of BTLA and HVEM to induce T cell inactivation, 

dysfunction and promote tumour development 177,178. Increased levels of BTLA/HVEM have 

been reported in melanoma and gastric cancer patients with tumour progression and  poor 

prognosis 179. Thus, blocking BTLA-HVEM interaction is a promising target immunotherapy. 

 

Adenosine pathway 

 

ATP and adenosine normally exist at low levels in the intercellular fluid of our bodies 180. 

However, inflammation or cancer causes the release of high concentrations of ATP into the 

intercellular environment. Extracellular ATP can function as a DAMP signal and induce innate 

https://clinicaltrials.gov/ct2/show/NCT01968109
https://clinicaltrials.gov/ct2/show/NCT02460224
https://clinicaltrials.gov/ct2/show/NCT02720068
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immune system activation 181. However, ATP can also be dephosphorylated by CD39 and 

CD73 present on tumour cells, and associated cells, to generate extracellular adenosine. Unlike 

the immune-stimulatory function of extracellular ATP, adenosine is highly immunosuppressive 

leading to dampening of immune responses and induction of Tregs. This function of adenosine 

operates through the engagement of the Adenosine-2a receptor (A2aR)  on T lymphocytes, to 

suppress T cell activity, proliferation and function 180,182,183. The expression of CD39 and CD73 

and their association with poorer clinical outcome has been  reported in several cancers 184–186. 

Targeting CD39/CD73 are being evaluated in clinical trials 187. 

 Low frequency of tumour-infiltrating lymphocytes 

The association of TIL frequency with improved clinical outcome has been reported in many 

studies 188–190. T lymphocyte localization and penetration into tumours is dependent on the 

expression of appropriate selectins, chemokine receptors and integrins, which enable rolling of 

T lymphocytes on vessels, T cell chemotaxis and arrest, respectively. In addition, expression 

of corresponding ligands on tumour blood vessels is also necessary. While these requirements 

are usually met in infection and disease, these conditions are often not met in cancer and 

localization of lymphocytes to tumours is aberrant or absent all together 191,192. Nevertheless, 

strategies are being developed to correct deficiencies in expression of key trafficking molecules 

to enhance lymphocyte localization to tumours. 

Expression of suitable chemokines by tumours is associated with T cell recruitment 193 and 

expression of some chemokine receptors can lead to enhanced infiltration of T cells into 

tumours 194,195.  For example, transduction of chemokine receptor CCR2b into mesoCAR T 

cells improved T cell infiltration and anti-tumour activity against mesothelin-expressing 

tumours with a high level of CCL2 chemokine 195. In addition, upregulation of CXCR3 

expression as an important chemokine receptor by activated TILs and its ligands CXCL9, 

CXCL10, CXCL11 in tumours has been associated with effective trafficking of TILs to the 

tumour microenvironment 193,196,197.  

In cancer, constant vessel remodelling supports tumour growth. Remodelling can lead to 

aberrant vessel growth, which is often not conducive to lymphocyte trafficking. Vascular 

normalization can induce influx of immune effector cells into the tumour parenchyma and 

reduce tumour hypoxia and vessel leakiness 198–201. Overexpression of VEGF-A in tumours can 

block APC maturation in patients and mice and impair the generation of an anti-tumour 
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response 202,203. In addition, angiogenic factors can increase expansion of MDSCs and 

macrophages leading to inhibition of T lymphocyte function and inductionn of pathologic 

angiogenesis 204,205. Expression of immune regulators such as PD-L1, PD-L2, B7-H3, IL-10, 

TGF-β and reduction of adhesion molecules such as ICAM and VCAM by tumour endothelium 

can suppress or kill effector immune cells 206,207.  

Various strategies have been developed to inhibit angiogenesis. For example, Bevacizumab 

(Avastin) and Ramucirumab (Cyramza) are two monoclonal antibodies against the 

VEGF/VEGFR pathway, and are approved for treatment of colon, lung, brain and advanced 

stomach cancers 208–214. Vessel normalization to enhance effector T cell homing in solid cancers 

can also be achieved by targeting the of LIGHT protein to tumour vessels 215. LIGHT is a 

member of the TNF superfamily and an inducible inflammatory cytokine that co-stimulates T 

cell expansion 216. LIGHT receptors, herpesvirus entry mediator and lymphotoxin β receptor, 

are detected in T cells and stromal cells 216. LIGHT-targeting in combination with checkpoint 

blockade can enhance infiltration of effector and memory T cells remarkably and enhance 

therapy of primary brain cancer 215,217. 

 Intrinsic factors of tumour immune resistance  

 Tumour metabolism 

Apart from extrinsic factors that contribute to tumour progression and resistance to immunity, 

there are internal factors and mechanisms cancer cells undertake to evade the immune system 

and escape elimination. Tumour metabolic alteration is one of the hallmarks of tumorigenesis 

3,218,219. Compared to normal cells, rapidly growing tumour cells undergo major changes in 

metabolism to meet their nutrition and biosynthetic needs for their growth and progression. 

Cancer metabolic alteration, which is known as the Warburg effect, is in fact cancer cell 

metabolic reprogramming from oxidative phosphorylation (OXPHOS) to glycolysis. As a 

result, many malignant cells obtain their energy from aerobic glycolysis rather than 

mitochondrial pathways through OXPHOS. Although, the amount of ATP generated in 

glycolysis is less efficient than OXPHOS pathway, the pace of production is faster and meets 

the increased energy and biosynthetic needs of tumour cells 219–221. Although, glycolysis is 

common in cancer, some cancers including leukemias, lymphomas and pancreatic ductal 

adenocarcinoma have shown increased OXPHOS even in the face of active glycolysis 220,222.    
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Since metabolic activity of cancer cells affects the availability of nutrition and oxygen in 

tumour microenvironment, it can affect the differentiation, function and survival of several 

innate and adaptive immune cells including macrophages, neutrophils, NK cells and CD8+ T 

cells within the tumour microenvironment. Therefore, immune cells need to compete with 

malignant cells for available key nutrients such as glucose and amino acids, as well as oxygen 

223–226.  

Metabolic competition might also affect immune cell differentiation and survival. For instance, 

T lymphocytes change their metabolic pathway from glycolysis to OXPHOS, to differentiate 

into memory cells 227,228. In this case, high levels of OXPHOS by cancer cells can affect T cell 

differentiation. 

High concentrations of lactate resulting from glycolysis induce acidity of the tumour 

microenvironment, which alters T lymphocyte activation and function and myeloid cell 

differentiation. For instance, expression of HIF-1 in myeloid cells, resulting from tumour cell 

glycolytic metabolism, selectively increases the expression of immune checkpoint ligands such 

as PD-L1 and promotes T lymphocyte exhaustion and dysfunction 229–232.  

Given the importance and differences in metabolic pathways used by tumours, targeting 

metabolic alteration of malignant cells may be an important strategy to inhibit cancer cell 

metastasis and progression, as well as enhancing tumour infiltrating immune cell function, 

differentiation and activity.  

 Tumour resistance to apoptosis 

Mediating cancer cell apoptosis is a vital function of cytotoxic immune cells including NK cells 

and CD8+ T cells. However, tumour cell deficiencies in apoptosis pathways can lead to tumour 

immune escape and resistance to immunotherapy. Despite the intrinsic apoptosis mediated by 

cellular stresses such as DNA damage and viral infection, apoptotic pathways can be mediated 

by cytotoxic effector T lymphocytes and NK cells through secretion of perforin and granzyme 

or interaction of death receptor-ligands. All these pathways are involved in parallel activation 

of serial caspases, which eventually cleave cellular substrates and lead to cell death 233–235. 

 

Intrinsic apoptotic pathways are mainly regulated by activation of BID. Activation of BID by 

caspase 8 leads to its translocation to mitochondria and activation of pro-apoptotic effectors 

proteins named BAX and BAK. Then BAX and BAK activation induce mitochondrial outer 
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membrane permeabilization (MOMP) leading to release of cytochrome c (Cytc) to the cytosol. 

The cytochrome c release eventually leads to caspase 3 activation and cell death 236 (Figure 

1.2). 

Extrinsic apoptotic pathways mediated by immune cells are regulated through perforin and 

granzyme and/or interaction of Fas, TNFR1 and TRAIL receptors with their associated ligands 

(FasL, TNF- and TRAIL). As mentioned earlier in section 1.2.2, tumour cell recognition by 

immune effector cells leads to formation of an immunological synapse and release of the serine 

protease granzyme B into cancer cells thorough the pore forming protein, perforin. In humans, 

granzyme B then directly cleaves and activates BID and initiates apoptosis leading to caspase 

3 activation and cell death. In addition to the mitochondrial pathway, granzyme B can mediate 

direct activation of caspase 3 and lead to tumour cell death (Figure 1.2) 60,237,238. 

Despite the similarities in human and mice perforin-granzyme apoptotic pathways, some 

molecular differences exist in them. For instance, mouse granzyme B is not as effective as 

human granzyme B in cleavage and activation of BID protein. Indeed, mouse granzyme B 

probably activates other caspases such as procaspase 7. Also, overexpression of Bcl-2 does not 

block granzyme B cytotoxicity in mice 239,240. 

Perforin-independent pathways of cytotoxic cells include Fas/FasL and TNF-α/TNFR1 

interactions. Binding of FasL to Fas results in recruitment of the adapter protein, FADD. TNF-

/TNFR1 binding results in recruitment of the adapter protein, TRADD together with FADD 

and RIP 241. FADD then leads to activation of caspase 8, which then leads to activation of 

caspase 8 to activate BID and other downstream signals in apoptosis 66,242 (Figure 1.2). 

Apoptosis pathways are regulated by a balance between the expression of anti-apoptotic 

proteins such as B-cell lymphoma 2 (Bcl-2) and inhibitors of apoptosis (IAPs), and the 

expression pro-apoptotic proteins such as caspases 8, 3 and Cytc. Cancer cells employ a range 

of strategies of resistance to T cell-mediated killing. These strategies include the upregulation 

of anti-apoptotic proteins and/or downregulation of apoptotic proteins. For example, high levels 

of the anti-apoptotic Bcl-2 protein prevents apoptosis through inhibition of BAX and BAK 

activation leading to inhibition of the MOMP process (Figure 1.2). Also, upregulation of IAP 

family members such as XIAP (X-linked inhibitor of apoptosis protein) can prevent activation 

of caspases through their direct binding to caspases 243–247. Several studies have reported high 
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levels of Bcl-2 and IAPs in breast and colorectal cancer. Therefore, targeting Bcl-2 and IAPs 

are exciting to consider for the enhancement of immunotherapy 248–252.  

 

In addition to T cell cytotoxicity that leads to cancer cell apoptosis, there are other mechanisms 

that can lead to bystander killing of cancer cells . For instance, T lymphocytes and their 

cytokines may target the vasculature or may destroy tumour associated cells, including cross-

presenting TAMs 207,253. Also, released cytokines such as IFN-γ can upregulate MHC on 

tumour and tumour associated cells, which can then be targeted more efficiently by T cells 

253,254.  
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Figure 1.2. A schematic representation of central components of extrinsic and intrinsic 

pathways regulating apoptosis 

The two main pathways of cell death are extrinsic and intrinsic pathways. Each need specific 

triggering signals to initiate activation of a cascade of caspases, which in turn activates the 

executioner caspase 3 and leads to apoptosis. Also, the IAPs and Bcl-2 are two main anti-apoptotic 

proteins that inhibit apoptosis and regulate cell death. CASP3=caspase 3; CASP8=caspase 8; Cytc= 

cytochrome C, MOMP= mitochondrial outer membrane permeabilization. 

 

 Reduction or loss of tumour associated antigens (TAA) 

One of the intrinsic mechanisms that cancer cells use to evade the immune system, and escape 

elimination, is reduction in, or loss of, tumour antigen expression. Since CD8+ TILs recognise 

tumours through antigen presented on MHCI, an effective immune response is dependent on 

levels of TAA and MHCI expression. There are several classes of TAA based on their 

expression profiles and distribution on normal tissues, which provide opportunities to target in 

immunotherapy. These groups include proteins associated with differentiation, germline and 

viruses. Additional groups of TAA include tumour-specific muted proteins and normal proteins 

overexpressed by cancer cells 255. Although recognition of TAA by T lymphocytes alone may 

not be sufficient to eliminate malignant cells, due to complexity of tumour microenvironment, 

recent studies suggest that tumours with high levels of new antigens are more immunogenic 

and are more likely to be successfully targeted in immunotherapy 255–257. 

Examples of the association between the reduction in MHCI expression and tumour escape has 

been reported with metastasis and poor prognosis in melanoma, as well as in prostate cancer 

and colorectal cancer patients 258–260.  Loss or the Her2 antigen in breast cancer patients has 

also been reported to be associated with a higher risk of tumour relapse 261. To overcome the 

problem of reduction or loss of TAA several strategies can be taken including the identification 

new tumour antigens or targeting a combination of TAAs in immunotherapy.  

The presence and function of T cells specific for self-expressed TAA are compromised by the 

processes of central- and peripheral-tolerance, in which self-reactive T cells are eliminated or 

rendered anergic 262,263. Cancer immunotherapy strategies, such as immunomodulation, 

vaccination and adoptive transfer of T lymphocytes, are designed to overcome tolerance. For 

example, adoptive transfer of T cells can provide large numbers of activated T lymphocytes ex 

vivo, to bypass the need for antigen presentation and T cell expansion and activation in vivo 262. 
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Adoptive cell transfer (ACT) comprises a major component of this thesis and will be discussed 

in more detail in the following sections of this introduction. 

 

 Immunotherapy and its potential 

Cancer immunotherapy is a rapidly growing field of study, and can now be considered to be 

one of the mainstays of cancer therapy, together with surgery, chemotherapy and radiation. 

Cancer immunotherapy which aims to enhance an immune response to recognise and eliminate 

tumour cells, can be divided into a variety of forms including checkpoint inhibition, cancer 

vaccines and adoptive cell transfer.   

 

 Checkpoint inhibitors 

As mentioned earlier, ligation of immune checkpoint ligands with their corresponding receptors 

on T lymphocytes can regulate immune cell activity. Cancer cells can use immune checkpoints 

to inhibit the cytotoxic activity of the immune system, and prevent tumour elimination. Thus, 

checkpoint inhibitor therapy, as a new approach in immunotherapy, targets immune 

checkpoints and restore T lymphocyte function to provide an effective strategy in the treatment 

of cancer patients 144. 

Since 2011, significant and durable responses have resulted from immune checkpoint blockade 

in numerous cancers, leading to U.S. FDA approval of six checkpoint inhibitors including 

Ipilimumab and Nivolumab which target CTLA-4 and PD-1 respectively 264,265. Despite the 

great advantages of immune checkpoint blockade therapy, several unresolved challenges 

including immune-associated toxicity, treatment resistance and low durable response rates 

among patients still exist. Immune-associated toxicity occurs due to autoimmune reactions, 

with symptoms including fever, rash, pneumonitis and many others 266–268. These side effects 

might be fatal unless be managed by interruption of treatment and steroid treatments 144. 

 In addition to immune-associated toxicity, low responses to therapy is another limitation in 

checkpoint blockade therapy, which could be due to intrinsic and extrinsic factors involved in 

tumour resistance to immunity 269. Developing new strategies to overcome these resistance 

factors and introducing novel approaches to restore immune cell activity would be beneficial 

in moving forward to enhance the efficacy of checkpoint blockade therapy. 
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 Cancer vaccines 

Cancer vaccines are designed to induce effective immune responses, particularly from CD8 T 

lymphocytes, to eliminate cancer cells. Previous efforts, in the 1990s and early 2000s, to 

develop vaccines against cancer antigens have shown limited clinical responses in a minority 

of people with late stage cancer. Advances in technologies in the past few years has led to the 

development of cancer vaccines targeting patient-specific mutated antigens 270. The first cancer 

vaccine approved by the FDA occurred in 2010 for treatment of advanced prostate cancer, 

which was the DC-based vaccine sipuleucel-T (Provenge®), was a significant achievement for 

therapeutic vaccination strategies 271. 

Specificities of cancer vaccines can be for either TAA or tumour specific antigen (TSA). TAAs 

include those proteins overexpressed in cancer cells with minimal expression on normal tissues, 

whereas TSAs are truly tumour specific that can arise from genetic mutations. The Her2 antigen 

is an example of a TAA in breast cancer, and viral proteins are TSA in virus-associated cancer 

272. To date, most tumour vaccines target TAA and consist of antigen combined with an 

adjuvant 272. Several platforms have been tested for tumour vaccines including protein or 

peptide vaccines, RNA and DNA vaccines and DC-based vaccines. Many of these strategies 

are being used in different phases of clinical trials 273–276. Unfortunately, in most of these 

vaccination trials, despite the success in priming tumour specific T cells, beneficial outcomes 

for patients have been rare. Emerging data from preclinical models and clinical trials indicate 

that increasing the frequency of anti-tumour T cells alone cannot overcome resistance 

mechanisms in tumours. Therefore, combination therapies such as addition of checkpoint 

blockades to cancer vaccine therapy may be the best approach to target resistance mechanisms 

and improve patient outcomes 272. 

 

 Adoptive cell transfer (ACT) 

Adoptive cell therapy (ACT) involves the isolation of autologous lymphocytes, followed by 

their activation and expansion prior to infusion to patients 277. Significant efforts in ACT 

therapy, which were pioneered by Steven Rosenberg, involved the isolation and expansion of 

TILs from melanoma patients, which were able to recognise autologous melanoma cells, prior 
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to reinfusion to patients. These studies achieved significant results in melanoma patients 277–

279. 

To date, ACT therapy with T cells can be largely classified into three groups depending on the 

source or manipulation of T cells, involving TILs, or TCR gene therapy or using chimeric 

antigen receptor (CAR) modified T cells 280. TIL therapy has been optimized by a 

lymphodepleting preparative regimen prior to cell infusion. This regimen has yielded great 

success in patients with metastatic melanoma in several phase I/II clinical trials with an 

approximately 50% objective response rates reported 281–283. After these successes in advanced 

melanoma, several studies have attempted to produce TILs from other tumours such as breast, 

cervical and renal cancers 284–287. Despite the promising results from melanoma patients, it is 

difficult to isolate large numbers of tumour-reactive TILs from most cancers. In addition TIL 

exhaustion, and loss of TAA or MHCI, were limitations in successful TIL therapy 288–290.  

In order to overcome the hurdle of lack of tumour-specific TIL, ACT therapy strategies with 

TCR gene-based therapy were developed, which includes the generation of genetically 

engineered T cells with TCRs specific for TAAs. These engineered T cells could function and 

also be expanded effectively, thus overcoming the rarity of tumour-specific T cells 291. Initial 

studies regarding TCR based ACT therapy were developed for metastatic melanoma in which 

TCRs derived from mice or  humans targeted MART-1 or gp100 peptides as target antigens, 

and resulted in 19% and 30% objective responses in patients respectively 292. Another example 

of TCR-based ACT therapy was in patients with synovial cell sarcoma and melanoma who 

were treated with NY-ESO-1-specific TCR and have had 67% and 45% objective clinical 

response rates, respectively 293.  

TCR-based ACT therapy could overcome the low availability of tumour-specific T cells by , 

however, TCR-mispairing and poor MHCI expression were still limitations of TCR based 

therapy 294. TCR mispairing resulting from the formation of TCR heterodimers comprising 

transgenic and endogenous TCR chains, can reduce the expression of tumour-specific TCRs 

and lead to self-reactive T lymphocytes and toxicity 295,296.  Strategies to address this matter 

and prevent or reduce TCR mispairing include using mouse/human hybrid TCRs 297, inducing 

disulphide bonds 298 and applying transmembrane hydrophobic mutations in TCR 299.   

Apart from TCR mispairing low expression of MHCI or loss of β2m was another limiting factor 

in antigen recognition by CD8+ T lymphocytes.  For instance, several studies reported immune 
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escape in melanoma patients with MHC loss or β2m loss expression 258,300,301. To address these 

TCR-based ACT therapy issues, and provide a source of T cells applicable in patients of diverse 

HLA types, chimeric antigen receptor T lymphocytes were generated for ACT therapy. 

 

 Chimeric antigen receptor (CAR) T cells 

CAR T cells are genetically modified T cells that express receptors against tumour antigens 302. 

In ACT therapy using CAR T cells, T lymphocytes from cancer patients are genetically 

modified in vitro to express CAR against tumour antigen. Then after expansion, modified T 

cells are reinfused to cancer patients to eliminate tumour cells Figure 1.3. CAR structure 

usually contains a single chain variable fragment (scFv) antibody which serves as an antigen-

binding site, that is connected to intracellular signalling domains 302–304 . 

The first CAR was developed by Zelig Eshhar and his team, where they conjugated the genes 

of TCR constant domain to an antibody’s variable domains, and showed effective antigen-

specific T cell cytotoxicity, along with the IL-2 secretion, upon encounter with target cells 

expressing the antigen 305,306. These studies eventually led to an explosion of a new field known 

as CAR T cell therapy. 

CAR T cell therapy has a number of advantages over TCR-based ACT therapy. Firstly, unlike 

TCRs that require the presentation of antigen by MHCI, CAR T cells are independent of MHC. 

Therefore, downregulation of MHCI cannot affect their tumour recognition. Another advantage 

of CARs is that CARs can recognise carbohydrates and lipids as TAAs, not just peptides 

derived from proteins. For example, targeting Lewis Y as a carbohydrate antigen, which is 

expressed by many human cancers including lung adenocarcinoma and ovarian cancer 

291,307,308. Further developments of CAR T cells, in attempts to make the most efficient structure, 

has led to the generation of multiple designs of CAR T cell structure, which will be discussed 

in detail in the next section. 
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Figure 1.3. CAR T cell immunotherapy 

Initially T cells are isolated from cancer patient through leukopheresis. Then, T cells are retrovirally 

transduced ex vivo to express CARs. Following proliferation and activation of CAR T cells, patients 

are preconditioned with chemotherapy followed by infusion of CAR T cells. 

 

 

 CAR formats 

Following the first CARs, generated around 30 years ago, CAR structure design has undergone 

multiple developments in formats, which are aimed at enhancing their function 309. CARs 

consist of three main domains: the extracellular domain, the hinge/transmembrane domain and 

the intracellular domain. The extracellular domain usually comprises an antibody-derived scFv, 

and is responsible for TAA recognition. The hinge/transmembrane domain is important for 

CAR flexibility, stability and surface expression. Finally, the intracellular domain is a 
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cytoplasmic T cell signalling domain responsible for down-stream signalling required for T cell 

activity. The T cell co-receptor CD3ζ, which contains three immunoreceptor tyrosine-based 

activation motifs (ITAMs) in the CAR intracellular domain, is important for signal transduction 

and T cell activity (Figure 1.4 A) 310–313.  

So far, three generations of CARs have been made, classified on the structure and composition 

of their intracellular domain 313,314. The first generation of CARs contained the scFv region of 

an antibody fused a single activation domain, such as the CD3ζ intracellular domain (Figure 

1.4 B). The first clinical studies using first generation of CARs against TAAs such as α-folate 

receptor (αFR) in ovarian cancer, as well as carbonic anhydrase IX (CAIX) in renal cancer 

resulted in poor persistence and proliferation of T cells 310,315,316.  

Therefore, the second generation of CARs were designed by adding a co-stimulatory domain, 

such as cytoplasmic domains from CD28 or CD137 (4-1BB), to the intracellular CD3ζ 

signalling domain to increase T cell expansion and activity (Figure 1.4 B) 317,318. There is some 

debate about which co-stimulatory molecule is the best, but studies have demonstrated 

association of CD28-containing CAR T cells with the development of effector memory cells, 

whereas 4-1BB-containing CAR T cells generate a greater frequency of central memory cells. 

Moreover, it was reported that CAR T cell co-stimulation through 4-1BB signalling decreases 

T cell exhaustion owing to persistent CAR signalling. Therefore, CARs containing CD28 co-

stimulation region can be more effective in generating an early immune response, but CARs 

containing 4-1BB region may be better in the long-term 319,320. 

Furthermore, the optimal selection of co-stimulatory molecules in CARs depends on its impact 

across the spectrum of cancer subtypes. For instance, the CD28-containing CAR T cells are 

effective for the treatment of subtypes of B‐NHL, whereas 4-1BB‐containing CAR T cells can 

be more effective for the longer-term CAR T cell persistence required for B‐ALL treatment 

314.  

The third generation of CARs were generated to maximise CAR T cell function by adding 

multiple co-stimulatory domains, such as CD134 and CD137, to intracellular domains (Figure 

1.4 B). However, advantages of third generation over second generation CARs have not been 

completely confirmed, as studies from different groups have reported inconsistent results in the 

improvement of CAR T cell efficacy in vivo using third generation of CAR T cells 291,321–324. 
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Figure 1.4. A schematic of different generations of CAR T cell 

(A) The main components of CAR structure including an extracellular domain, the transmembrane 

domain and the intracellular domain contains ITAMs. (B) Development of CAR design from the 

first generation, which included only ITAM motifs in the intracellular domain. Second-generation 

CARs contained one co-stimulatory domain (CS 1) in addition to ITAM motifs, and third 

generation CARs were based on second generation formats with the addition of a second CS.  

ITAM= immunoreceptor tyrosine-based activation motifs.  
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 CAR T cell therapy in the clinic 

Early clinical studies on first generation CAR T cells for treating ovarian cancer and renal cell 

carcinoma cancer patients showed tolerability of CAR T cell infusion in cancer patients. 

However, overall results from these trials showed no significant clinical responses 315,316, likely 

owing to poor persistence and activity of CAR T cells. Following the use of second-generation 

CAR T cells, some significant therapeutic efficacy was demonstrated. Clinical trials targeting 

the CD19 antigen for  treatment of B cell leukaemia, particularly B cell acute lymphoblastic 

leukaemia (B- ALL), has generated great excitement with up to 90% of patients achieving 

complete remission 325,326. These exciting results recently led to FDA approval of two CD19-

CAR T cell product for two type of blood cancers, ALL and non-Hodgkin lymphoma. 

Since second generation of CAR T cells showed significant anti-tumour responses and CAR T 

cells persistence in cancer patients, most clinical studies have used the CD28-CD3ζ- or 4-1BB-

CD3ζ-containing second generation CAR T cells 323. In addition to the clearance of large 

tumour burdens in these studies, acute cytokine release syndrome was reported in some 

patients, which could be managed by steroid treatment or using Tocilizumab as an IL-6 receptor 

antagonist 327,328. 

Using third generation CAR T cells in clinical trials has been limited compared to the second 

generation of CARs. Clinical trials have been reported using third generation CAR T cells in 

the treatment of lymphoma, colon cancer and leukaemia 329–331. Although, clinical trial results 

using CD20-specific CAR T cells containing CD3ζ, CD28 and 4-1BB signalling domains 

demonstrated safe anti-tumour activity, an early HER2-CAR T cell trial reported a fatal adverse 

event following third generation CAR T cell treatment 331. This patient had colon cancer 

metastasis in lung and liver and experienced respiratory failure following CAR T cell infusion. 

Substantial amounts of cytokines such as IFNγ, TNF-α, IL-6, IL-10 and granulocyte 

macrophage-colony stimulating factor (GM-CSF) were found in patient serum, which 

suggested a cytokine storm event, and toxicity against low level Her2 expression on normal 

lung tissue 331.  
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 Limitations of CAR T cell therapy in solid cancers 

While targeting CD19 using CAR T cells have been very effective for the treatment of B cell 

acute lymphoblastic leukemia (B-ALL), less exciting results have been observed for treatment 

of solid tumours. Most clinical trials for treatment of solid tumours using CAR T cells have 

resulted in a lack of therapeutic responses.  

The reason for the lack of good clinical outcomes is multifactorial. Poor trafficking and 

penetration of CAR T cells into tumours is a limitation, as CAR T cells must move from lymph 

nodes and blood vessels to solid tumour sites and penetrate the dense solid tumour structure to 

infiltrate into tumours and recognise malignant cells. An immunosuppressive 

microenvironment in solid tumours is another key limitation that induces T cell exhaustion and 

reduces CAR T cell proliferation and persistence 332–335 In the next section we will discuss 

novel strategies to overcome CAR T cell barriers in solid cancers and increase the safety and 

efficacy of therapy. 

 

Table 1.  Representative published reports of CAR T cells in clinical trials:  

 

Cancer type 
Target 

antigen 

Year 

reported 

Number of 

patients 
Responses References 

ALL CD19 2014 30 27 CR 325 

B-ALL CD22 2018 21  12 CR, 8 

relapses 

336 

CLL CD19 2015 14 4 CR, 4 PR 337 

CLL, MCL CD19 2013 10 2 PD, 6 SD, 

2PR 

338 

B-ALL CD19 2017 51 36 CR, 2 

relapses 

339 

CLL, B-ALL CD19 2013 8 1 CR, 1PR, 

1 SD 

340 

CLL CD19 2011 3 2 CR, 1 PR 341 

B-ALL CD19 2015 9 6 CR, 3 PR 342 

NSCLC EGFR 2016 11 2 PR, 5 SD, 

4 PD 

343 
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AML Lewis Y 2013 5 0 344 

PDA, MPM mesothelin 2014 2 2 SD 345 

Colorectal and 

breast 

CEA 2002 7 Minor 

response in 

2 patients 

346 

mCRC CEA 2017 10 2 PD, 7 SD 347 

Liver metastasis CEA 2015 6 2 PD, 7 SD 348 

Neuroblastoma GD2 2011 19 3 CR 349 

Multiple 

myeloma 

BCMA  2016 12 1 PR, 8 SD 350 

Ovarian ɑFR 2006 12 0 315 

PAC, MPM mesothelin 2013 4 1 CR, 1 PD, 

2 SD, 1 died 

351 

Neuroblastoma CD171 2007 6 1 PR 352 

Renal cell 

carcinoma 

CIAX 2011 11 0 353,354 

SVL MUC1 2016 1 1 PR 355 

Prostate PSMA 2013 5 2 PR 356 

Adenocarcinoma, 

PMP CEA 2017 14 7 SD, 7 PD 357 

Sarcoma Her2 2015 17 4 SD 358 

 

ɑFR: alpha folate receptor; ALL: acute lymphocytic leukaemia; AML: acute myeloid 

leukaemia; B-ALL: B cell acute lymphoblastic leukemia; CLL: chronic lymphocytic 

leukaemia; SVL: seminal vesicle cancer; PAC: pancreatic cancer; MPM: malignant pleural 

mesothelioma; PMP: pseudomyxoma peritonei; mCRC: metastatic colorectal cancer; RCC: 

renal cell carcinoma; MCL: mantle cell lymphoma.CR, complete response; PR, partial 

response; PD: progressive disease; SD, stable disease. 

 

 Strategies to increase CAR T cell function and safety 

 Armored CAR T cells  

Armored CAR T cells were developed in order to increase CAR T cell persistence in the 

immunosuppressive tumour microenvironment and convert immunosuppressive signals from 

tumours into activating signals. Armored CAR T cells include second generation CARs, but 

include a cytokine, such as IL-12, that is expressed constitutively or upon CAR activation 302 . 



Chapter 1- Introduction  

 33 

Armored CAR T cells are also referred to as T cells redirected for universal cytokine-mediated 

killing (TRUCK) and their activation stimulates the production and secretion of the desired 

cytokines 359. The cytokine expressed by CAR T cells helps T cell proliferation and survival 

within the tumour microenvironment 360,361.  

Other studies using this armored CAR T approach used EBV-specific T cells engineered with 

a dominant-negative mutation of the TGF-β receptor, which resulted in enhanced anti-tumour 

activity and T cell resistance to the inhibitory effects of tumour-derived TGF-β 362,363.  

Likewise, preclinical studies using a dominant negative mutation of the TGF-β receptor in CAR 

T cells specific for prostate-specific membrane antigen (PSMA), demonstrated increased 

cytokine release, T cell expansion, long-tern T lymphocyte persistence in vivo and induction of 

tumour elimination in aggressive human prostate cancer mouse models. As a result of these 

observations, this approach is now being tested in a phase I clinical trial of CAR T cell treatment 

for patients with relapsed and refractory metastatic prostate cancer 

(ClinicalTrials.gov: NCT03089203) 363. 

 

 Equipping CAR T cells with suicide genes 

CAR T cell therapy can produce durable remissions in cancer patients who did not respond 

completely to standard therapies, however, the possibility of severe toxicities is still a major 

concern.  Severe toxicities including organ damage, cytokine release syndrome, or even death, 

can originate from CAR T cell therapy. Toxicities could occur due to TAA expression on 

normal tissues or cytokine release resulting from CAR T cell activity 327. Cytokine release 

syndrome is a common kind of CAR T cell-related toxicity that can lead to life-threatening 

consequences if not managed properly 327. Management practises to address toxicities involve 

the use of cyclophosphamide to suppress T cells, or an antibody to the IL-6 receptor to address 

cytokine storm 327,364.  

Transduction of CAR T cells with suicide genes can be used to provide a safer CAR T cell 

therapy. The use of a gene coding for an inducible caspase-9 (iCasp9) is an example of this 

technology. In this approach, dimerization of iCasp9 via a synthetic small molecule, AP1903, 

drives activation of downstream caspases and initiation of an apoptotic pathway 365–367. The 

preclinical studies using this strategy with CAR T cells targeting the AML-

associated antigen CD33, resulted in 76% elimination of leukemia cells 368. Although, iCasp9 

http://clinicaltrials.gov/show/NCT03089203
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showed impressive results, the efficacy of iCasp9 is dependent on the availability of a clinically 

approved exclusive dimerization inducer 369. 

Another strategy for selective depletion of CAR T cells is transduction with genes encoding 

known cell surface antigens, such as CD20 and EGFR 370,371. These cell surface antigens can 

then be targeted by cell-depleting monoclonal antibodies such as rituximab for CD20 

and cetuximab for EGFR 370,371. Efficiency of this strategy is relatively high, as such the use of 

cetuximab reported approximately 90% elimination of transduced CAR T cells. In short, 

addition of suicide genes to CAR T cells as an “off-switch” system which is activated by 

administration of antibodies, providing an additional regulatory feature to CAR T cells. This 

feature allows the possibility of attenuation or CAR T cell function to manage life-threating 

toxicity.  

 

 Boolean and logic gate CAR T cell 

Another approach to overcome potential toxicity of CAR T cell activation is by using two or 

more antigen targets as an “on switch” in CAR structure design. Combinational antigen 

recognition, also referred to as Boolean and logic gates provide a regulatory element to CAR 

T cell therapy in which CAR T cells activate only if two targeted antigens are expressed 

concurrently 333,372,373. Kloss and colleagues used a first-generation CAR that recognises the 

first antigen combined with a second CAR that provides a costimulatory signal upon 

encountering a second antigen. He used PSMA and PSCA antigens in a prostate tumour model 

and showed that CAR T cells only eliminate tumours expressing both antigens both not tumours 

expressing either of antigens 372. The combinational antigen targeting is a promising approach 

to prevent severe toxicity resulting from CAR T cells and enhance the precision of CAR T 

cells. However, these promising preclinical results need to be confirmed in clinical trials. 

Combinational CARs can also be used to enhance CAR T cell activity and address antigen loss 

or tumour heterogeneity. For instance, in the CAR T cell field, using CAR T cells that can 

target both CD19 and CD123 in the B-ALL patients could eradicate leukaemia, including 

CD19-negative malignant cells, and prevent relapses in B-ALL leading to prolonged survival 

374,375.  



Chapter 1- Introduction  

 35 

In another logic gated approach, inhibitory receptors can be included as an “off switch” in CAR 

structure, which may reduce on-target/off-tumour toxicities in some engineered T cell 

therapies. In this strategy, self-antigen-specific inhibitory chimeric antigen receptors (iCARs) 

are designed on the basis of immune inhibitory receptors such as CTLA-4 or PD-1  376. Federov 

et al. showed that iCAR T cell cytotoxicity and cytokine secretion can be limited to tumour 

cells to protect off-tumour tissues 376. 

 

 Dual specific CAR T cells 

Poor proliferation and persistence of CAR T cells is one of the important barriers in the 

successful treatment of solid tumours. The immunosuppressive microenvironment, resulting 

from the expression of inhibitory ligands, cytokines and metabolic products, can induce CAR 

T cell exhaustion and prevent effective expansion at the site of antigen, which is within the 

tumour. To address this matter, the generation of dual specific CAR T cells was considered. 

These T cells have been genetically modified to express a CAR against a tumour antigen and a 

TCR specific for a viral or allogeneic antigen. Dual specific T cells can proliferate in response 

to viral or allogenic antigens, as well as respond to tumour antigen through their CAR 291,377. 

As an example of this approach, dual specific CAR T cells were generated with a CAR against 

GD2, and Epstein-Barr virus (EBV)-specific TCR, which could be used for treatment of GD2+ 

neuroblastoma. In that study, dual specific T cells showed longer T cell persistence and higher 

proliferation compared to T cells individually expressing a GD2 specific CAR or an EBV-

specific TCR 378. Likewise, in another study using dual specific T cell with a CAR against Her2 

tumour antigen and influenza virus-specific TCR resulted in great T cell expansion and anti-

tumour activity in vitro and in vivo 379. Stimulating T cells through their specific TCR has the 

advantage of restoring or increasing transgenic antigen receptor expression and activity through 

repeated vaccination 380.  

 

 Combination of oncolytic virus and CAR T cell therapy 

Oncolytic virus immunotherapy is a new approach in the treatment of cancer patients in which 

genetically modified viruses can selectively infect tumour cells and lyse them. The ability of 

viruses to eliminate cancer cells has been known for nearly a century, but their therapeutic 
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application in clinical trials of cancer patients only considered over the few past decades 381–

383.     

Oncolytic viruses can directly lyse tumour cells, but also have the potential to modify tumour 

microenvironments with inflammatory signals, which may enhance immune responses against 

tumours 384. The precise mechanisms of action in which oncolytic viruses provides anti-tumour 

immunity is not fully understood, however, we know infection of tumour cells by oncolytic 

viruses can induce innate and adaptive immune responses that affect T cell trafficking and 

activity within tumour microenvironment 385. Upon tumour cell infection and lysis by oncolytic 

viruses, cancer cells release PAMP and DAMP molecules, which in turn drive Toll-like 

receptor (TLR) activation and other down-stream signalling pathways to trigger immune 

responses. Also, enhanced presentation of tumour antigens, including neoantigens, from lysed 

cancer cells promotes antigen presentation by DCs, which in turn induces T cell trafficking and 

activation within tumour sites  384–388. In addition, secretion of cytokines, such as IFNγ due to 

viral infection, upregulates MHCI expression on tumours to enhance T cell activity. Also, 

chemokine secretion resulting from infection of tumours cells, and upregulated expression of 

integrins and selectins, can enhance T cell extravasation and infiltration to tumour 

microenvironment 384–388.  

Oncolytic viruses therefore have attractive features to potentially enhance the activity of CAR 

T cells and their localization to tumours. Several preclinical studies have demonstrated the 

successful use of oncolytic viruses in combination with CAR T cells. For example, an oncolytic 

adenoviral vector expressing CCL5 in combination with GD2-specific CAR T cells resulted in 

increasing T cell infiltration and cytotoxic activity in mouse neuroblastoma models 389.  

 

 Overview, hypotheses and aims 

Despite the great success of CAR T cells in the treatment of ALL, with complete responses 

reported in up to 90% of patients 323,325,326, this success has not been matched in the treatment 

of solid tumours. As mentioned earlier several factors including poor T cell proliferation, 

tumour penetration and activation within the tumour microenvironment are key reasons behind 

the limitations of CAR T cell therapy, particularly in solid tumours. Addressing these issues 

and inducing CAR T cell activation and proliferation in lymphoid tissue, away from the 

immunosuppressive tumour microenvironment, provided the rationale for my project.  
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Previous studies that investigated CAR T cell efficacy were mainly performed 

immunodeficient mice that lack a complete immune system and many immunosuppressive 

mechanisms 324,390,391. Relatively few preclinical studies have used immunocompetent mice 

expressing a TAA as a self-antigen that provide physiologically relevant experimental models 

to assess toxicity and effectiveness of treatment in cancer patients, and then only against 

relatively small tumours 392,393.  However, recent preclinical studies in our laboratory targeted 

large tumours in self-antigen, immunocompetent models by using dual specific CAR T cells in 

combination with a vaccinia virus vaccine 394. Using this approach in which dual specific T 

lymphocytes had a CAR against human Her2 and a specific TCR against gp-100, resulted in 

increased proliferation and tumour infiltration of CAR T cells, leading to eradication of large 

tumours 394.  

This new form of therapy was termed Adoptive Cell Transfer Incorporating Vaccination 

(ACTIV) therapy. In this therapy Her2 transgenic mice were injected with Her2-expressing 

tumours including E0771-Her2 (breast cancer), 24JK-Her2 (murine sarcoma) or MC38-Her2 

(colon cancer). Established tumours were treated with ACTIV therapy involving 

preconditioning irradiation and dual specific CAR T cell injection, followed by injection of a 

vaccinia virus expressing gp100 (VV-gp100) together with four doses of IL-2 394.  

ACTIV therapy was successful in elimination of tumours including E0771-Her2 but not the 

breast cancer tumour AT3-Her2, in which ACTIV therapy could not fully eradicate cancer cells 

and tumour relapse was consistently observed after a short period of cancer inhibition. 

Incomplete eradication of AT3-Her2, provides a tumour model relatively resistant to ACTIV 

therapy and an opportunity for the investigation of mechanisms of resistance to ACTIV 

therapy. 

In this project, I used E0771-Her2 (susceptible) and AT3-Her2 (resistant) as comparative model 

systems to investigate parameters involved in successful ACTIV therapy, and to provide an 

understanding of tumour resistance factors. While focusing an in-depth investigation on this 

single model comparison, this understanding may inform investigations into resistance 

mechanisms of other tumour types. This may enable the extension of ACTIV-based therapy to 

a boarder range of tumours, which may eventually lead to new immunotherapy regimens for 

the treatment of cancer patients. 
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We hypothesized that differential tumour microenvironments and/or differential susceptibility 

to ACTIV components between AT3-Her2 and E0771-Her2 tumours may be reasons in AT3-

Her2 resistance to ACTIV therapy. Below is the description of aims that constitute this thesis, 

in which we investigated the reasons behind the differential sensitivity of E0771-Her2 and 

AT3-Her2, together with the investigation of ways of enhancing ACTIV therapy against AT3-

Her2. 

Aim 1: Investigation of inhibitory factors which impact ACTIV therapy including differential 

sensitivity to ACTIV components in AT3-Her2 and E0771-Her2 tumours, as well as expression 

of immune checkpoints. This aim was investigated and described in detail in Chapter 3.   

Aim 2: Investigation of E0771-Her2 and AT3-Her2 tumour morphology and comparison of 

immune cell density in the tumour microenvironment, with particular attention to the 

percentages of infiltrating dual specific CAR T cells within tumours. This aim was investigated 

and described in details in Chapter 4. 

 

Aim 3: Employing our understanding of inhibitory factors in ACTIV therapy achieved from 

Aims 1 and 2 to introduce new approaches for enhancing the efficacy of ACTIV therapy.  These 

approaches were investigated and described in detail in Chapter 5. 
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 Cell lines  

E0771-Her2: E0771 is a mouse breast cancer cell line kindly provided by Dr. Robin Anderson, 

Peter MacCallum Cancer Centre, Melbourne, Australia. The E0771-Her2 cell line was 

previously generated in our laboratory by retroviral transduction of E0771 with full-length 

human Her2. The E0771-Her2 tumour cells are cultured in complete DMEM and incubated at 

37 °C with 10% CO2 in T-175 tissue culture flasks. 

 

AT3-Her2: The AT3 cell line was derived from a MMTV-MTAg (MTAG) mouse primary 

mammary gland carcinoma 395. The AT3-Her2 cell line was previously generated in our 

laboratory through retroviral transduction of AT3 with full-length human Her2. The AT3-Her2 

tumour cells are cultured in complete DMEM and incubated at 37 °C with 10% CO2 in T-175 

tissue culture flasks. 

 

CARaMEL T cells: T cells were generated from spleens of The C57BL/6-CARaMEL mice. 

These mice were generated previously in our laboratory by crossing C57/BL6-CAR transgenic 

mice, which express a Her2-specific CAR in T cells, with C57BL/6-pMEL TCR-transgenic 

mice, which express a gp100-specific TCR on T cells 396,397. T cells from these mice therefore 

express both a TCR specific for human gp10025-33 and a CAR specific for human Her2. The 

CARaMEL T cells are cultured in complete RPMI-1640 and incubated at 37 °C with 5% CO2. 

 

HeLa-S3: HeLa-S3 is derived from the HeLa cell line which is a human cervical cancer line 

obtained from American Type Culture Collection. The HeLa-S3 tumour cells were cultured in 

complete DMEM and incubated at 37 °C with 10% CO2 in T-175 tissue culture flasks. 

 

HEK 293a: HEK 293a is a sub-clone of HEK 293 cells, which is a human embryonic kidney 

cell line. This sub-clone can facilitate adenovirus production and amplification. The HEK 293a 

tumour cells were cultured in complete DMEM and incubated at 37 °C with 10% CO2 in T-

175 tissue culture flasks. 
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 Viruses 

Vaccinia virus VV-gp100: The vaccinia virus VV-gp100 was previously generated by 

insertion of a mini-gene including the human gp10025–33 epitope into the F4L gene encoding 

ribonucleotide reductase 398. The initial sample of VV-gp100 was kindly provided by Nicholas 

Restifo, National Cancer Institute, Bethesda, Maryland, USA. 

 

Vaccinia virus VV-dd: The vaccinia virus VV-dd contains a double deletion of the viral 

thymidine kinase (TK) and viral growth factor (VGF) genes 399. The VV-dd was derived from 

the Western Reserve (WR) strain and kindly supplied by David Bartlett, University of 

Pittsburgh Cancer Institute, Pennsylvania, USA. 

 

 Tissue culture media and buffers 

Complete RPMI-1640 / 10% RPMI: RPMI-1640 (Gibco) supplemented with 10% FCS, 

Glutamax (2 mM), NaPyruvate (1 mM), non-essential amino acid (NEAA) (0.1 mM), 2.5% 

Pen/strep (100ug/ml). 

Complete DMEM / 10% DMEM: DMEM (Gibco) supplemented with 10% FCS, Glutamax 

(2 mM), 2.5% Pen/strep (100 ug/ml). 

Fluorescence-activated cell sorting (FACS) buffer: Dulbecco’s phosphate-buffered saline 

PBS -/- supplemented with 2% FCS. 

ACK lysis buffer: 8.29 g NH4Cl (0.15 M), 1g KHCO3 (1.0 mM), 0.0372 g Na2EDTA (0.1 

mM) and 1 litre H2O in final pH7.2-7.4 

MES Running Buffer: 50 mM MES (2-N-morpholinoethanesulfonic acid 50 mM Tris base, 

1 mM EDTA 0.1% (w/v) SDS). (nuPAGE MES buffer, Invitrogen). 

Western Transfer Buffer: 14.4 g Glycine, 3.03 g Tris base, 10% Methanol in 1 litre H2O. 

Lysis buffer: 1% NP40, 150 mM NaCl, 50 mM Tris-Cl, pH7.5 
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 Irradiation 

To investigate the cytotoxic effect of irradiation on AT3-Her2 and E0771-Her2 cells in vitro; 

both cell lines were cultured in tissue culture flasks (T-25) a day prior to irradiation in 

concentrations of 5 x 105 cells / flask in complete DMEM. Cells were then exposed to 2 Gy, 5 

Gy, 10 Gy and 20 Gy irradiation in an X-RAD 320 irradiator. As a negative and positive control 

for death of each cell line, cells receiving no irradiation and cells treated with 10% DMSO were 

used respectively. After irradiation cancer cells were incubated at 37°C, 10% CO2 incubator 

for 24, 48 and 72 hours.  

At each time point, cells from each flask were harvested stained with Annexin V-APC (1:100) 

(BD Bioscience) and 7AAD (1:20) dilution (BD Bioscience). Stained cells were incubated for 

20 minutes at room temperature. Viability analysis data was collected on a BD FACS Canto II 

Flow Cytometer (BD Bioscience) and analysed using FlowJO 10.2 software. 

 

 Vaccinia virus 

 Virus production 

To produce vaccinia virus VV-gp100 and VV-dd, 5 x 105 HeLa-S3 cells were seeded in DMEM 

in tissue culture flasks (T-175). Once the cells were 80-90% confluent, HeLa-S3 cells were 

infected by VV-gp100 or VV-dd at a multiplicity of infection (MOI) 1:1 and incubated at 37°C 

and 10% CO2 for 72 hours.  

After 72 hours incubation, infected HeLa-S3 cells were harvested using a cell scraper and 

together with their supernatants, transferred to 50 ml tubes. Collected cells were centrifuged at 

450 g for 4 minutes and then resuspended all together in 6 ml of 10 mM Tris HCl (pH9). 

Resuspended cells were lysed by being subjected to 3 rounds of freeze / thaw (freeze on dry 

ice and thaw in 37°C water bath), followed by processing in a FastPrep -24 homogenizer 

according to manufacturer’s instructions.  

Then, homogenised cell lysates were layered on 6 ml 36% sucrose in 10 mM Tris-HCl pH9 in 

an ultracentrifuge tube (Beckman #344059) and were centrifuged at 32900 g at 4°C for 80 

minutes using SW 41 Ti Swinging-Bucket Rotor (Beckman centrifuge). Supernatant was 

discarded and cell pellet was resuspended in 2 ml of 1 mM Tris-HCl pH9. Then, the viral 
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supernatant was overlayed on 4 tubes of sucrose gradient (1 ml on each tube which already 

containing 3 ml 40% sucrose, 2.2 ml 36% sucrose, 2.2 ml 32% sucrose, 2 ml 28% sucrose and 

1 ml 24% sucrose layered on top of each other respectively). Next, samples were centrifuged 

for 50 minutes at 4°C at 26000 g. After centrifuge, the milky band located in middle of each 

tube was collected and transferred into a separate tube. Also, cell pellets were resuspended in 

2 ml of 1 mM Tris-HCl pH9.   Resuspended cells were overlayed on another 4 sucrose gradient 

tubes and were centrifuged for 50 minutes at 4°C at 26000 g. Then the milky band located in 

middle of each tube was collected and combined with the previous isolates. The combined 

isolates were topped up with 1 mM Tris-HCl to 24 ml and transferred to 2 ultracentrifuge tubes 

and centrifuged at 33000 g at 4°C for 40 minutes. Finally, the pellets which contained vaccinia 

virus were resuspended in 1 ml of 1 mM Tris-HCl pH9. The vaccinia virus preparation was 

subjected to PFU titration assay to determine the concentration. 

 

 Virus titration 

To assess the concentration of vaccinia virus (VV-gp100 or VV-dd), HEK 293a cells were used 

as a cell line sensitive to vaccinia virus infection and lysis. The HEK 293a cells were cultured 

in a 6 well plate in 5 x 105 / well concentration one day prior to viral infection. On viral infection 

day, the vaccinia virus, VV-dd or VV-gp100, was prepared in serial dilution from 10-3 to 10-14 

in a 2% DMEM (DMEM+ 2% FBS). The DMEM supernatants in each well were replaced with 

1 ml serial dilution of correspondent vaccinia virus. Also, a well without vaccinia virus was 

considered as a negative control. Viral-treated cells were incubated for 3 to 4 hours in 2% 

DMEM at 37 °C and 10% CO2 incubator. Next, cells were topped up with 10% DMEM and 

returned to the incubator for 48 to 72 hours. 

 

Supernatant of transfected cells after 48 to 72 hours were removed gently and each well was 

fixed with 1 ml cold methanol. After 1 to 2 minutes incubation at room temperature, methanol 

was removed and replaced with crystal violet stain (1 g crystal violet + 500 ml H2O). Then the 

excess stain was washed with water and number of plaques was counted from each well. The 

virus PFU was calculated as: 

 

𝐏𝐅𝐔 = 𝐧𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐩𝐥𝐚𝐪𝐮𝐞𝐬 ×  𝐯𝐨𝐥𝐮𝐦𝐞 𝐨𝐟  𝐩𝐥𝐚𝐭𝐞𝐝 𝐯𝐢𝐫𝐮𝐬 (𝐦𝐥) / 𝐝𝐢𝐥𝐮𝐭𝐢𝐨𝐧 𝐨𝐟 𝐯𝐢𝐫𝐮𝐬  
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For example, in well with 44 plaques that had been placed with 1ml virus in 10-8 dilution the 

titter from that well was 4.4 x 109 PFU/ml.  

 Virus cytotoxicity in vitro 

To assess the cytotoxicity of vaccinia virus (VV-dd / VV-gp100) against E0771-Her2 and AT3-

Her2 in vitro, cancer cells were pre-cultured in T25 flasks a day prior to viral transduction at 2 

x 105 cells / flask concentration and grown in 10% DMEM medium. For each cell line 4 flasks 

were set up: transduced flask with vaccinia virus, untreated, unstained and treated with 10% 

DMSO. The day after, vaccinia virus VV-dd or VV-gp100 were added to cultured cancer cells 

at a 1:3 (cell: virus) ratio. 10% DMSO, as a positive control that induces cell death, was added 

24 hours prior to harvesting samples. 

After 48 or 72 hours of incubation at 37 °C and 10% CO2, cells were harvested and centrifuged 

at 450 g for 4 minutes. Then cancer cell pellets were resuspended in 100 μl of Fixable Yellow 

(1:400) except unstained samples that were resuspended in FACS buffer. All samples were 

incubated on ice for 20 minutes. Then samples were washed with 500 μl FACS buffer prior to 

fixation and permeabilization using Cytofix/Cytoperm solutions according to manufacturer’s 

instructions (BD Bioscience) for 10 minutes on ice. Fixed samples were washed with 1 ml 

FACS buffer and were centrifuged at 450 g for 4 minutes and then resuspended in 200 μl of 

FACS buffer. The BD FACSVERSE Flow Cytometer (BD Bioscience) assessed the quantity 

and viability of samples. Flow Cytometer data were analysed using FlowJO 10.2 software. 

 

 Virus cytotoxicity in vivo 

To assess the cytotoxicity of vaccinia virus VV-dd in vivo, AT3-Her2 (1 x106 cells / mouse) 

and E0771-Her2 (4 x 105 cells/mouse) were injected subcutaneously into transgenic Her2 mice. 

After 3 weeks of tumour establishment, 2 x107 PFU/ml VV-dd or PBS vehicle (negative 

control) were injected intratumoral (I.T). Tumours were collected on day 3 and 7 post injection 

and fixed overnight in 10% NBF, prior to be embedded in paraformaldehyde paraffin. In 

preparation for immunohistochemistry, as described below in section 2.8.   
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 Cytotoxicity assay 

 T cell activation 

Spleens from transgenic C57BL/6-CARaMEL mice were crushed in 5 ml of hypotonic ACK 

lysis buffer and incubated for approximately 1 min to remove red blood cells. Then, the cell 

suspensions were transferred to a 50ml falcon tube through 70 M filter. Next, the lysis buffer 

was removed and cells were washed by adding 25 ml of PBS and centrifuged at 1250 (338 g) 

for 5 mins at room temperature. Next, cell pellet was suspended in 10% RPMI media at a 

concentration of 1 x 106 cells/ml. To activate CD8 T cells, 50 IU / ml hIL-2, 2 ng/ml IL-7, and 

0.1 g/ml hgp10025-33 peptide were added to the cell suspension and then cells were cultured at 

2 x 106 cells/well concentration in a 24 well plate at 37 C°, 5% CO2 in 10% RPMI media. 

Cultured cells were split every 2-3 days in 10% RPMI supplemented with 50 IU/ml hIL-2. T 

cells were used at 6- or 7-days post activation. 

 

 Cytotoxicity assay 

The cytotoxicity of CARaMEL T lymphocytes was assessed against 51Cr-labelled E0771-Her2 

and AT3-Her2 cells at two time points of 4 hours and 20 hours. The E0771-Her2 and AT3-

Her2 cells were labelled with 51Cr by resuspending 4 x 106
 cells in 250 μL of PBS with 200 

μCi of 51Cr (PerkinElmer, USA) and 45 min incubation at 37°C and 5% CO2. Labelled cells 

were then washed three times with RPMI and resuspended at 4 x 106
 cells/mL in 10% DMEM. 

Then100 μL of cells were combined with CARaMEL T cells in triplicate 200 μL reactions, at 

ratios mentioned in the text. Cells were incubated for four hours or 20 hours at 37 C°, 5% CO2, 

and then centrifuged at 450 g for 4 minutes from which the supernatant was collected and 51Cr 

release measured using a Wizard 1470 gamma counter (PerkinElmer, MA, USA). 

In all experiments target cells (E0771-Her2 and AT3-Her2) untreated and 10% SDS treated 

cells were used as background and total release controls, respectively. The percentage of each 

killing was calculated as: 

 

% specific 51Cr release = 100 ×  
Sample chromium release − Background release

Total release − Background release
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 Reagents 

The following reagents were used in some cytotoxicity assays to derive mechanistic insight:  

Table 2.  List of antibodies and drugs used in cytotoxicity assay: 

 

 
Supplier Target/Function Concentration 

LEAF™ Purified 

anti-mouse TNF-α 

Antibody 

BioLegend 

Clone MP6-XT22 
TNF-α neutralization 0.02 g/l 

ABT-737 
CHEMITEK 

Targets the Bcl-2 

protein family and 

increase apoptosis 
1 M  

AZD5582 
CHEMITEK 

Targets cIAP1, 

cIAP2 and XIAP 

proteins and 

increase apoptosis 

1 M  

Metformin 

(Diaformin 1000) 

alphapharm  Decreases OXPHOS 

metabolism 
0.01 – 1 mg/ml 

 

 Western blot 

 Cell treatment and protein extraction 

1x 106 AT3-Her2 and E0771-Her2 cells were cultured in a T-75 flask with 10% DMEM 

medium and incubated for 2 days at 37 °C and 10% CO2. Next, cancer cells were harvested and 

washed twice with PBS. The harvested cell pellet was treated with ice cold lysis buffer (1% 

NP40, 150 mM NaCl, 50 mM Tris-Cl, pH7.5) and the cOmplete EDTA-free protease inhibitor 

cocktail (Sigma Aldrich, MO, USA) and incubated on ice for 10 minutes.  After incubation, 

the cell lysates were centrifuged at 15,000 g for 10 minutes at 4°C and the supernatants 

collected. 
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 Protein quantification (BCA) assay 

To assess the extracted protein concentration, the Pierce ® BCA assay kit (Thermo Scientific) 

was used. The standard protein, albumin, was prepared in various concentrations ranging 

between 25-2000 µg/ml. Then the cell lysate samples and different concentration range of 

standard protein were incubated with 200 µl of working reagent (ratio of BCA reagent A to 

BCA reagent B, 50:1) at 37 °C for 25 minutes. The sample concentrations were measured at 

570 nm wavelength using a microplate reader (VersaMax ELISA Microplate reader Molecular 

devices).  

The samples concentrations were calculated using SoftMax Pro 5.4.5 software. 

 

 Electrophoresis and protein transfer 

To detect selected proteins of cell lysates with specific antibodies in Western blot and separate 

them based on their size, electrophoresis was used on cell lysates.  

To denature and reduce cell lysate proteins, 15 µg per sample, were mixed with NuPAGE® 

LDS sample buffer and sample reducing agent (Invitrogen™, Life Technologies) Then samples 

were heated at 95°C for 5 minutes to aid protein denaturation and prevent denatured protein 

aggregation. Then the samples were loaded on a precast Bis-Tris gel (NuPAGE® Novex® 4-

12% Bis-Tris Gels, Invitrogen™, Life Technologies).  Samples were then subjected to 

electrophoresis at 150 V for 1 hour 30 minutes in running buffer, MES SDS Running Buffer 

(Invitrogen™, Life Technologies).  

After electrophoresis, the proteins were transferred to methanol activated Immobilon-P 

polyvinylidene fluoride membrane (PVDF) (Merk Millipore, MA, USA) in a sandwich order 

of blocking pads, methanol pre-wetted PVDF membrane, precast Bis-Tris gel and blocking 

pads respectively. Then proteins were transferred to PVDF membrane in transfer buffer at 20 

V for 45 minutes using a semi dry transfer apparatus (Biorad, CA, USA).  

 

 Western blotting 

Following protein transfer to PVDF membrane, the membrane was incubated with blocking 

solution (2% skim milk powder, 0.1% Tween20 in PBS for 1 hour to prevent unspecific binding 

of antibody with membrane. Primary antibodies (as listed in Table 3 below) were diluted 
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1:1000 in blocking solution and incubated overnight at 4°C. Following incubation, the 

membrane was washed three times in PBS-Tween (0.1% Tween20 in PBS) solution and then 

incubated with the HRP-conjugated secondary antibody diluted 1:1000 in blocking solution for 

1 hour at room temperature. The membrane was then washed again three times with PBS-

Tween solution. Finally, membrane was incubated in enhanced chemo-luminescence reagent 

(GE Healthcare, Little Chalfont, UK) for 1 minute and the presence of HRP revealed by using 

Xray film (FUJIFILM, Japan). 

 

Table 3. List of western blot antibodies: 

Protein Clone/product 

number 

Dilution Supplier 
Secondary 

antibody 

XIAP 

 

Clone 

48/hILP/XIAP 

 

1:1000 
BD 

Biosciences 
Anti-mouse 

Caspase 3 
9662S 

1:1000 
Cell signaling 

technology 
Anti-rabbit 

Bcl-2 
D17C4 

1:1000 
Cell signaling 

technology 
Anti-rabbit 

Pan-Actin #4968 1:1000 
Cell signaling 

technology 
Anti-rabbit 

 

 Western blot quantification 

The results of Western blots were assessed visually by making density comparisons between 

bands in different lanes using ImageJ analysis software. 

 

 Immunohistochemistry (IHC) 

 List of antibodies and reagents 

Reagents: 



Chapter 2 - Materials & Methods   

 50 

10 mM Tris -EDTA: containing 1% 1 M Tris-HCl pH8 and 0.2% 0.5 M EDTA pH8 in dH2O 

which was supplemented with 10 M NaOH to pH9.  

 

10 mM Citrate buffer: containing 1.47 g Trisodium citrate dihydrate (Sigma #S1804) in 500 

ml dH2O, supplemented with HCl to pH6. 

 

PBS/Tween: containing 0.05% Tween20 in PBS 

 

DAB (SK-4100): consumed as kit instructions (Vector Laboratories, Inc. Burlingame, CA) 

 

 

 

Antibodies:  

Table 4. List of IHC antibodies:  

 

Primary 

antibody 

Clone 

number 
Supplier Isotype 

ImmPress-

HRP 

Antigen 

retrieval 

buffer 

CD8  

5 g/ml 

4SM15 eBioscience Rat IgG2a 
ImmPress 

anti-rat IgG 

HRP 

10 mM 

Citrate buffer 

(pH6) 

CD31 

 (1:200) 

MEC13.3 abcam Rabbit IgG 

ImmPress 

anti-rabbit 

IgG HRP 

10 mM 

Citrate buffer 

(pH6) 

Cleaved  

Caspase 3 
5A1E 

Cell Signalling 

TECHNOLOGY 
Rabbit IgG 

ImmPress 

anti-rabbit 

IgG HRP 

10 mM 

Citrate buffer 

(pH6) 

*
Alpha 

Smooth 

Muscle Actin 

(-SMA) 

0.36 g/ml  

1A4 BioLegend Mouse IgG2a   
ImmPress 

anti-mouse 

IgG HRP 

10 mM Tris 

buffer, 1mM 

EDTA (pH9) 

Rabbit anti-

human 

erbB2 

(Her2) 

EPR19547-

12 

 

abcam Rabbit IgG 
ImmPress 

anti-rabbit 

IgG HRP 

10 mM Tris 

buffer, 1mM 

EDTA (pH9) 
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5 g/ml 

 

* Cancer tissues were incubated at room temperature for 1 hour with Mouse on Mouse 

(M.O.M) IgG blocking buffer (MKB-2213, Vector Laboratories) prior to staining with primary 

antibody to block mouse endogenous IgG. The M.O.M IgG blocking buffer was used in 1:50 

dilution in PBS. 

 

 Methods and staining process 

Tumours were harvested from untreated and treated mice and fixed in 10% neutral buffered 

formalin (NBF) for 24 hours prior to being embedded in paraffin. The thickness of tumour 

tissue section was 3 M and 4 M for H&E and immunohistochemistry staining respectively. 

To stain tissues, slides were dewaxed in xylene and re-hydrated with a series of 100%, 90% 

and 70% alcohol and a final wash in water. Antigen retrieval was performed in a pressure 

cooker at high temperature (120°C) high pressure on dewaxed slides using the antigen retrieval 

buffers listed in Table 4. Then tissues were incubated in blocking buffer containing 10% goat 

serum in PBS + 1% BSA for half an hour at room temperature to avoid non-specific binding. 

Slides were then washed with PBS/Tween buffer and stained with primary antibody and isotype 

antibody diluted in blocking buffer overnight at 4°C in a humidified box. The day after, slides 

were washed with PBS/Tween buffer and immersed in methanol + 1% H2O2 for 30 minutes at 

room temperature to inactivate endogenous peroxidases. Slides were next incubated by 

ImmPress-HRP correspondent antibody for 1 hour at room temperature. After incubation, 

slides were washed with PBS/Tween buffer and stained by DAB (SK-4100) substrate solution 

prior to counterstaining with hematoxylin and application of a coverslip. 

For cleaved caspase 3 and H&E staining, fixed tumour samples in 10% NBF were sent to the 

Centre for Advanced Histology and Microscopy (CAHM) at Peter MacCallum Cancer Centre. 

The techniques in cleaved caspase 3 staining was similar to what mentioned above. Tissues 

were processed through histolene solution and a series of alcohol incubations before staining 

with the above antibodies and Haematoxylin solutions. 
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 Microscope imaging and analysis 

Sections were scanned using an Olympus BX53 widefield microscope. Quantification analysis 

was obtained using MetaMorph and HALO image analysis software. 
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 Flow cytometry 

 Antibodies 

Table 5. List of Flow cytometry antibodies: 

All antibodies were specific for mice and details of their clone, colour, supplier and dilution 

has mentioned below: 

 

Name Clone Colour  Manufacturer Dilution 

MHCI (H2Db)  (KH95) PE Cell signalling, USA  1:200 

MHCII  (M5/114.15.2) APC eBioscience, USA 1:1000 

Rae 1  (PAN) PE Biolegend, USA 1:50 

H60  (1.67) PE Biolegend, USA 1:100 

PD-L1  (M1H5) PE Biolegend, USA 1:200 

PD-L2  (TY25) PE Biolegend, USA 1:200 

Galectin 9  (108A2) PE Biolegend, USA 1:200 

CD73  (11.8) PB Sigma-Aldrich, USA  1:200 

CD39  (5F2) Biotin Biolegend, USA 1:200 

CD95 (Fas)  (SA367H8) APC Biolegend, USA 1:200 

CD120a (TNFR)  (55R-286) APC Biolegend, USA 1:200 

Her2  (24D4) APC Biolegend, USA 1:200 

CD272 (BTLA)  (6A6) APC Biolegend, USA 1:200 

CD155  (TX56) PeCy7 Biolegend, USA 1:200 

HVEM (CD270)  (1b18) PE Biolegend, USA 1:200 

TIM-3  (RMT3-23) APC Biolegend, USA 1:200 

PD-1   (J43) PE Biolegend, USA 1:400 

CD226 (DNAMI)  (10E5) PeCy7 Biolegend, USA 1:200 

TIGIT  (1G9) PeCy7 Biolegend, USA 1:200 

CD96  (3.3) APC Biolegend, USA 1:200 

LAG-3 (CD223)  (C9B7W) APC Biolegend, USA 1:200 
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CD178 (FasL)  (MFL3) PE Biolegend, USA 1:200 

B7H4  (HMH4-5G1) APC Biolegend, USA 1:200 

CD90 (Thy-1)  (OX-7) PE BD Bioscience 1:200 

Annexin V   APC BD Bioscience 1:100 

7AAD   BD Bioscience 1:20 

CD45.2  (104) APC-Cy7 eBioscience, USA 1:100 

CD3  (17A2) BV605 Biolegend, USA 1:50 

CD8  (53-6.3) BV711 Biolegend, USA 1:400 

CD8  (53-6.3) PeCy7 
BD Biosciences, 

USA 
1:400 

CD62L  (MEL-14) APC eBioscience, USA 1:400 

CD44  (OX-7) BV785 Biolegend, USA 1:200 

CD19  (6D5) BV785 Biolegend, USA 1:100 

NK1.1  (PK136) PeCy7 eBioscience 1:200 

CD11b  (M1/70) BV711 Biolegend, USA 1:1000 

CD27  (LG.7F9) APC eBioscience, USA 1:200 

Ly6G  (RB6-8C5) BV605 Biolegend, USA 1:200 

Ly6C  (HK1.4) PeCy7 Biolegend, USA 1:400 

F4/80  (T45-2342) BV421 
BD Biosciences, 

USA 
1:400 

CD103  (2E7) PE BioLegend 1:200 

CD11c  (N418) BV785 BioLegend 1:400 

IgG1 isotype Antibody  (Neu 24.7) PE BD Biosciences 1:100 

IgG2a isotype Antibody  (eBR2a) APC BD Biosciences 1:200 

IgG2a isotype Antibody  (eBR2a) FITC BD Biosciences 1:200 

VISTA  (MH5A) APC BioLegend 1:200 

FluoroGold   Biotium 1:1000 

Fixable Yellow   Thermo Fisher 1:400 
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 In vitro sample preparation 

5 x 105 – 1 x 106 cells were harvested following overnight culture, then prior to staining, cells 

were washed with FACS buffer and then stained directly with relevant antibodies that had been 

diluted in FACS buffer. Cells were then incubated for 30 minutes on ice, followed by two 

washes with FACS buffer to remove unbound antibody. Finally, cells were prepared in 250-

500 μL of FACS buffer containing 0.3 ng/mL propidium iodide (Sigma-Aldrich, catalogue 

number P4170) or 2 μM Fluorogold (Biotium, CA, USA, catalogue number 80014). Data 

acquisition was performed on a LSRII flow cytometer and data were analysed using FlowJO 

10.2 software. 

 

 Ex-vivo sample preparation 

For ex-vivo studies, tumours were harvested and minced into very small pieces < 2 mm3 in 2- 

4 mL digestion solution (RPMI 1640 containing 1 mg/ml collagenase IV (Worthington 

Biochemical, Lakewood, NJ), 30 units/ml Dnase type II (Sigma), and 100 µg/ml hyaluronidase 

type V (Sigma) and incubated for 20 minutes in a shaking incubator at 37oC. Following 

incubation, tumour suspensions were filtered through a 70 µm cell strainer and washed twice 

with PBS. Then cells were resuspended in FACS buffer supplemented with 1:100 2.4 G2 (anti-

CD16/32, to block Fc receptor binding) for 20 minutes. Then cells were washed with PBS and 

resuspended in relevant staining antibodies diluted in FACS buffer. Following incubation on 

ice for 25 minutes, samples were washed twice with PBS and then resuspended in 250-500 L 

FACS buffer. Viability dye 0.3 ng/mL propidium iodide (Sigma-Aldrich, catalogue number 

P4170) or 2 M Fluorogold (Biotium, CA, USA, catalogue number 80014) were added to 

samples just before data acquisition on a LSRII flow cytometer system. Data were analysed by 

FlowJO 10.2 software. 

 

 Gating strategy and analysis 

Samples were gated based on their morphology and size in forward and side scatters prior to 

single cell gating. Following single cell gating, samples were gated on live cells. For further 

analysis all colours were adjusted by compensation on the instrument. 5000-10000 events were 

gathered in each sample for analysis. Below is a representative gating strategy for flow 

cytometry analysis, Figure 2.1. 



Chapter 2 - Materials & Methods   

 56 

 

Figure 2.1. Representative gating strategy in flow cytometry analysis 

 

Regarding sample quantification, counting beads (Beckman Coulter, Mount Waverley, 

Victoria, Australia) were used 10 µL/sample, and the number of cells of interest/mg were 

calculated using the formula:  

number of cells of interest per mg =
number of beads per sample ×  number of cells of interest

tumour weight ×  beads events
 

 

 Cytometric Bead Array (CBA) 

To quantify levels of IFN, TNF- and IL-10 released in AT3-Her2 and E0771-Her2 treated 

tumour microenvironment, 7 days posttreatment tumours from mice receiving either ACTIV, 

ACTIV+VV-dd or ACTIV+AZD5582 treatments, as well as untreated mice as control, were 

collected and cut into small pieces (< 2 mm3 in PBS at 50 mg/100 µL in 1.5 ml microfuge tubes 

(Eppendorf). After 2 hours incubation at 37oC, tubes were centrifuged and the supernatant 

collected for CBA assay. All reagents in this assay were purchased from BD Biosciences, San 

Jose, California, USA. To make a standard curve, cytokine standards were serially diluted in 

assay diluent across 12 wells in a round-bottom 96-well plate from 5,000 pg/mL to 2.44 pg/ml. 

In each well 10 µL cytokine standards or supernatant samples were placed. Cytokine-specific 

capture bead cocktail containing 0.2 µL of each IFN, TNF- and IL-10 murine cytokine 

diluted in capture diluent to total volume of 10 µL was added into each well containing the 

standards or samples followed by an hour incubation in the dark at room temperature. Then, 

cytokine- specific PE-conjugated detection antibodies were prepared the same way as the 

capture beads and added to each well at 10 µL/well and incubated for another hour. Finally, 

150 µL of wash buffer was added per well, and the plates were centrifuged at 200 g for 5 

minutes. Supernatants were discarded, and 150 µL of wash buffer was added into each well 
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prior to analysis on FACS Verse (BD Biosciences, San Jose, California, USA). Data was then 

further analysed using FCAP software (BD Biosciences, San Jose, California, USA). 

 

 Gene expression studies 

 Sample preparation and tumour harvest 

The AT3-Her2 (1 x 106) and E0771-Her2 (4 x 105) tumour cell lines, were injected 

subcutaneously into Her2 transgenic mice.   Tumours were grown in mice for 3 weeks to get 

to approximately 50-60 mm2 sizes. Tumours were harvested from euthanized mice and 

approximately 30 mg tumour tissue from each mouse transferred to a 1.5 ml microfuge tube.  

Then the microfuge tubes were transferred quickly to liquid nitrogen for snap freezing. Samples 

were kept at -80°C till RNA extraction day. 

 

 RNA extraction 

The RNeasy mini Kit (QIAGEN®, Germany) was used to purify RNA from tumour tissues. 

Samples from -80°C were thaw in 600 μL of RLT buffer (including β-Mercaptoethanol (β-

ME)) from kit for tissue disruption. Then samples were homogenized and lysed by using a 

FastPrep -24 homogenizer machine. Sample lysates were centrifuged for 3 minutes at 

maximum speed (> 8000 g) in a microcentrifuge. Then supernatants were gently transferred to 

a new microcentrifuge tube by pipetting.  

Ethanol (350 μL – 600 μL of 70%) was then added to the cleared lysate, and mixed immediately 

by pipetting prior to transfer to a RNeasy mini column supplied in the kit. The columns were 

centrifuged for 15 s at 8000 g and the flowthrough discarded after centrifugation. Then, buffer 

RW1 and buffer RPE were added to each column respectively, followed by centrifugation for 

15 s at 8000 g in both steps. Finally, purified RNA was eluted in a collection tube in 35 µL 

RNase free water. 

 

 RNA quality and quantification 

Prior to sequencing, the quality of extracted RNA was assessed using the Aligent RNA 2200 

TapeStation system kit (Aligent Technologies, Santa Clara, CA, USA) according to 
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manufacturer instructions, and samples with an RNA integrity number (RIN) of greater than 

3.7 were used for library preparation. 

 

 Library preparation and 3’-mRNA sequencing 

The Lexogen QuantSeq 3’mRNA-Seq Library Prep Kit for Illumina (FWD) (Greenland, NH, 

USA) was used to generate libraries, as per the manufacturer instructions (Moll et al., 2014). 

Single-end sequencing was performed on the NextSeq (Illumina, San Diego, CA, USA) by the 

Molecular Genomics Core Facility of PMCC to generate approximately 7 million 75bp single-

end reads per sample. Raw sequencing reads were sent to the Bioinformatics Consulting Core 

(BCC) and analysed by Dr. Niko Thio at the Peter MacCallum Cancer Centre. 

 Metabolic assay 

 Reagents  

Reagents including media, drugs and plates were used from Agilent Seahorse XF Cell Mito 

stress test kit according to manufacturer instructions. 

 Seahorse assay 

Using a Seahorse Xfe96 Bioanalyzer (Agilent), AT3-Her2 (16,000/well) and E0771-Her2 

(8,000/well), were plated on Seahorse culture plate one day prior to experiment day in complete 

DMEM media. Tumour cells were cultured in different numbers due to their differential growth 

rate. On the experiment day, cultured cell media was replaced with Seahorse XF Base media 

supplemented with 5.5 mM glucose, 1mM pyruvate, 2 mM glutamine and adjusted with 1 M 

NaOH to reach pH 7.4. Basal oxygen consumption rates were taken for 30 minutes. Cells were 

stimulated with 1 μM oligomycin, 1 μM FCCP, 1 μM 2-deoxyglucose and 100 μM 

rotenone/antimycin A to measure ATP production and obtain maximal respiratory and control 

values. Finally, cells were coloured by Hoescht staining and counted using an ArrayScanVTI 

reader to normalize values obtained in the assay. 
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 Mouse In vivo experiments 

 Mice 

All mice were bred and maintained in specific pathogen free (SPF) animal facility conditions 

(PC2) at the Peter MacCallum Cancer Centre. All experimental procedures were approved in 

advance by the Peter MacCallum Cancer Centre animal ethics committee (Approvals # E498 

and #E582). 

All mice were used at ages ranging from 6 to 16 weeks. In each experiment aged-matched and 

gender-matched mice were used. Mice were ear-tagged and their ear numbers and tumour sizes 

were recorded and randomly assigned to experimental groups. Tumour size measurements was 

monitored by using callipers and individual mice were humanely culled when tumours reached 

150 mm2.  

 

Table 6. Mouse strains 

Strain Description 

C57BL/6-hHer2 

These transgenic mice generated on a C57BL/6 

background express human Her2 under the control of 

the whey acidic protein promoter 400. 

C57BL/6-pMel-1/CAR 

C57BL/6-CARaMEL mice were generated by crossing 

CAR and pMEL mice 394. T cells from these mice 

express both a TCR specific for hgp10025-33 and a CAR 

specific for human Her2. 

C57BL/6-pMel-1/CAR-Thy1.1 
C57BL/6-pMel-1/CAR transgenic mice (above) that 

express Thy1.1 allele. 

C57BL/6-pMel-1/CAR-Prf KO 
C57BL/6-pMel-1/CAR transgenic mice (above) 

deficient in the gene encoding for perforin. 

C57BL/6-pMel-1/CAR-IFN KO 
C57BL/6-pMel-1/CAR transgenic mice (above) 

deficient in the gene encoding IFN. 
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 Neutralizing antibodies 

 

Table 7. List of neutralizing antibodies 

All antibodies were specific for mouse cytokines and were supplied by BioXcell, New 

Hampshire, USA.  

 

 

Antibody Clone Administration 

Anti-IFNγ XMG1.2, BioXCell 
Intraperitoneal injection (I.P) injections of 200 

μg/mouse on the day of therapy and then 100 

μg/mouse twice weekly for two weeks. 

Anti-TNF-α TN3-19.12, BioXCell 
I.P injections of 1 mg/mouse on the day of therapy 

and then 0.5 mg/mouse twice weekly for two 

weeks. 

Anti-CXCR3  CXCR3–173, BioXCell 
I.P injections of 200 μg/mouse on the day of 

therapy and then 100 μg/mouse twice weekly for 

two weeks. 

Anti-CD8 YTS 169.4, BioXCell 
I.P injections of 200 μg/mouse on the day of 

therapy and then 100 μg/mouse twice weekly for 

two weeks. 

Anti-IFNAR-1 MAR1-5A3, BioXCell 
I.P injections of 200 μg/mouse on the day of 

therapy and then 100 μg/mouse twice weekly for 

two weeks. 

 

 Tumour inoculation and ACTIV treatment 

Breast cancer cell lines E0771-Her2 (4 x 105 cells/mouse) and AT3-Her2 (1 x 106 cells/mouse) 

were injected into Her2 transgenic mice subcutaneously. After 3 weeks established tumours 

were subjected to Adoptive Cell Transfer Incorporating Vaccination (ACTIV) therapy 

involved a lymphodepleting preconditioning regimen using 4 Gy whole-body irradiation. 

Approximately one hour later an intravenous (I.V) injection of 1 × 107 mouse splenocytes from 

donor C57BL/6-pMel-1/CAR mice was administered, followed by (I.V) injection of 2 × 107 

pfu vaccinia virus VV-gp100 per mouse. Human recombinant IL-2 (Biological Resources 



Chapter 2 - Materials & Methods   

 61 

Branch, National Cancer Institute, Frederick, MD and Jiangsu Kingsley Pharmaceutical, 

China) at 100,000 IU was administered intraperitoneally (I.P) twice daily for 2 days. 

 

 

 ACTIV therapy combinations 

The table below describes the concentrations and administration of different combinations with 

ACTIV therapy. The IL-2 injections were excluded from all ACTIV therapy combinations to 

reduce possible toxicity in mice. 

 

Table 8. List of ACTIV combination reagents 

 

Supplier Concentration Administration schedules 

Metformin alphapharm 50 mg/kg 
I.P injections on days -3 and -1 of 
ACTIV therapy and followed by 

injections twice a week for 2 weeks 

AZD5582 CHEMITEK 3 mg/kg 
I.P injection initiated one day after 

ACTIV therapy day and continued twice 
a week for 2 weeks 

VV-dd 

Generated in-
house. Originally 

from David 
Bartlett, 

University of 

1 x 109 

pfu/mouse  
Intratumoral (I.T)  injections on ACTIV 

therapy day and 2 days posttreatment 
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Pittsburgh Cancer 
Institute, 

Pennsylvania, 
USA. 

 

 Statistical analyses 

Data analyses were performed using GraphPad Prism (version 7; California, USA). All 

statistical analysis and comparisons between two groups were performed with Student's T Test, 

whereas comparisons between multiple groups were performed with using one-way/two-way 

ANOVA as indicated in each figure. Data are presented in this thesis as mean ± standard error 

of the mean (SEM) and a P value of <0.05 was considered significant. 
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3 Identifying parameters mediating tumour resistance to 

adoptive immunotherapy 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 – Results 

 64 

 

 Introduction 

Despite the significant success in the treatment of B cell haematological malignancies, there 

have been very few objective responses of CAR T cell therapy against most solid tumours 

323,335. Poor expansion and low tumour infiltration of CAR T cells, as well as the 

immunosuppressive tumour microenvironment, are thought to be key limitations in the 

treatment of solid malignancies 323,335.  

The majority of pre-clinical CAR T cell studies have used tumour xenografts in 

immunodeficient mice lacking an adaptive immune system, which does not fully represent the 

patient setting. Therefore, toxicity and effectiveness of CAR T cell treatment in patients is hard 

to predict from xenograft studies performed in immunocompromised mice 324,390,391. Only few 

studies have been done in immunocompetent mice, and treatment responses were generally 

restricted to small tumours 392,393.  

A recent study from our laboratory has used a novel approach involving Adoptive Cell Transfer 

Incorporating Vaccination (ACTIV) therapy to effectively eradicate large solid tumours 

established in TAA-transgenic immunocompetent mice. In this study, mouse tumours 

expressing human Her2 were inoculated into Her2-transgenic mice, which also express human 

Her2 as a self-antigen in the brain and breast tissue. Mice bearing established tumours were 

preconditioned by irradiation, and treated with intravenous injection of dual specific CAR T 

cells and recombinant virus as well as four doses of IL-2 394.  

The dual specific CAR T cells that are used in ACTIV therapy have an endogenous pMEL 

TCR to facilitate T cell activation and expansion in response to a strong immunogen, vaccinia 

virus VV-gp100 and contains a CAR specific for the Her2 tumour antigen (Figure 3.1). The 

source of dual specific T cells (CARaMEL T cells) was provided by transgenic mice expressing 

both the CAR and TCR on T cells 397 (Figure 3.1). Results from previous studies using ACTIV 

therapy have demonstrated extensive systemic T cell expansion and increased infiltration in 

the solid tumour microenvironment 394. 
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Figure 3.1.  A schematic representation of a CARaMEL T cell 

A CARaMEL T cell expresses a CAR that specifically recognizes the tumour associated antigen, 

Her2, and a specific TCR against a defined immunogen, pMEL. Stimulation of CARaMEL T cells 

through their TCR, using a vaccine, leads to sustained activation, expansion and persistence of 

these dual-specific T cells. This, in turn, leads to enhancement of their anti- tumour activity against 

Her2-expressing tumours, mediated by the CAR. 

 

ACTIV therapy has shown effective anti-tumour responses in mice resulting in eradication of 

several tumour types including E0771-Her2 (breast cancer), 24JK-Her2 (murine sarcoma) and 

MC38-Her2 (colon cancer) 394. However, despite the significant efficacy of ACTIV therapy in 

eradication of different tumour types, including E0771-Her2, unpublished results showed the 

breast cancer tumour, AT3-Her2, did not respond fully to ACTIV therapy. Thus, the E0771-

Her2 and AT3-Her2 models represent a pair of murine breast cancers that are differentially 

responsive to ACTIV therapy. 

Several factors, including differential susceptibility to each of the ACTIV components 

(irradiation, CARaMEL T cell, vaccinia VV-pg100 and IL-2), may play a role in the relative 

resistance of AT3-Her2 tumour cells to ACTIV therapy. In addition, higher expression of 

checkpoint ligands and over-expression of anti-apoptotic molecules in AT3-Her2 tumour cells 

may also play a role in resistance. Understanding the factors involved in tumour resistance to 

ACTIV therapy by using E0771-Her2 and AT3-Her2 as a two- tumour model system may 

enable the extension of this therapy to a broader range of tumours and lead to the design of new 

immunotherapy regimens for the treatment of cancer patients. 
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This chapter will explore the expression of activating and inhibitory molecules on both tumours 

and CARaMEL T cell in vitro and in vivo to provide more information on the tumour 

microenvironment and the presence of immune suppressive molecules. In this study, tumour 

cells will be labelled with specific antibodies and analyzed using flow cytometry. Furthermore, 

susceptibility of AT3-Her2 and E0771- Her2 tumour cells to each ACTIV component will be 

investigated both in vitro and in vivo to potentially reveal important factors involved in 

differential responses, and finally the expression of anti-apoptotic genes will be assessed using 

SDS-PAGE, Western blot and RNA sequencing (RNA-seq) analysis as summarized in the 

figure below (Figure 3.2).  

 

 

Figure 3.2.  Workflow diagram depicting the parameters investigated in this Chapter to 

identify factors contributing to the differential responses of AT3-Her2 and E0771-Her2 to 

ACTIV therapy. 

The differential responses of AT3-Her2 and E0771-Her2 to ACTIV therapy will first be confirmed 

and illustrated. This will be followed by determining the relative immunophenotype of the two 

tumours and their relative expression of anti-apoptotic molecules. The relative susceptibility of the 

tumours to individual components of ACTIV therapy will also provide insight into the reasons 

behind their differential responses.    
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 AT3-Her2 is more resistant than E0771-Her2 to ACTIV therapy 

As mentioned in the previous section ACTIV therapy has been successful in the treatment of 

various types of tumours including E0771-Her2 but not AT3-Her2. To confirm the previous 

results produced in our laboratory, we tested the efficacy of ACTIV therapy against E0771-

Her2 (responsive to therapy) and AT3-Her3 (resistant to therapy). The experiment was initiated 

by subcutaneously injection of E0771-Her2 (4 x 105 cells/mouse) and AT3-Her2 (1 x 106 

cells/mouse) tumour cells into mice (15 mice in each group). These cell doses produced similar 

sized established tumours approximately three weeks later. Mice then were randomized and 

divided into two groups: ACTIV-treated and untreated (control). ACTIV therapy consisted of 

4 Gy whole-body irradiation (for lymphodepleting preconditioning), followed by same day 

intravenous injection of splenocytes from CARaMEL mice (1 x 107 cells/mouse) containing 

approximately 2 x106 CARaMEL T cells, a single intravenous injection of live vaccina virus 

VV-gp100 (2 x 107 pfu/mouse) as the maximum tolerated dose and 4 doses of human 

recombinant IL-2 (100,000 IU per dose) over a 48-hour period. Tumour growth was monitored 

after therapy and mice with tumour sizes exceeding 150 mm2 were humanely euthanized 

according to the Peter Mac Animal Experimentation Ethics Committee protocol. 

In this experiment there was a significant regression of E0771-Her2 tumour growth in mice 

receiving the full ACTIV regimen with 6 out of 9 mice being tumour free leading to a 

significant increase in long-term survival (Figure 3.3 A, B). In contrast, mice bearing 

established AT3-Her2 tumours, following ACTIV treatment, showed initial regression, but this 

was followed by tumour progression after 7 days indicating that AT3-Her2 tumours were 

relatively resistant to ACTIV therapy (Figure 3.3 A). Consequently, long-term survival of 

AT3-Her2 ACTIV-treated mice was significantly less than ACTIV-treated mice with E0771-

Her2 tumour (Figure 3.3 B). 

We next investigated the mechanisms underlying the relative resistance of AT3-Her2 to 

ACTIV therapy by assessing; (i) the relative expression of tumour antigen, Her2; (ii) the 

relative expression of immune-responsive receptors and checkpoints ligands; (iii) potential 

differences insensitivity to ACTIV components; and (iv) the relative expression of apoptotic 

pathway genes. 
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Figure 3.3.  AT3-Her2 tumour is relatively resistant to ACTIV therapy 

The C57BL/6 syngeneic breast cancer cell lines E0771-Her2 (4 x 105 cells/mouse) and AT3-Her2 

(1 x 106 cells/mouse) were subcutaneously inoculated into mice and tumours allowed to established 

for 3 weeks. Mice then received complete ACTIV therapy (4 Gy irradiation, 1 x107 cells/mouse 

CARaMEL splenocytes, 2 x107 pfu/mouse VV-gp100 and 4 doses of 100,000 IU/dose IL-2) or 

remained untreated. (A) Tumour growth of AT3-Her2 and E0771-Her2 tumours at the indicated 

times. (B) The survival rate of mice was significantly higher in mice bearing E0771-Her2 compared 

to AT3-Her2 tumours following ACTIV therapy which led to a significant increase in long-term 

survival in 6 out of 9 mice, that remained tumour free for over 70 days. Data are displayed as the 

mean with error bars representing the SEM. n=6 in each untreated group of mice and n=9 in each 

ACTIV-treated group of mice. Significance was determined in (A) by two-way ANOVA and in 

(B) by Mantel-Cox test. ***, P < 0.001; ****, P < 0.0001. 
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 Phenotyping of AT3-Her2 and E0771-Her2 tumour cells to determine the 

relative expression of immune-activating and inhibitory molecules 

In this part of the study, we investigated the relative expression of the tumour antigen, Her2, 

targeted by the CARaMEL T cells and a variety of immune-potentiating and inhibitory 

molecules that can be displayed on the surface of tumour and immune cells that may have led 

to the differential sensitivity to ACTIV therapy. The range of molecules are summarized 

schematically in Figure 3.4. 

 

 

Figure 3.4. Schematic of co-stimulatory and inhibitory molecules 

The expression of a selection of important inhibitory and activating molecules on AT3-Her2 and 

E0771-Her2 tumours as well as their corresponding receptors on CARaMEL T cells were 

investigated in vitro and in vivo using flow cytometry.   
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 The level of expression of Her2 in vitro is higher in AT3-Her2 than in E0771-

Her2 tumour cells 

One of the potential tumour escape mechanism following immunotherapy is reduction or loss 

of tumour antigen expression 401.  To investigate whether AT3-Her2 resistance to ACTIV 

therapy is due to loss or reduction of the tumour antigen (Her2), the level of Her2 expression 

were compared in the AT3-Her2 and E0771-Her2 tumour cells using flow cytometry. In 

addition, parental cell lines lacking the Her2 antigen as well as isotype antibodies were used as 

negative controls in this experiment. 

Our results showed that, both AT3-Her2 and E0771-Her2 tumour cells had high levels of Her2 

expression (Figure 3.5 A). Interestingly, the levels of Her2 expression were higher in AT3-

Her2 than E0771-Her2 cells (Figure 3.5 A, B), which did not explain the relative resistance of 

AT3-Her2 to ACTIV therapy. 
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Figure 3.5.  AT3-Her2 expresses higher levels of Her2 

The E0771-Her2 and AT3-Her2 and parental cell lines were labelled with a Her2-specific antibody 

and analysed using flow cytometry. (A) Representative histogram overlays depict the control 

negative parental cell lines (light blue and pink lines, left panel) as well as isotype control stained 

Her2+ tumour lines (dotted red and blue lines, right panel). (B) Pooled data of MFI demonstrating 

Her2 expression which was significantly high in AT3-Her2 compared toE0771-Her2 tumour cells. 

Data are displayed as the mean with error bars representing the SEM. Significance was determined 

by an unpaired T test. ****, P < 0.0001. MFI=Mean fluorescence intensity.  

 

 

 Comparison of the expression levels of immune-responsive receptors on AT3-

Her2 and E0771-Her2 tumour cell lines 

Expression level of cell surface receptors on tumour cells play an important role in their 

interaction with the immune system. Ligation of receptors on tumour cells with activating 

receptors on cytotoxic effector cells can lead to tumour recognition and apoptosis. Therefore, 
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loss or significant reduction of immune-stimulatory molecules, also known as immune-

responsive receptors, can cause tumour resistance to immune cell killing 60,402–404. To assess 

whether this was the reason underlying the resistance of AT3-Her2 to ACTIV therapy; 

expression of H2Db (MHCI), FAS, TNFR (receptors for CTL-expressed ligands) and Rae 1 

and H60 (NKG2D ligands) were compared between AT3-Her2 and E0771-Her2 tumour cells 

using flow cytometry (Figure 3.6 A, B). 

The flow cytometry results demonstrated significantly higher expression of H2Db (MHCI) and 

Rae 1 on E0771-Her2 than AT3-Her2 cell lines (Figure 3.6 A, B). Although this would not 

impact on anti-Her2 CAR activity, it was possible that recognition of other tumour antigens by 

TCR expressed by conventional endogenous T cells played a role. The lower expression of 

MHCI and Rae 1 on AT3-Her2 tumour cells may make AT3-Her2 less recognisable by 

conventional cytotoxic T cells and NK cells, leading to resistance to therapy 60,403,405. However, 

it is important to note that the differences in expression were observed in cancer cells grown in 

vitro, which may not be the case in tumours in vivo. In subsequent experiments described 

below, we determined expression levels of these markers in the tumour cells grown in vivo, 

however we first completed our phenotypic investigation of the cell lines in vitro. 
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Figure 3.6.  Comparison of immune-responsive receptors on AT3-Her2 and E0771-Her2 

tumour cell lines 

The C57BL/6 syngeneic E0771-Her2 and AT3-Her2 cell lines were stained with monoclonal 

antibodies specific for the indicated molecules, and subjected to flow cytometric analysis. (A) 

Representative flow cytometry profiles of immune-responsive receptors on both cell lines. (B) 

Pooled quantification data from 4 separate experiments presented as the MFI of the ratio of receptor 

expression relative to isotype control. Data are displayed as the mean with error bars representing 

the SEM. Significance was determined by an unpaired T test. ****, P < 0.0001). MFI=Mean 

fluorescence intensity. 

 

 

 Comparison of the expression of checkpoint ligands on AT3-Her2 and E0771-

Her2 tumour cell lines 

High expression of immune checkpoint ligands is an important tumour immunosuppressive 

mechanism that can mediate T cell exhaustion. Tumours can inhibit immune cells by 

expression of immune checkpoints, leading to downregulation of immune function and tumour 

escape from host immunity 406,407. To investigate the role of immune checkpoint ligands in 

AT3-Her2 resistance to ACTIV therapy, expression of important inhibitory molecules was 

compared in AT3-Her2 and E0771-Her2 cell lines using flow cytometry. 

This experiment revealed that ligands including MHCII, HVEM, Galectin 9, B7H4, PD-L2 and 

VISTA were not differentially expressed in AT3-Her2 and E0771-Her2 cells (Figure 3.7 A, 

B). 

In contrast, inhibitory ligands such as PD-L1, CD73 and CD155 were more highly expressed 

in the E0771-Her2 cell line (Figure 3.7 A, B). All of these immune checkpoints play an 

important role in modulating T cell function and activity. For instance, CD73 is a cell surface 

ectoenzymes involved in the generation of adenosine, which can inhibit T cell function 408. 

High expression of PD-L1 and CD155 and their related inhibitory receptors (PD1 and CD96 

respectively), on T cells can lead to T lymphocyte exhaustion 409–411. Since expression of these 

checkpoints were reduced on AT3-Her2 cells, this data suggested that these inhibitory ligands 

did not play a significant role in the reduced response of AT3-Her2 to ACTIV therapy (Figure 

3.7 A, B).  

Another immune checkpoint which was assessed in this experiment was CD39 expression 

(Figure 3.7 A, B). Similar to CD73, expression of CD39 is involved with production of 

extracellular adenosine and T cell exhaustion 185. Therefore, higher expression of the CD39 in 
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AT3-Her2 than E0771-Her2 tumour cells could contribute in AT3-Her2 resistance to ACTIV 

therapy. However, it is important to note that the differences in expression were observed in 

cell lines grown in vitro, which may not be the case in tumours in vivo. 
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Figure 3.7.   Comparison of various inhibitory immune checkpoint ligands on AT3-Her2 and 

E0771-Her2 cell lines 

The C57BL/6 syngeneic E0771-Her2 and AT3-Her2 cell lines were stained with antibodies specific 

for the indicated checkpoint ligands and subjected to flow cytometric analysis. (A) Representative 

FACS profiles of immune checkpoint ligands on both tumour lines. (B) Pooled quantification data 

from 4 separate experiments presented as the MFI of the ratio of receptor expression relative to 

isotype control. Data are displayed as the mean with error bars representing the SEM. Significance 

was determined by an unpaired T test. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001). MFI=Mean 

fluorescence intensity.  
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 Investigation of the expression level of checkpoint receptors and immune-

activating receptors on T cells 

Binding of inhibitory receptors on T cells with immune checkpoints on tumour cell can induce 

T cell suppression and exhaustion 412. Following the above investigation of expression of 

activating and inhibitory molecules on both tumour cell lines, we next analysed the expression 

of immune checkpoints and activating receptors on activated CARaMEL T cells using flow 

cytometry. In this experiment, CARaMEL T cells were activated in vitro in the presence of gp-

100 peptide and IL-2 to expand and activate CD8+ T lymphocytes for 5 to 7 days. On day 6 

post activation CARaMEL T cells were labelled with specific antibodies and analysed using 

flow cytometry. 

The results showed relatively high expression of the inhibitory molecules CD160, LAG-3, 

CD96 on T lymphocytes (Figure 3.8 A, B). High expression of CD160 can impair the activity 

of T lymphocytes 413,414 and similarly, elevation of LAG-3 expression can negatively regulate 

T cell proliferation and activity following ligand interaction 160. 

Since the expression of ligands for CD160 and LAG-3, HVEM and MHCII respectively did 

not significantly differ between the respective tumour cell lines; elevated expression of CD160 

and LAG-3 did not explain the resistance of AT3-Her2 tumour cells to ACTIV therapy.  

In contrast, our data revealed high expression of the activating molecule CD226 (DNAM-I) on 

CARaMEL T cells. Since, both the coinhibitory receptor CD96 and costimulatory receptor 

CD226 compete for binding to CD155 on tumour cells 409,410, it was not clear whether high 

expression of CD96 as an inhibitory receptor for CD155 could lead to CARaMEL T cell 

exhaustion.  



Chapter 3 – Results 

 78 

 

 



Chapter 3 – Results 

 79 

 

Figure 3.8.  Expression of activating and checkpoints receptors on CD8+ CARaMEL T cells 

On day 6 post CARaMEL T cell activation with VV-gp100 peptides, CARaMEL T lymphocytes 

were stained with antibodies specific for the indicated inhibitory and stimulatory receptors and 

subjected to flow cytometric analysis. (A) Representative flow cytometry profile of inhibitory and 

activating receptors on CD8+ CARaMEL T cells. (B) Quantitative analysis of pooled data from 4 

separate experiments indicating the percentages of CD8+ CARaMEL T cells expressing the 

indicated activating and checkpoints receptors. (pink = inhibitory receptor, Green = activating 

receptor). CARaMEL T cells were activated with 50 IU/ml hIL-2, 2 ng/ml IL-7, and 0.1 g /ml 

hgp10025-33. 
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  AT3-Her2 cells expressed higher levels of Her2 antigen than E0771-Her2 

tumour cells in vivo 

In the previous section characterisation of both tumour cell lines in vitro demonstrated higher 

expression levels of Her2 antigen on AT3-Her2 cells. However, since tumour 

microenvironment-derived cytokines may affect protein expression in vivo, we sought to 

determine the relative expression of Her2 on both E0771-Her2 and AT3-Her2 tumour cells in 

vivo. Separate cohorts of transgenic Her2 mice (4 mice in each cohort) were injected with either 

AT3-Her2 or E0771-Her2 tumour cells. After 3 weeks of tumour establishment, tumours were 

collected, dissociated and stained with an anti-Her2 antibody or isotype control antibody. 

Labelled cancer cells were then gated on their endogenous GFP expression and analysed using 

flow cytometry for Her-2 expression. 

Consistent with the preceding in vitro results, AT3-Her2 cells expressed higher levels of Her2 

antigen than E0771-Her2 tumour cells in vivo (Figure 3.9). Since antigen levels generally 

correlate with the extent of T cell responses, the difference in Her2 expression between the cell 

lines did not adequately explain why AT3-Her2 cells responded less well to ACTIV therapy. 

 
Figure 3.9.   AT3- Her2 tumour cells express higher levels of Her2 antigen than E0771-Her2 

cells in vivo 

Mice (n=4 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 cells/mouse) 

and AT3-Her2 (1 x 106 cells/mouse) cells and tumours allowed to establish for 3 weeks. Tumours 

were then harvested and disassociated cells were stained with a Her2 antibody or isotype control 

antibody and then gated on the endogenous GFP expression to be analysed by flow cytometry. (A) 

Representative histogram overlays depict isotype control data (dotted red and blue lines) or specific 

Her2 staining (solid red and blue lines). (B) Pooled MFI data from 4 separate tumour mice 

indicating Her2 expression is higher in AT3-Her2 than E0771-Her2 tumour in vivo. Data are 
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displayed as the mean with error bars representing the SEM. Significance was determined by 

unpaired T test. ****, P < 0.0001. MFI=Mean fluorescence intensity. 

 Comparison of expression of immune-activating receptors on AT3-Her2 and 

E0771-Her2 tumour cells 

In earlier experiments expression of immune activating ligands on AT3-Her2 and E0771-Her2 

cell lines were investigated in vitro. Since this may vary in vivo due to the presence of specific 

cytokines within the tumour microenvironment, the expression of these ligands was 

investigated on established AT3-Her2 and E0771-Her2 tumour grown in mice. The AT3-Her2 

and E0771-Her2 cell lines were injected subcutaneously into mice and after 3 weeks of 

establishment, tumours were collected and labelled with specific antibodies. The tumours were 

positively gated on their endogenous GFP expression using flow cytometry. 

It was first important to determine the relative expression levels of MHCI in vivo, since 

although CAR activity is independent of MHCI, overall tumour immunogenicity involving 

neoantigens originating from gene mutations can generate MHCI immunogenic epitopes that 

can act as a target for immunotherapies 415. Interestingly, despite the in vitro results showing 

that AT3-Her2 cells expressed little MHCI, AT3-Her2 tumours grown in vivo expressed high 

levels of H2Db (MHCI) Figure 3.10. This could be due to high levels  IFN present in vivo 

which is known to be a strong regulator of MHCI expression  416. Indeed, expression of MHCI 

in AT3-Her2 cells exceeded that of E0771-Her2 tumour cells (Figure 3.10 A, B), suggesting 

that the lower response of AT3-Her2 to ACTIV therapy was not due to differences in MHCI 

expression. In addition to this, the expression of Rae 1 and H60, as stimulatory ligands for NK 

cells was assessed. Although the H60 expression did not significantly differ between the 

respective tumour cell lines, the expression of Rae 1 was found to be higher in E0771-Her2 

than AT3-Her2 tumour cells (Figure 3.10 B). Since Rae 1 is one of the  ligands for the NKG2D 

receptor expressed by NK cells, and this interaction has been reported to play an important role 

in tumour rejection by NK cells, 403,417 the relative frequency of NK cells in AT3-Her2 and 

E0771-Her2 ACTIV-treated mice was investigated in additional experiments described in 

Chapter 4 (see section 4.3.1). 

Another interesting observation from our experiment was that expression of FAS and TNFR 

was significantly higher in E0771-Her2 than on AT3-Her2 tumour cells (Figure 3.10 B) 

suggesting that these pathways may have been involved in the differential sensitivity of the 

tumour cell lines to ACTIV therapy. The TNFR and FAS are members of the tumour necrosis 
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factor receptor (TNFR) superfamily, and their receptor-ligand interactions activate a cascade 

of apoptotic molecules and caspases such as caspase 3 that leads to apoptosis 418,419. However, 

we observed that CARaMEL T cells did not express significant levels of Fas-L (see Figure 

3.8) suggesting that the Fas-Fas-L pathway did not play a major role in ACTIV therapy. In 

contrast, the lower expression of the TNFR on AT3-Her2 tumour cells may have contributed 

to the reduced response of AT3-Her2 to ACTIV therapy. This aspect is investigated in 

additional experiments. See sections 3.4.5 and 3.5.4. 
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Figure 3.10.  Expression of immune activation molecules on AT3-Her2 and E0771-Her2 tumours 

in vivo 

Mice (n=4 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 cells/mouse) 

and AT3-Her2 (1 x 106 cells/mouse) cells and tumours allowed to establish for 3 weeks. Tumours 

were then harvested and disassociated cells were stained with the indicated antibodies recognising 

various immune markers and isotype control antibodies. Stained cancer cells then gated on the 

endogenous GFP expression to be analysed by flow cytometry. (A) Representative flow cytometry 

profile of immune-activating molecules including H60, Rae 1, Fas, TNFR and H2Db on AT3-Her2 

and E0771-Her2 in vivo.  
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(B) Quantitative analysis of pooled data from 4 separate tumour mice indicating higher expression 

of H2Db (MHCI) on AT3-Her2 cells compared toE0771-Her2 cells and higher expression of Rae1, 

FAS and TNFR on E0771-Her2 compared to AT3-Her2 tumour cells. (Data are displayed as the 

mean with error bars representing the SEM. Significance was determined by unpaired T test. 

**, P < 0.01; ***, P < 0.001; ****, P < 0.0001). MFI=Mean fluorescence intensity. 
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  Expression profiles of checkpoint ligands on AT3-Her2 and E0771-Her2 

tumours in vivo 

Immune checkpoints play an important role in inducing T cell exhaustion 420. Prior experiments 

performed in vitro indicated higher levels of surface expression of the checkpoint ligands PD-

L1, CD73 and CD155 on E0771-Her2 cells compared to AT3-Her2 cells as well as a higher 

level of expression of CD39 in AT3-Her2 than E0771-Her2 tumours (see Figure 3.7). To 

follow up the analysis of expression of these checkpoint ligands in vivo, separate cohorts of 

transgenic Her2 mice were injected with either AT3-Her2 or E0771-Her2 tumour cell lines. 

After 3 weeks of tumour growth, established tumours were collected and labelled with specific 

antibodies to determine levels of expression of the various checkpoint ligands. The tumours 

were positively gated for by their endogenous GFP expression using flow cytometry.  

Analysis of the flow cytometry results showed no differential expression of MHCII, HVEM, 

Galectin 9 and PD-L1 between AT3-Her2 and E0771-Her2 tumour cells (Figure 3.11 A, B). 

However, our data showed higher expression levels of PD-L2, CD39, CD73, CD155, B7H4 

and VISTA in E0771-Her2 tumour cells compared to AT3-Her2 tumour cells (Figure 3.11 A, 

B). Therefore, in summary E0771-Her2 seemingly has a more immunosuppressive phenotype 

than AT3-Her2 tumour cells, which is at odds with the better response of E0771-Her2 tumours 

to ACTIV therapy. 
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Figure 3.11. Investigation of checkpoints ligand expression on AT3-Her2 and E0771-Her2 

tumours in vivo 

Mice (n=4 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 cells/mouse) 

and AT3-Her2 (1 x 106 cells/mouse) cells and tumours allowed to establish for 3 weeks. Tumours 

were then harvested and disassociated cells were stained with the indicated antibodies recognising 

various immune markers and isotype control antibodies. Stained cancer cells then gated on the 

endogenous GFP expression to be analysed by flow cytometry. (A) Representative flow cytometry 

profile of checkpoint ligands including MHCII, HVEM, Galectin 9, PD-L1, PD-L2, CD39, CD73, 

CD155, B7H4 and VISTA on AT3-Her2 and E0771-Her2 cells isolated from mice. (B) 

Quantitative analysis of pooled data from 4 separate tumour mice indicating the higher expression 

of PD-L2, CD73, CD39, CD155, B7H4 and VISTA in E0771-Her2 compared toAT3-Her2 tumour 

cells. (Data are displayed as the mean with error bars representing the SEM. Significance was 

determined by unpaired T test. ****, P < 0.0001). MFI=Mean fluorescence intensity. 

 

 Investigation of expression of activating and checkpoint receptors on CARaMEL 

T cells in vivo 

Following the in vivo investigation of activating and inhibitory molecules on AT3-Her2 and 

E0771-Her2 tumour cells, the expression of the corresponding receptors for these molecules 

on CARaMEL T cells were analysed in vivo since tumour-derived factors could potentially 

impact on expression. Therefore, transgenic Her2 mice were injected with either AT3-Her2 

and E0771-Her2 tumour cells as in previous experiments. After 3 weeks of tumour growth, 

mice were treated with ACTIV therapy that included irradiation, CARaMEL T cell, vaccinia 

virus and IL-2 injections. 

Since, previous experiments in AT3-Her2 ACTIV treated mice resulted in tumour relapse 7 

days after ACTIV therapy (see Figure 3.3), we investigated expression of various immune 

activating and inhibitory receptors on CARaMEL T cell in AT3-Her2 tumours at this timepoint. 

Seven days posttreatment with ACTIV therapy, AT3-Her2 and E0771-Her2 tumours were 

collected and the dissociated cells were labelled with antibodies specific for inhibitory and 

activating receptors, and subsequently analysed using flow cytometry. For data analysis, cells 

were negatively gated against endogenous GFP which was expressed in the tumour cells and 

then gated using the CD45.2 pan-leukocyte marker. 

The results indicated similar expression of checkpoint receptors such as TIM-3 and PD1 as 

well as the activating CD226 receptor on CARaMEL T cells derived from E0771-Her2 and 

AT3-Her2 tumour cells Figure 3.12). Therefore, the lack of any significant difference in 
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expression of these checkpoint and activating receptors on the T cells could not account for the 

differential response to ACTIV therapy in these two tumours. 

 

 

Figure 3.12.  Expression of activating and checkpoints receptors on CD8+ CARAMEL T 

cells in vivo 

Mice (n=4 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 cells/mouse) 

and AT3-Her2 (1 x 106 cells/mouse) cells and tumours were allowed to establish for 3 weeks. 

Tumours were then harvested and disassociated cells were treated with ACTIV therapy (4 Gy 

irradiation, 1 x107 cells/mouse CARaMEL splenocytes, 2 x107 pfu/mouse VV-gp100 and 4 doses 

of 100,000 IU/dose IL-2). Tumour cells were harvested 7 days post ACTIV therapy and labelled 

with relevant antibodies specific for inhibitory and co-stimulatory molecules. In flow cytometry 

analysis CD8+ cells were first gated from endogenous GFP+ tumour cells and then gated on the 

CD45.2 pan-leukocyte marker for analysis of activating and inhibitory receptors on CD8+ T cells 

in both E0771-Her2 and AT3-Her2 tumours. (n=4; p>0.05 for comparison between E0771-Her2 

and AT3-Her2 for all ligands. Significance was determined by paired Student T test. ns = not 

significant. 

 

Thus, an interesting story was emerging from the receptor-ligand expression analysis studies 

performed in vivo in both tumours and T cells. AT3-Her2 tumour cells principally expressed 

lower levels of immune-inhibitory ligands and higher levels of the Her2 antigen compared to 

E0771-Her2 tumour cells. This suggested that these parameters were not responsible for the 

lower response of AT3-Her2 cells to ACTIV therapy. However, the level of expression of both 
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Rae 1 and TNFR, which were more highly expressed on E0771-Her2 cells than AT3-Her2 cells 

suggest that these cells may be better targets for NK cell mediated anti-tumour effects and 

TNF-α, respectively. We performed further investigations into both of these parameters in the 

following sections However, we first broadened our investigation to include the relative 

susceptibility of the two tumour types to individual components of ACTIV therapy. 

 

 The relative susceptibility of AT3-Her2 and E0771-Her2 tumour cells to 

ACTIV therapy components in vitro 

A combination of four components in the full ACTIV regimen (irradiation, CARaMEL T cell, 

VV-gp100 and IL-2) were previously identified as important in eradication of E0771-Her2 

tumour cells 394. To investigate the relative importance of each component of ACTIV therapy 

in the AT3-Her2 tumour model, we compared the sensitivity of AT3-Her2 and E0771-Her2 

tumour cells to each of the ACTIV factors. We then followed this investigation with studies to 

determine the contribution of each component in ACTIV therapy against AT3-Her2 and 

E0771-Her2 tumour cells in vivo to give a definitive picture on the effect of each factor. 

 Relative sensitivity of E0771-Her2 and AT3-Her2 cells to irradiation  

Radiation has been one of the mainstays of cancer treatment that has been used in variety of 

doses and volumes in the treatment of solid tumours by adoptive cell therapy, particularly in 

preclinical models. Preconditioning irradiation in ACTIV therapy not only kills the sensitive 

tumour cells but also leads to depletion of endogenous lymphocytes and subsequent induction 

of homeostatic cytokines that can help in CARaMEL T cell expansion and engraftment 421,422.  

To investigate the effect of irradiation on killing of E0771-Her2 and AT3-Her2 cell lines in 

vitro, the tumour cell lines were cultured and irradiated in different dosages of 2 Gy, 5 Gy, 10 

Gy and 20 Gy. In addition, separate flasks of cultured tumour cells without radiation and 10% 

DMSO were employed as negative and positive controls respectively. Irradiated cells were 

collected after 24, 48 and 72 hours and stained by Annexin V and 7-amino-actinomycin D 

(7AAD) to test the viability after irradiation (Figure 3.13). Annexin V and 7AAD stains have 

strong affinity for phosphatidylserine and DNA respectively which correlate with early and 

late stages of apoptotic cells 423. The stained tumour cells were analysed using flow cytometry 

to compare the sensitivity of E0771-Her2 and AT3-Her2 to irradiation. 
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The results revealed an increase in percentage of dead cells for both E0771-Her2 and AT3-

Her2 cell lines from 24 to 72 hours post irradiation (Figure 3.13 B). There was no significant 

difference in the total susceptibility of E0771- Her2 and AT3-Her2 cells (combined early and 

late stages of apoptosis) to irradiation, suggesting that potential differences in sensitivity to 

irradiation was not the reason for the relative resistance of AT3-Her2 tumour cells to ACTIV 

therapy (Figure 3.13).  

 

Figure 3.13.   AT3-Her2 and E0771-Her2 are similarly susceptible to the induction of 

apoptosis by irradiation in vitro 

AT3-Her2 and E0771-Her2 cells were exposed to different doses of irradiation (2, 5, 10 and 20 

Gy). Irradiated cells were labelled with annexin V and 7AAD at the indicated time points and 

analysed using flow cytometry. Untreated tumour cells and tumours treated with 10% DMSO were 

used as negative and positive controls respectively. (A) Representative flow cytometry plots of 

untreated tumour cells (left) and tumour cells treated with 20 Gy irradiation (right) after 72 hours. 

(B) Pooled flow cytometry data from 4 individual experiments demonstrating similar percentages 

of viable cells for E0771-Her2 compared toAT3-Her2 tumour cells for different doses of irradiation 
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at the indicated time points. Data are displayed as the mean with error bars representing the SEM 

for 4 independent experiments. P>0.05 for E0771-Her2 versus AT3-Her2 at all time points and 

doses. Significance was determined by a paired Student T test.  

 Relative sensitivity of AT3-Her2 and E0771-Her2 cells to vaccinia virus  

Vaccinia virus has been used widely in vaccination and gene therapy owing to its unique 

characteristics such as safe handling, rapid production, wide host range and large genetic 

payloads 424. In ACTIV therapy, vaccinia virus VV-gp100 has been used as an oncolytic agent 

that can infect and lyse cancer cells and potentially change the immunosuppressive tumour 

microenvironment to immunogenic microenvironment. Also, VV-gp100 has significantly 

induced CARaMEL T cell activation, proliferation and infiltrations into tumour 394. 

To investigate the relative susceptibility of the E0771-Her2 and AT3- Her2 tumour cell lines 

to VV-gp100, the cells were cultured and infected with VV-gp100 at a1:3 ratio respectively (1 

tumour cell and 3 VV-gp100 particles). Untreated and 10% DMSO treated tumour cells were 

used for negative and positive controls respectively (Figure 3.14 B). The tumour cells were 

stained with fixable yellow as a viability dye at two different time points (48 and 72 h) and 

analysed by flow cytometry using FACS VERSE.  

Results from the flow cytometry analysis demonstrated no significant difference in sensitivity 

to vaccinia virus VV-gp100 between AT3-Her2 and E0771-Her2 cell lines in vitro (Figure 

3.14). Therefore, differential susceptibility to virus-mediated cell death did not explain the 

relative resistance of AT3-Her2 tumour cells to ACTIV therapy. 
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Figure 3.14.  AT3-Her2 and E0771-Her2 are similarly sensitive to the induction of cell death 

by VV-gp100 in vitro 

AT3-Her2 and E0771-Her2 cell lines were incubated with VV-gp100 at a 1:3 ratio respectively 

followed by staining with fixable yellow and analysis using flow cytometry at 48 and 72 hours post 

infection. (A) Representative flow cytometry plots indicating tumour cell lines stained with the 

viability Fixable Yellow at 48 and 72 hours post infection. (B) (Top) Representative flow 

cytometry plots of untreated and 10% DMSO treated AT3-Her2 and E0771-Her2 tumour cells at 

48 hours post infection. (Bottom) Pooled flow cytometry data from 4 individual experiments 

demonstrating similar percentages of live cells for E0771-Her2 and AT3-Her2 tumour cells post 

infection with VV-gp100 at indicated time points. Data are displayed as the mean with error bars 

representing the SEM for 4 independent experiments, Significance was determined by a paired 

Student T test. ns= not significant 
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 Relative sensitivity of AT3-Her2 and E0771-Her2 cells to CTL lysis  

Adoptively transferred T lymphocytes can directly mediate recognition and elimination of 

cancer cells by triggering apoptosis and lysis of tumour cells. To determine whether the relative 

resistance of AT3-Her2 cells to ACTIV therapy was due to reduced susceptibility to 

CARaMEL T cell killing, we tested specificity of CARaMEL T cells against the Her2 positive 

tumours using cytotoxicity assays. Cytotoxic assays were performed between activated 

CARaMEL T cells and 51Cr labelled AT3-Her2 and E0771-Her2 cell lines for a duration of 4- 

or 20-hours incubation.  

The results demonstrated CARaMEL T cell lysis of E0771-Her2 tumours. However, AT3-Her2 

cells were relatively resistant to CARaMEL T cell killing (Figure 3.15 A, B). Further analysis 

of the cytotoxicity data showed a significantly higher percentage of 51Cr released by E0771-

Her2 than AT3-Her2 cells at both timepoints of 4 and 20 hours (overnight) (Figure 3.15 B). 

However, the differences were more significant after 20 hours. These data indicated that AT3-

Her2 was relatively resistance to CARaMEL T cell killing in vitro (Figure 3.15 B). 

Notably, the kinetics of killing suggested that TNF played a major role in the killing mediated 

by CARaMEL T cells, since this pathway generally takes longer to induce killing than the 

immediate effect mediated by perforin, which is apparent by 4 hours incubation.  

The relative resistance of AT3-Her2 cells to CTL-mediated lysis was striking, suggesting that 

this could be a major contributor to AT3-Her2’s relative resistance to ACTIV therapy in vivo. 

.  
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Figure 3.15.   AT3-Her2 cells are resistant to CARaMEL T cell killing in vitro 

AT3-Her2 and E0771-Her2 tumour cells were labelled with 51Cr and incubated with activated 

CARaMEL T cells at the indicated ratios. (A) Collated data in one individual overnight experiment 

with triplicate replicates at each indicated ratio. (B) Collated data from 4 individual experiments 

(triplicate replicates at each ratio for each experiment) comparing CARaMEL T cell killing against 

E0771-Her2 and AT3-Her2 cell lines at 4 hours and 20 hours timepoints. Data are displayed as the 

mean with error bars representing the SEM. Significance was determined by two-way ANOVA. 

n.s = not significant. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001. 
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 The relative sensitivity of AT3-Her2 tumour cells to the components of ACTIV 

therapy in vivo 

Following the above investigation of the effect of individual ACTIV components on sensitivity 

of AT3-Her2 cells in vitro, we next extended our studies of these components to the in vivo 

setting, in which the complex nature of the tumour microenvironment could influence the 

contributions. 

Previously, studies from our laboratory reported a combination of four components of ACTIV 

therapy was necessary for optimal anti-tumour effects and eradication of E0771-Her2 tumours. 

Whilst irradiation, IL-2 and vaccination were necessary for the optimal effect, they were not 

sufficient for tumour eradication without co-administration of the CARaMEL T lymphocytes 

394. Therefore, we were interested to evaluate each of the ACTIV components in the AT3-Her2 

model. 

AT3-Her2 tumours were treated in 4 separate groups of ACTIV therapy, in which each of the 

groups were lacking one of the ACTIV components (irradiation, CARaMEL T cells, VV-gp100 

and IL-2). In addition to these cohorts, two groups of complete ACTIV regiment and untreated 

were used for comparison of tumour growth and survival rate the experiment (Figure 3.16 A).  

The AT3-Her2 cancer cells were inoculated subcutaneously into transgenic Her2 mice. 

Established tumours after three weeks were randomized in different groups of ACTIV regiment 

as listed as well as the control groups. Tumour growth was monitored at the indicated times.  

Tumour growth in mice treated with ACTIV therapy lacking irradiation was significantly 

higher than in ACTIV treated mice with irradiation, (Figure 3.16 B) highlighting the 

importance of irradiation in ACTIV therapy. Irradiation can either directly and/or indirectly 

affect tumour growth by inducing apoptosis and modulating antigen expression. For example, 

irradiation can induce tumour immunogenicity through increasing expression of neoantigens 

by tumour cells which can generate MHCI immunogenic epitopes that can be targeted by 

immunotherapy 425,426. 

Interestingly, although the omission of VV-gp100 and CARaMEL T cells from ACTIV therapy 

had a significant effect on tumour growth inhibition, the effect was not as great as the omission 

of irradiation (Figure 3.16 B). The exclusion of IL-2 from ACTIV therapy showed no 

significant difference in treatment progression. 
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In summary, these results indicate the importance of irradiation in the ACTIV treatment 

regimen for therapy against AT3-Her2 as well as a lower but still significant role for the VV-

gp100 vaccine and CARaMEL T cells. 

 

 

Figure 3.16.   Irradiation is an important ACTIV therapy component in vivo 

Mice (n=6 mice per group) were injected subcutaneously with AT3-Her2 (1 x 106 cells/mouse) 

cells and tumours established for 3 weeks. Mice with established AT3-Her2 tumours were 

randomized into the indicated ACTIV therapy cohorts comprising the full ACTIV treatment 

regimen or in the absence of specific ACTIV components as well as an untreated group.  AT3-Her2 

tumour growth and survival rate in the indicated therapy cohorts. Data are displayed as the mean 

with error bars representing the SEM. Significance was determined by two-way ANOVA. *, P < 

0.05; ****, P < 0.0001; n.s = not significant). 

 

 

 AT3-Her2 is relatively resistant to TNF-mediated cell death 

Given that in vitro CARaMEL T cell cytotoxicity experiments demonstrated low levels of 

cytotoxicity against both E0771-Her2 and AT3-Her2 cell lines at the 4 hour timepoint but 

higher levels at 20 hour time point (Figure 3.17), this suggested that apart from perforin killing, 
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other pathways such as TNF-mediated cell death may play a role in the observed T cell 

cytotoxicity.  

Since expression of the TNFR was significantly lower in AT3-Her2 tumour cells than in 

E0771-Her2 cells (Figure 3.10), understanding the mechanisms of CARaMEL T cell 

cytotoxicity may provide information to potentially enhance killing of AT3-Her2. To 

investigate this matter, cytotoxicity of CARaMEL T cells and perforin-deficient CARaMEL T 

cells against AT3-Her2 and E0771-Her2 cell lines was compared in the presence and absence 

of TNFR blocking antibody. 

Activated perforin-deficient (Prf KO) CARaMEL T cells showed similar cytotoxicity as 

perforin-replete CARaMEL T cells against both AT3-Her2 and E0771-Her2 tumours, 

indicating that perforin killing played a minor role (Figure 3.17). In contrast, both CARaMEL 

and Prf KO CARaMEL T cell killing against both E0771-Her2 and AT3-Her2 cell lines was 

significantly reduced in the presence of TNF- blocking antibody, highlighting the importance 

of TNF-mediated cell death in CARaMEL T cell cytotoxicity (Figure 3.17). 

 

Figure 3.17.   Role of TNF-mediated killing play in CARaMEL T cell cytotoxicity 

Activated CARaMEL T cells with VV-gp-100 and IL-2 were used in cytotoxicity assay against 
51Cr labelled E0771-Her2 and AT3-Her2 cell lines at the indicated ratios. Wild-type and perforin 

deficient (Prf KO) CARaMEL T lymphocytes were compared. Some groups were performed in the 

presence of 0.02 g/l TNF-α neutralizing antibody. (Data are displayed as the mean with error 

bars representing the SEM. Significance was determined by two-way ANOVA. ****, P < 0.0001; 

n.s = not significant. n= 3 individual experiments, each done in triplicate wells. 

 

 



Chapter 3 – Results 

 99 

 Investigating apoptosis pathway in AT3-Her2 and E0771-Her2 tumours 

Since preceding experiments mentioned above highlighted the importance of TNF-mediated 

cell death in CARaMEL T cell cytotoxicity of the tumour cell lines, we were interested in 

gaining further insight into other potential contributors to the relative resistance to cell death 

by CARaMEL T cells. Therefore, we studied various apoptosis pathways in E0771-Her2 and 

AT3-Her2 tumours.  

Tumour cells with deficiencies in apoptotic pathways can escape immune cell-mediated anti-

tumour activity. Generally, there are two main apoptosis pathways: the intrinsic and the 

extrinsic pathways which both  are involved in parallel activation of serial caspases leading to  

cleavages of cellular substrates and cell death 427.  

The intrinsic pathway is mainly induced by intracellular stress such as DNA damage or viral 

infection and controlled by the Bcl-2 family member BID leading to caspase 3 protease 

activation and cell death. On the other hand, the extrinsic pathway is regulated by interactions 

of the TNF receptor superfamily members with their respective ligands such as FasL/FasR 

and/or TNF-α/TNFR1 that activate caspase 8 leading to initiation of apoptosis. 

In addition to death receptors in the extrinsic pathway, immune cells use perforin and 

granzymes to kill tumours. In this process perforin makes holes in the tumour cell membrane 

to permit granzymes to enter and initiate apoptosis 236,242.  

Upregulation of anti-apoptotic proteins and downregulation of apoptotic proteins is one of the 

important strategies utilised by cancer cells to mediate resistance to T cell killing. Therefore, 

investigation of gene and protein expression of anti-apoptotic proteins such as Bcl-2 and XIAP 

was undertaken. 

 

 Investigating relative levels of apoptosis-associated molecules using RNA-seq 

Given the low levels of susceptibility of AT3-Her2 cells to CARaMEL T cell cytotoxicity 

compared to E0771-Her2 cells both in vitro and in vivo, this prompted us to investigate whether 

differences in apoptotic molecular pathways may account for this observation. To investigate 

this, 3 week-established tumours were collected and prepared for RNA extraction.  Gene library 

and RNA-seq analysis was performed for 5 tumours from each of AT3-Her2 and E0771-Her2. 

Gene analysis of RNA-seq revealed differential expression of apoptotic and anti-apoptotic 

genes in AT3-Her2 and E0771-Her2 tumours. The differential expression was calculated with 
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log2 fold-change and cut-off p value <0.01 (Kegg graph of genes in the apoptosis pathway is 

attached in Appendix 1). Among these genes, in comparison to E0771-Her2 tumours, higher 

levels of anti-apoptotic genes such as Bcl-2 and IAP/XIAP and lower levels of apoptotic genes 

such as Caspase 8 (CASP8), Cytochrome C (Cycs) and Caspase 3 (CASP3) were observed in 

AT3-Her2 (Table 9). 

Both Bcl-2 and IAPs are important anti-apoptotic proteins involved in the intrinsic and extrinsic 

apoptosis pathways respectively. In contrast, activation of CASP8 and Cytc release leads to 

activation of downstream executioner proteins such as CASP3. Thus, these genes are very 

important in apoptosis regulation and can give valuable insights in AT3-Her2 resistance 

mechanisms. 

Table 9. Selection of differentially expressed genes from apoptosis pathway in AT3-Her2 

tumour* 

 

* E0771-Her2 tumour was used as a baseline for analysis. A negative value indicates the gene 

is expressed at a lower level in AT3-Her2 tumour cells. n=5 tumours for each of E0771-Her2 

and AT3-Her2.logFC=log2 fold change, adj.P.Val= adjusted p value.  

logFC P .Value adj.P .Val

Casp8 -0.6606559 0.00602908 0.0165942

Casp3 -1.2252843 0.00055504 0.00221811

Xiap 0.5306402 0.01021744 0.02579373

Bcl2 1.56875916 2.26E-06 2.47E-05

Cycs -0.6339903 0.01354 0.03273459
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 Investigating relative levels of Bcl-2, IAPs in AT3-Her2 and E0771-Her2 cells 

using Western blot 

Given the importance of apoptosis in the tumour response to immunotherapy, we sought to 

confirm the RNA-seq analysis results by exploring expression of important anti-apoptotic 

proteins (Bcl-2, XIAP) and the executioner protein (CASP3) by Western blot. We initially 

tested the concentration of AT3-Her2 and E0771-Her2 cell lysates by BCA assay to run similar 

protein concentrations of both tumour cell lysates in SDS-PAGE electrophoresis, followed by 

analysis of protein levels using Western blot. 

Western blot analysis of E0771-Her2 and AT3-Her2 lysate under reducing conditions revealed 

significantly lower levels of CASP3 and higher levels of Bcl-2 in AT3-Her2 cells than in the 

E0771-Her2 cell line (Figure 3.18). The RNA-seq analysis together with Western blot results 

suggested the differential expression of apoptosis intermediates in AT3-Her2 could play a role 

in its relative resistance to ACTIV therapy. Thus, targeting these molecules could increase 

ACTIV therapy efficacy. 

 

Figure 3.18.  AT3-Her2 expresses lower levels of apoptotic protein 

Cell lysates of AT3-Her2 and E0771-Her2 cell lines were analyzed by SDS-PAGE gel and Western 

blot for expression of apoptotic and anti-apoptotic proteins. (A) Representative Western blot to 

analyze the presence of CASP3, Bcl-2 and XIAP in AT3-Her2 and E0771-Her2 lysates using anti-

mouse antibodies. (B) Comparison of expression of indicated proteins in AT3-Her2 and E0771-

Her2 cells using Image J software for densitometry analysis on each band. Anti-actin antibody was 

used as a loading control. (n=3 experiments, data are displayed as the mean with error bars 

representing the SEM. Significance was determined by two-way ANOVA. *, P < 0.05; **, P < 

0.01; n.s = not significant).  
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 Inhibition of Bcl-2 enhances tumour cell killing by CARaMEL T cells  

In many tumours, elevated expression of pro-survival Bcl-2 proteins leads to apoptosis 

resistance. The Bcl-2 protein family regulates permeabilization of the mitochondrial outer 

membrane and activation of down-stream cell death caspases. The activity of the anti-apoptosis 

Bcl-2 family is controlled by BH3-only proteins 428–430. Therefore, BH3-mimetics drugs are a 

new class of anti-cancer agents to target elevated expression of Bcl-2 protein family members. 

Among BH3-mimetics drugs, ABT-737 has been reported to target the pro-survival Bcl-2 

protein family. The combination of ABT-737 with other anti-cancer agents has been used in 

treatment of non-small cell lung cancer 431–433. 

To assess targeting of the Bcl-2 protein by ABT-737, the susceptibility of CARaMEL T cell 

cytotoxicity of the cancer cell lines was analysed in the presence and absence of ABT-737. Due 

to the potential toxicity of ABT-737 against CARaMEL T cells, we initially assessed viability 

of CARaMEL T cells in the presence of different concentrations of ABT-737 using flow 

cytometry (Figure 3.19 A). Flow cytometry analysis revealed that a low concentration of ABT-

737 (1 M) was considered safe for the purpose of this experiment. Also, it has been reported 

in few  previous studies for treatment of solid tumours 434,435. 

To test the effect of ABT-737, a cytotoxicity assay was undertaken where 51Cr-labelled E0771-

Her2 and AT3-Her2 cell lines were incubated with activated CARaMEL T cells at various 

ratios for 20 hours in the presence of absence of ABT-737. The results indicated that ABT-737 

enhances AT3-Her2 susceptibility to CARaMEL T cell killing (Figure 3.19).  ABT-737 can 

bind and inhibit Bcl-2 to enable pro-apoptotic protein dimerization and cell death initiation 436. 

Thus, the BH3-mimetic, ABT-737, might be a promising agent to increase the efficacy of 

ACTIV therapy, which is investigated further in Chapter 5. 
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Figure 3.19.  ABT-373 enhance AT3-Her2 killing in vitro 

(A) Viability of activated CARaMEL T lymphocytes in different concentration of ABT-737 

following an overnight incubation. (B) The cytotoxicity of activated CARaMEL T cells were 

assessed against 51Cr labelled AT3-Her2 and E0771-Her2 cell lines at the indicated ratios with and 

without 1 M ABT-737 as a BH3-memetic. (n=4 separate experiments. Data are displayed as the 

mean with error bars representing the SEM. Significance was determined by two-way ANOVA. 

**, P < 0.01). the yellow star is the cytotoxicity of ABT-737 alone against AT3-Her2 tumour cells. 

All tests were performed on day 6 post CARaMEL activation with 50 IU/ml hIL-2, 2 ng/ml IL-7, 

and 0.1 g /ml hgp10025-33. 

 

 

 SMAC-mimetic AZD5582 enhances tumour cell killing by CARaMEL T cells 

Apart from Bcl-2, high expression of XIAP a subset of the IAP (inhibitor of apoptosis protein) 

family suppresses apoptosis in many tumours 437,438. The Baculoviral IAP Repeat (BIR) 

domains in IAPs enables their interaction with caspases to inhibit apoptosis induced by 

members of the TNF superfamily. IAPs can directly and indirectly inhibit the activity of 

executioner caspases through direct binding to caspases or indirect inhibition through 

activation of canonical and non-canonical pro-survival nuclear factor κB (NF-κB) signalling 

and preventing assembly of cell death signalling complexes 246,439,440.  

The second mitochondrial activator of caspases (SMAC) proteins, as an endogenous IAP 

antagonist, inhibit IAPs activity and enhance tumour susceptibility to TNF-mediated apoptosis. 
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As a result, several pharmaceutical companies have developed SMAC-mimetic drugs with 

potential for the treatment of cancer. Among SMAC-mimetic agents, AZD5582 has been 

shown to successfully target cIAP1, cIAP2 and XIAP proteins and increase apoptosis in 

subnormal concentrations leading to tumour regression 441–443. 

To evaluate whether AZD5582 could increase sensitivity of AT3-Her2 cells to TNF-induced 

apoptosis, the susceptibility of AT3-Her2 tumour cells to CARaMEL T cell killing was tested 

in presence and absence of 1 M AZD5582. First, we assessed the effect of AZD5582 at 

different concentrations on viability of CARaMEL T cells using flow cytometry. Based on 

these viability results, the concentration of 1 M AZD5582 was considered as an appropriate 

concentration for this experiment (Figure 3.20 C). 

The analysis of activated CARaMEL T cell cytotoxicity against 51Cr labelled E0771-Her2 and 

AT3-Her2 cell lines at the 20-hour time point indicated a significant enhancement in 

CARaMEL T cell killing against AT3-Her2 and E0771-Her2 cells in the presence of AZD5582 

(Figure 3.20 A). The importance of TNF- in the AZD5582 enhancement of killing of AT3-

Her2 cells was confirmed by the observation that neutralization of TNF- using a monoclonal 

antibody completely negated the effect of AZD5582. 

Further analysis of the cytotoxicity at different concentrations of AZD5582 against AT3-Her2 

and E0771-Her2 tumour cells showed higher sensitivity of E0771-Her2 cells compared to AT3-

Her2 tumour cells to AZD5582 (Figure 3.20 B). 
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Figure 3.20.  AZD5582 enhances AT3-Her2 killing by CARaMEL T cells in vitro 

(A) The cytotoxicity of activated CARaMEL T cells were assessed overnight against 51Cr labelled 

AT3-Her2 and E0771-Her2 cell lines at the indicated ratios with and without 1 M AZD5582 as a 

SMAC-mimetic anti-cancer drug. (B) Cytotoxicity of different concentrations of AZD5582 alone 

with AT3-Her2 and E0771-Her2. (C) Viability of activated CARaMEL T lymphocytes in different 

concentration of AZD5582 after overnight incubation. n=3 separate experiments. Data are 

displayed as the mean with error bars representing the SEM. Significance was determined by Two-

way ANOVA. ***, P < 0.001; ****, P < 0.0001. All tests were performed on day 6 post 

CARaMEL activation with 50 IU/ml hIL-2, 2 ng/ml IL-7, and 0.1 g /ml hgp10025-33. 
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 Summary and Discussion 

One of the important parameters that affect successful immunotherapy is the expression level 

of immune checkpoints on tumours and their associated receptors on T lymphocytes 

269,407,444,445. Since T cell activity is dependent on the balance of expression of inhibitory and 

activating receptors and ligands, immunophenotyping of cancer cells and T cells can provide 

important information on the efficacy of therapy. Here in Chapter 3, we immunophenotyped 

AT3-Her2 and E0771-Her2 tumours as well as CARaMEL T cells to help in the understanding 

of parameters contributing to the differential responses to ACTIV therapy. Interestingly, 

assessing levels of checkpoint ligands on these two tumours in vitro and in vivo, showed either 

similar expression levels of immune checkpoints in these two tumours or a significantly higher 

expression of inhibitory ligands such as PD-L1, PD-L2 and CD73 in E0771-Her2 rather than 

AT3-Her2 tumours.  

Overexpression of PD-L1 / PD-L2 has been associated with increasing T cell exhaustion and 

poor T cell infiltration 143,446,447. Also, several studies have reported the association of high PD-

L1 expression with poor patient prognosis 448–450. However, high expression of these immune 

suppressors in E0771-Her2 could not account for the resistance of AT3-Her2 tumour cells to 

ACTIV therapy. On the other hand, apart from tumour cells, PD-L1 can be expressed by other 

cells in the tumour microenvironment such as MDSCs, DCs and macrophages 451,452. Therefore, 

although we could not explain the differential response to ACTIV therapy through 

immunophenotyping of AT3-Her2 and E0771-Her2 tumour cells, we cannot completely rule 

out the immunosuppressive contribution from other immune cell subsets. Investigating 

expression of PD-L1 on additional cell types within tumours might be informative in future 

experiments. 

The high expression of the ectoenzyme CD73, which is involved in the conversion of  

extracellular ATP to adenosine, is another important suppressive pathway present within the 

tumour microenvironment 180,182,183,453. Indeed, the expression of CD39 and CD73 and their 

association with low clinical outcome has been  reported in several cancers 184–186. In addition 

to tumour cells, immune cells such as B cells, Tregs, NK cells and MDSCs can co-express 

CD73 183. Therefore, although expression of CD73 was higher on E0771-Her2 than AT3-Her2 

cells, and could not explain AT3-Her2 resistance to ACTIV therapy, assessing the expression 

of CD73 on other immune cells might be useful in future experiments. Another informative 

future experiment that could shed light on this immunosuppressive mechanism would be a 
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comparison of the concentration of adenosine in the tumour microenvironment of these two 

tumours.  

 

Assessing the expression of activating molecules on AT3-Her2 and E0771-Her2 tumours 

showed a similar level of expression in these two tumours, except for the expression of Rae 1 

and TNFR, which was higher in E0771-Her2 than AT3-Her2 in vivo.  

Interaction of Rae 1 with its associated ligand, NKG2D, on NK cells induces cancer cell death 

403,417. However, NK cell activity is regulated by a balance in the expression of inhibitory 

receptors such as KIR 25,26 and stimulatory receptors such as NKG2D 14 and NKp46 24. We 

assess the contribution of NK cells in an effective ACTIV therapy in Chapter 4 by comparing 

the frequency of NK cells in AT3-Her2 and E0771-Her2 tumours. In addition, it would be 

interesting in future experiments to include investigations into the expression of inhibitory and 

stimulatory receptors on NK cells or investigating the effect of NK cell depletion on ACTIV 

therapy. 

TNFR-TNF interactions activate a cascade of apoptotic molecules, leading to cancer cell death 

418,419.  Therefore, higher expression of TNFR in E0771-Her2 than AT3-Her2 could potentially 

affect the susceptibility of these two tumours to CARaMEL T cell-mediated killing. 

contribution of TNFR-TNF interactions in CARaMEL T cell-mediated cytotoxicity was 

investigated additional experiments, but first we investigated the contribution of ACTIV 

therapy components (irradiation, VV-gp100, CARaMEL T cell, IL-2) in the effectiveness of 

ACTIV therapy. In these experiments, susceptibility to each ACTIV component was compared 

between AT3-Her2 and E0771-Her2 tumour cells in vitro and in vivo. Although, there was no 

significant difference between susceptibility of AT3-Her2 and E0771-Her2 to irradiation and 

VV-gp100 in vitro, AT3-Her2 cells were found to be relatively resistant to cytotoxicity by 

CARaMEL T cells. 

The kinetic of T lymphocyte-mediated cytotoxicity at the two timepoints of 4 hours and 20 

hours suggested that TNF-mediated killing was a main player in the cytotoxicity mediated by 

CARaMEL T cells. We assessed the importance of TNF-mediated killing in the cytotoxic 

capacity of CARaMEL T cells through comparing CARMEL T cell killing in the presence of 

a TNF-blocking antibody. Analysis of results demonstrated the significant importance of TNF-

mediated cell death in CARaMEL T cell killing. 
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To follow up mechanisms of AT3-Her2 relative resistance to CARaMEL T cell cytotoxicity, 

expression of apoptotic molecules in AT3-Her2 was compared to E0771-Her2 tumour cells 

using RNA-seq data analysis. In these experiments, RNA was extracted from AT3-Her2 and 

E0771-Her2 tumours, following three weeks of tumour establishment in mice and subjected to 

RNA-seq analysis. Our data indicated higher gene expression of Bcl-2 and XIAP (anti-apoptotic 

proteins) and lower level of cytochrome C and caspase 3 (apoptotic proteins) in AT3-Her2 

tumour cells compared to E0771-Her2.  

Differential expression of Bcl-2, XIAP and caspase 3 proteins was also confirmed by Western 

blot. These are important molecules in the extrinsic and intrinsic apoptotic pathways. For 

example, up-regulation of Bcl-2 inhibits BID activation and the down-stream apoptosis 

pathway through MOMP inhibition 236,242. Moreover, XIAP is an anti-apoptotic molecule that 

can directly interact with caspases and inhibit tumour cell death in the TNF-mediated apoptosis 

pathway 246,439,440. On the other hand, activation of executioner proteins such as caspase 3 

initiates cell death 454. Thus, these results suggested that high expression of anti-apoptotic 

proteins or low expression of apoptotic proteins contributed to AT3-Her2 resistance 

mechanisms. 

 

To investigate this matter further, we used ABT-737 (BH3-mimetic drug) and AZD5582 

(Smac-mimetic agent), which target Bcl-2 and XIAP respectively. Previous studies have 

reported the combination of ABT-737 with other anti-cancer agents in the treatment of non-

small cell lung cancer. 431–433. In addition, , the IAP antagonist, birinapant, has been reported 

to increase CAR T cell TNF dependent anti-tumour activity 455. In our experiments, both of 

these drugs resulted in a significant increase in cytotoxicity of CARaMEL T cells against the 

AT3-Her2 tumour cell line in vitro. The increase in cytotoxicity of CARaMEL T cells was 

more significant in combination with AZD5582, and therefore in Chapter 5 we follow up these 

experiments using the combination of AZD5582 with ACTIV therapy in vivo. 

 

Apart from the expression of checkpoints and the contribution of ACTIV components, 

characteristics of the tumour microenvironment may play a role in the differential response of 

E0771-Her2 and AT3-Her2 to ACTIV therapy. These characteristics include the frequency of 

immune cells and their distribution, as well as the type of tumour metabolism. Therefore, in 

the next chapter we provide further information on the tumour microenvironments, CARaMEL 

T cell trafficking and penetration, and tumour metabolism in both tumours.
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4 Investigating the role of the tumour microenvironment in 

the differential responses of AT3-Her2 and E0771-Her2 tumours 

to ACTIV therapy 
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 Introduction 

CAR T cell therapy offers tremendous opportunities in cancer treatment. To date, 

clinical trials with CD19 and CD22 CAR T cells have shown dramatic and durable remission 

in leukemia patients 336,350,456–458. In contrast to the remarkable success in haematological 

malignancies, clinical gains in solid tumours have been limited.  For instance, the efficacy of 

CAR T cell therapies targeting Her2 in sarcoma 358, mesothelin in mesothelioma 345,351 and 

pancreatic cancer and carcinoembryonic antigen in colorectal cancer 348 have been modest, at  

best.  

Several limiting factors including poor T cell localization, low level of T cell activation and 

expansion as well as the immunosuppressive tumour microenvironment have been considered 

as the main barriers in the effective treatment of solid tumours with immunotherapy 458. Recent 

advances in cancer immunotherapy has emphasized the contribution of the tumour 

microenvironment in cancer progression 459.  

It is clear that solid tumours and haematological cancers possess different tumour 

microenvironments. Unlike the diffuse nature of haematological cancers, in solid tumours, 

there are multiple barriers in the tumour microenvironment that a CAR T cell must overcome 

in order to reach the tumour site and exert its effects on the tumour 460,461. The solid tumour 

microenvironment consists of a mixture of endothelial cells, fibroblasts, infiltrating immune 

cells, cytokines, chemokines and growth factors 459. Cancer cells can manipulate the tumour 

microenvironment in favour of their growth and invasion through enhancing the number and 

function of immunosuppressive cells and releasing immune-inhibitory cytokines and enzymes. 

Examples of immunosuppressive cells and their secretory factors include Tregs, MDSCs, TGF-

 and IL-10 462,463.  For an effective anti-tumour  immune response, CAR T cells need to 

overcome physical barriers (stroma), immunosuppressive cells and their secretory factors, in 

order to effectively infiltrate and function in solid tumours 462,463. 

The abnormal vascularisation around solid tumours another barrier that affects CAR T cell 

infiltration into tumour cells 464.  The abnormal vascularisation and uncontrolled tumour cell 

proliferation can lead to restriction of the nutrition and oxygen within the tumour 

microenvironment and this is known as tumour hypoxia. In this situation, tumour cells change 

their metabolic pathways and utilize glycolytic metabolites such as lactate to overcome hypoxia 

and continue their proliferation. However, these metabolites lead to acidification, which 
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together with poor nutrition and poor oxygen levels limit CAR T cell infiltration, activation 

and survival in solid tumours 464. 

It is now clear that the tumour microenvironment is tissue specific and tumours from different 

locations demonstrate distinct immune responses 462. Therefore, the differential responses of 

AT3-Her2 and E0771-Her2 tumours to ACTIV therapy could be due to the differences in their 

tumour microenvironment. This includes, the differential frequency of immunosuppressive 

cells or differences in the frequency and distribution of cytotoxic immune cells or various levels 

of secreted cytokines by these tumours. Therefore, studying the tumour microenvironment in 

AT3-Her2 and E0771-Her2 tumours may help in the understanding of the tumour resistance 

mechanisms to ACTIV therapy and lead to further improvement of the ACTIV-based therapies.  

In this chapter, we investigated the tumour microenvironments in AT3-Her2 and E0771-Her2 

tumours by analysing tumour morphology and assessing the quantification and distribution of 

the infiltrating T cells and other immune subtypes such as NK cells and B cells in these two 

tumours Figure 4.1. In addition, the relative metabolic profiles of AT3-Her2 and E077-Her2 

tumours was determined, considering that cancer metabolism can be an important factor in 

tumour resistance to immunotherapy. A summary of the workflow in this chapter is depicted 

in Figure 4.1. 

 

 

Figure 4.1.  Workflow diagram in tumour microenvironment investigation 

The differential tumour microenvironments of the AT3-Her2 and E0771-Her2 tumours was 

determined by analysing tumour morphology and investigating the frequency and distribution of 

cytotoxic T cells and other immune subtypes. This was followed by an analysis on tumour 

metabolism, to provide more insight into mechanisms of tumour resistance to ACTIV therapy. 
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 Analysis of tumour morphology in AT3-Her2 and E0771-Her2 tumours 

Tumour progression is not simply growth of autonomous neoplastic cells, but also involves the 

manipulation of different cell types such as fibroblasts, endothelial cells and immune cells by 

cancer cells that leads to uncontrolled tumour growth and metastasis 465. In order to investigate 

the cellular and biochemical factors involved in the successful ACTIV therapy and get better 

insight into the reasons behind differential responses to therapy, tumour morphology and 

expression of tumour antigen (Her2) in AT3-Her2 tumour were compared toE0771-Her2 

tumour, as a responsive tumour to ACTIV therapy.  

 AT3-Her2 and E0771-Her2 tumours display different morphology in vivo 

To investigate the tumour morphology, E0771-Her2 and AT3-Her2 cells were injected 

subcutaneously into mice. After 3 weeks of tumour establishment, tumours were treated with 

ACTIV therapy (irradiation, CARaMEL T cells, VV-gp100, IL-2) or remained untreated. 

Tumours from both groups were then collected 7 days posttreatment and after 24 hours of 

fixation in 10% NBF, tissues were embedded in paraffin and stained with haematoxylin and 

eosin (H&E).  

Analysis of H&E stained tissues in untreated and ACTIV-treated tissues indicated differing 

morphology of E0771-Her2 and AT3-Her2 tumours. As shown in Figure 4.2, in contrast to 

E0771-Her2 cells that had an even distribution of round-shaped tumour cells throughout the 

tumour, AT3-Her2 tumours were a mixture of round-shaped tumour cells and spindle-shaped 

stromal-like cells (black arrows in Figure 4.2). AT3-Her2 tumour cells appeared to be grouped 

together in “islands” of various sizes set amidst the surrounding stromal regions that contained 

the spindle-shaped cells. This difference in the morphology of the two tumour types prompted 

us to further investigate the nature of the spindle-shaped cells, and ask whether they were 

fibroblast-like or simply atypically-shaped cancer cells. 
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Figure 4.2. H & E stains of formaldehyde-fixed paraffin-embedded sections of E0771-Her2 

and AT3-Her2  

Mice (n=4 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 cells/mouse) 

and AT3-Her2 (1 x 106 cells/mouse) cells and tumours allowed to establish for 3 weeks. Mice were 

then treated with ACTIV therapy (4 Gy irradiation + 1x 107 cells/mouse CARaMEL T cell + 2 x 

107 PFU/mouse VV-gp100 + 4 doses of 100,000 IU/dose IL-2) or left untreated. At day 7 

posttreatment, tumours were harvested from both groups of mice and subjected to H&E staining. 

Representative H&E sections of tumour from untreated versus ACTIV-treated mice, as listed, 

indicating different morphology in AT3-Her2 and E0771-Her2 tumours. Black arrows show 

spindle-shaped cells in AT3-Her2 tumour tissues. The tissues were stained with haematoxylin and 

eosin (H & E) and observed at 200 x magnification (Scale bar represents 100 μm. n=4 individual 

tumours in each group). 

 

 

 

 



Chapter 4- Results 

 117 

 Analysis of stroma in AT3-Her2 tumours 

Stroma cells can modulate immune cell responses to cancer, and play an important role in 

tumour progression and metastasis, through release of cytokines and chemokines. Furthermore, 

the extracellular matrix can create a physical barrier to immune cell infiltration, which can also 

facilitate tumour development and metastasis 466–468.  

In order to study AT3-Her2 spindle-shaped cells, AT3-Her2 tumour cells were injected 

subcutaneously into mice. After 3 weeks of tumour establishment, tumours were harvested and 

fixed for 24 hours in 10% NBF. Fixed tumours were then embedded in paraffin and stained 

with an anti-mouse α-SMA antibody. The anti-mouse α-SMA antibody is well-established for 

detecting SMA, which is a marker of myofibroblasts (MFs) and MF-like cells in the tumour 

stroma 468.  

Stained AT3-Her2 tumour tissue showed high levels of α-SMA expression in spindle-shaped 

cells of both untreated and ACTIV-treated tissues. These results suggested that the AT3-Her2 

tumour cell islands were surrounded by a MF-like stroma (Figure 4.3). 
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Figure 4.3.  Spindle-shaped cells in AT3-Her2 tumours express α-SMA 

Mice (n=4 mice per group) were injected subcutaneously with AT3-Her2 (1 x 106 cells/mouse) and 

tumours allowed to establish for 3 weeks. Mice then were treated with ACTIV therapy (4 Gy 

irradiation + 1x 107 cells/mouse CARaMEL T cell + 2 x 107 PFU/mouse VV-gp100 + 4 doses of 

100,000 IU/dose IL-2) or left untreated. At day 7 posttreatment, tumours were harvested from both 

groups of mice and subjected to α-SMA staining. This figure is representative of α-SMA stained 

sections of tumours from untreated versus ACTIV-treated mice, indicating significant expression 

of SMA in spindle-shaped cells. (The tissues were observed at 200 x magnification. Scale bar 

represents 100 μm. Images are representative of n=4 individual tumours in each group). Data was 

analysed in unblinded fashion. 
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 Analysis of tumour antigen (Her2) expression in AT3-Her2 and E0771-Her2 cells 

To further characterize the nature of the spindle-shaped cells and determine if they could be 

cancer cells, we assessed AT3-Her2 and E0771-Her2 tissue sections for Her2 expression. In 

this experiment, E0771-Her2 and AT3-Her2 cell lines were injected subcutaneously into mice. 

After 3 weeks, mice with established tumours were then treated with ACTIV therapy or left 

untreated. Tumours were collected 7 days posttreatment and fixed overnight in 10% NBF, prior 

to being embedded in paraffin. Tumour tissues were then stained with an anti-Her2-specific 

antibody. 

Interestingly, the staining results showed that the spindle-shaped stroma in AT3-Her2 was 

Her2-negative, while the majority of E0771-Her2 tissue was Her2-positive in both untreated 

and ACTIV-treated tissues (Figure 4.4). 

The Her2-negative nature of the spindle-shaped cells, in addition to the expression of SMA, 

further supported them being part of the stroma and fibroblast-like. Since fibroblasts can form 

a barrier against leukocyte infiltration, these results suggested that AT3-Her2 tumour resistance 

to ACTIV therapy may be due to poor infiltration of CARaMEL T cells into AT3-Her2 

tumours. 

To explore these issues further and investigate further differences in the tumour stroma and 

microenvironment between AT3-Her2 and E0771-Her2 cells, we next investigated the relative 

frequency and distribution of leukocyte types in the two tumour types. 
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Figure 4.4.  Spindle-shaped cells in AT3-Her2 tumours do not express Her2 

Mice (n=4 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 cells/mouse) 

and AT3-Her2 (1 x 106 cells/mouse) and tumours allowed to establish for 3 weeks. Mice were then 

treated with ACTIV therapy (4 Gy irradiation + 1x 107 cells/mouse CARaMEL T cell + 2 x 107 

PFU/mouse VV-gp100 + 4 doses of 100,000 IU/dose IL-2) or left untreated. At day 7 posttreatment, 

tumours were harvested from both groups of mice and subjected to Her2 staining. Data is 
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representative of -Her2 stained sections of tumours from untreated versus ACTIV-treated mice 

(as indicated) demonstrating no Her2 expression in spindle-shaped cells AT3-Her2 tumours. The 

tissues were observed at 200 x magnification (Scale bar represents 100 μm. Cells are representative 

of 2 random sections each from 4 individual tumours). 

 

 

 Investigation of infiltration of immune cell subsets in AT3-Her2 and 

E0771-Her2 tumours  

Several studies have reported an association of intratumoral cytotoxic effector cells (NK cells 

and T cells) with increased surviva1 469–472. Their frequency, distribution and activity are 

important factors in mediating effective anti-tumour responses. In addition, cancer cells can 

secrete cytokines and chemokines to selectively attract MDSCs and Tregs to the tumour site, 

suppress effector cell activity and promote tumour angiogenesis 473. Therefore, tumour cell 

interaction with lymphoid and myeloid cells can determine cancer development and 

progression 473. To determine the contribution of immune cell subsets to the efficacy of ACTIV 

therapy, the frequency of lymphoid and myeloid cells in E0771-Her2 tumours were compared 

toAT3-Her2 tumours. 

 Tumour-infiltrating NK cell frequency in AT3-Her2 and E0771-Her2 tumours 

NK cells are a key component of the innate immune system, and play an essential role in host 

immunity against a range of malignancies 474,475. Thus, the frequency of NK cells and their 

infiltration into the tumour may play a role in the efficacy of ACTIV therapy. Therefore, we 

analysed the frequency of NK cells derived from spleens and tumours of both AT3-Her2 and 

E0771-Her2 tumours on days 3 and 7 post ACTIV treatment, using the NK cell marker (NK1.1) 

following flow cytometry analysis (Figure 4.5 A, B).  

This experiment showed no significant difference in frequency of NK cells located in spleens 

or tumour tissue of AT3-Her2 and E0771-Her2 tumour-bearing mice (Figure 4.5 A, B). Indeed, 

low percentages of NK cells were found, However, it should be noted that tumour-bearing mice 

received preconditioning irradiation, which likely reduced NK cell frequency. The low 

frequency of NK cells, suggested it was unlikely that NK cells played an important role in 

ACTIV therapy and the relative resistance of AT3-Her2 tumour cells. However, there may 

have been differential activation/maturation of NK cells in these two tumours that may have 

contributed to the differential responses and this could be investigated in the future. 
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Figure 4.5. Similar frequency of tumour infiltrating NK cells in mice bearing either AT3-

Her2 or E0771-Her2 tumours  

Mice (n=8 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 cells/mouse) 

and AT3-Her2 (1 x 106 cells/mouse) and tumours allowed to establish for 3 weeks. Mice were then 

treated with ACTIV therapy (4 Gy irradiation + 1x 107 cells/mouse CARaMEL T cell + 2 x 107 

PFU/mouse VV-gp100 + 4 doses of 100,000 IU/dose IL-2). Tumours and spleens were taken from 

mice in each treatment group at days 3 and 7 post ACTIV therapy. (A) Analysis of NK cell 

percentages in spleens analysed using flow cytometry at 2 different time points post ACTIV therapy 

and (B) Analysis of NK cell percentages in tumours analysed using flow cytometry at 2 different 

time points post ACTIV therapy (n=4 individual tumours for each group at each timepoint. Data 

are displayed as the mean with error bars representing the SEM. Significance was determined by 

two-way ANOVA, P > 0.05 for all comparisons of AT3-Her2 versus E0771-Her2).  

 

 B cell frequency in AT3-Her2 and E0771-Her2 tumours 

Some studies have reported an association in tumour infiltrating B cells and favourable clinical 

outcome, including breast, ovarian and non-small cell lung cancer 476–478. To determine the 

frequency of B cells in our study, established E0771-Her2 and AT3-Her2 tumours were treated 

with ACTIV therapy. Tumours and spleens of both tumours were then collected on days 3, 7 

and 10 post ACTIV therapy (to represent the three phases of tumour growth: initiation of the 

tumour response, initiation of the tumour relapse and tumour progression respectively). The 

dissociated tumour cells were then labelled with a B cell marker (CD19) (Figure 4.6 A, B). 
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The flow cytometric analysis indicated no significant difference in frequency of B cells in 

either tumour at comparable timepoints (Figure 4.6 A, B), suggesting that B cells did not play 

a significant role in relative resistance of AT3-Her2 tumour to ACTIV therapy. 

 

 

Figure 4.6. No significant difference observed in frequency of B cells in AT3-Her2 and E0771-

Her2  

Group of mice (n=12 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 

cells/mouse) and AT3-Her2 (1 x 106 cells/mouse) and tumours allowed to establish for 3 weeks. 

Mice were then treated with ACTIV therapy (4 Gy irradiation + 1x 107 cells/mouse CARaMEL T 

cell + 2 x 107 PFU/mouse VV-gp100 + 4 doses of 100,000 IU/dose IL-2). Tumours and spleens 

were taken from mice in each treatment group at days 3, 7 and 10 post ACTIV therapy. (A) Analysis 

of numbers and B cell percentages in spleens of AT3-Her2 and E0771-Her2 at 3 different 

timepoints post ACTIV therapy. (B) Analysis of numbers and B cell percentages in tumours of 

AT3-Her2 and E0771-Her2 tumours at 3 different timepoints post ACTIV therapy.  (n=4 individual 

tumours for each group for each timepoint. Data are displayed as the mean with error bars 

representing the SEM. Significance was determined by two-way ANOVA, P > 0.05 for all 

comparisons of AT3-Her2 versus E0771-Her2, n.s = not significant).  
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 The frequency of myeloid cells in AT3-Her2 and E0771-Her2 tumours following 

ACTIV therapy 

Myeloid cells are a heterogenous group of innate immune system cells, that include monocytes, 

DCs, macrophages and granulocytes. They play vital roles in immune protection against 

infectious disease. However, tumour cells take advantage of myeloid cell activity in favour of 

their progression. For instance, immunosuppressive factors such as arginase, iNOS, IL-10, and 

TGF-β expressed by MDSCs and macrophages can induce cancer development and immune 

suppression 479. As a result, the frequency of myeloid cells is an important determination in 

immunotherapy outcomes and patient survival 480–482.  

To analyse different subsets of myeloid cells, E0771-Her2 and AT3-Her2 cells were 

established in mice and treated with ACTIV therapy. Tumours and spleens of each group were 

then collected on days 3, 7 and 10 post ACTIV treatment and then dissociated and labelled 

with a cocktail of antibodies specific for F4/80, CD103, Ly6G, Ly6C, CD11c and CD11b cell 

surface markers (Figure 4.7 A, B). Analysis of results from flow cytometry, which included 

the frequency of each type of myeloid cells as well as their absolute numbers in each mg of 

tumour, indicated higher percentages of CD11b+ cells and monocytes (CD11b+, Ly6C+) in 

spleens from E0771-Her2 compared to AT3-Her2 tumour-bearing mice on day 3 (Figure 4.7 

A). Further analysis of both tumours showed an increase of myeloid cell numbers from day 3 

to day 10 posttreatment, perhaps due to reconstitution of the myeloid compartment following 

preconditioning irradiation. Interestingly, there was a higher number and percentage of 

macrophages (CD11b+, F4/80+) and neutrophils (CD11b+, Ly6G+) in E0771-Her2 tumours on 

day10 when compared to AT3-Her2 tumours (Figure 4.7 B). 

It was not clear at this stage whether these increased numbers of macrophages and neutrophils 

in E0771-Her2 tumours indicated a more immunosuppressive microenvironment, or aided in 

tumour destruction. Alternatively, they may have simply been involved in clearance of dead 

tissue, since most E0771-Her2 tumours demonstrated greater cell death after therapy, and are 

indeed eradicated. Further analysis of more myeloid cell markers is necessary to determine if 

the myeloid cells are immunosuppressive or immunopotentiating in these tumours. Such 

phenotypic markers may include the expression of iNOS, Arginase-1 and CD206 markers 483. 

 

 

 



Chapter 4- Results 

 126 

 

 

 

  



Chapter 4- Results 

 127 

Figure 4.7. Frequency of myeloid cells in AT3-Her2 and E0771-Her2 tumours following 

ACTIV therapy 

Mice (n=12 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 cells/mouse) 

and AT3-Her2 (1 x 106 cells/mouse) and tumours allowed to establish for 3 weeks. Mice were then 

treated with ACTIV therapy (4 Gy irradiation + 1x 107 cells/mouse CARaMEL T cell + 2 x 107 

PFU/mouse VV-gp100 + 4 doses of 100,000 IU/dose IL-2). Tumours and spleens were taken from 

mice in each treatment group at days 3, 7 and 10 post ACTIV therapy. Numbers and percentages 

of myeloid cells including monocytes (CD11b+, Ly6C+), macrophages (CD11b+, F4/80+), 

neutrophils (CD11b+, Ly6G+) and antigen presenting DCs (CD103+, CD11c+) were analysed (A) 

in spleens and (B) in tumours of AT3-Her2 and E0771-Her2 on 3 different days post ACTIV 

therapy.  (n=4 individual tumours for each group on each day. (Data are displayed as the mean with 

error bars representing the SEM. Significance was determined by two-way ANOVA. *, P < 0.05; 

**, P < 0.01; ***, P < 0.001; ****, P < 0.0001).  

 

 

 T cell frequency and numbers in AT3-Her2 and E0771-Her2 tumours following 

ACTIV therapy 

One of the key limitations of successful CAR T cell therapy in solid tumours is the frequency 

of T cells in tumours. Indeed, high numbers of infiltrated cytotoxic T lymphocytes is associated 

with effective immunotherapy 328,484. To investigate whether AT3-Her2 and E0771-Her2 

varied in their frequency of infiltrating CARaMEL T cells, established tumours of both tumours 

were treated with ACTIV therapy. Tumours and spleens of both AT3-Her2 and E0771-Her2 

cancers were then collected on days 3, 7 and 10 post ACTIV therapy and subjected to 

dissociation and labelling with T cell markers (CD8, Thy1.1, CD3). The Thy1.1 marker was 

used as a congenic marker to distinguish CARaMEL T cells from endogenous T cells. CD4 

and CD3 markers were also used for detection of helper CD4+ lymphocytes that can be 

beneficial in the activation and proliferation of CD8+ T lymphocytes.  

Flow cytometry analysis showed that the majority of Thy1.1 T lymphocytes were CD8+ T cells. 

There was a decreasing trend in percentages of CD8+ CARaMEL T cells in spleens of mice 

bearing either tumours from day 3 to day 10 post ACTIV treatment. In contrast, there was an 

increased trend for CD8+ CARaMEL T cell frequency in tumours over time, suggesting the 

CARaMEL T cell relocated from spleen to tumour (Figure 4.8 A). Alternatively, CARaMEL 

T cells may have been proliferated within tumours. 

Although, the differential frequency of T lymphocytes was not significant in spleens of 

ACTIV-treated mice with AT3-Her2 and E0771-Her2 tumours, a higher frequency of 
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CARaMEL T cells was observed in E0771-Her2 tumours compared to AT3-Her2 tumours on 

day 10 posttreatment (Figure 4.8 B). Similarly, there was higher percentages of CD4+ helper 

cells in E0771-Her2 tumours than AT3-Her2 tumour on day 10. These results suggest that the 

lower frequency of CD8+ CARaMEL T cell and CD4+ T helper lymphocytes in AT3-Her2 

tumours could have contributed to the differential response to ACTIV therapy.    

While the frequency and numbers of tumour infiltrating T cells can be important factors in 

determining effective immune responses against tumours, the distribution of T cells within 

tumours can also be important. For example, T cells distributed throughout the tumour core 

with close proximity to cancer cells are potentially more effective than T cells localized to 

stromal or peri-tumoural regions. Therefore, we extended our investigation of T cell infiltration 

to include their distribution within tumours.  

 



Chapter 4- Results 

 129 

 

Figure 4.8.  Frequency of T lymphocytes in AT3-Her2 and E0771-Her2 tumours following 

ACTIV therapy 

Mice (n=12 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 cells/mouse) 

and AT3-Her2 (1 x 106 cells/mouse) and tumours allowed to establish for 3 weeks. Mice were then 

treated with ACTIV therapy (4 Gy irradiation + 1x 107 cells/mouse CARaMEL T cells + 2 x 107 

PFU/mouse VV-gp100 + 4 doses of 100,000 IU/dose IL-2). Tumours and spleens were taken from 

mice in each treatment group at days 3, 7 and 10 post ACTIV therapy. The dissociated cells from 

spleens and tumours of AT3-Her2 and E0771-Her2 were labelled with indicated T cell markers. 

Number and percentage of CARaMEL T cells and CD4 + T lymphocytes were analysed in (A) 

spleens and (B) tumours of AT3-Her2 and E0771-Her2 on 3 different days post ACTIV therapy.  

n=4 individual tumours for each group on each day. Data are displayed as the mean with error bars 

representing the SEM. Significance was determined by two-way ANOVA. *, P < 0.05; **, P < 

0.01. 
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 Distribution and localization of T cells in AT3-Her2 and E0771-Her2 

tumours following ACTIV therapy 

Better clinical outcomes in solid tumours are associated with higher T lymphocyte infiltration 

190,472,485–487. In addition, a closer proximity of T cells to cancer cells can be associated with 

better prognoses for patients 488. Therefore, we next investigated T cell distribution within 

tumours to provide greater insight into the mechanisms behind relative resistance of AT3-Her2 

tumours to ACTIV therapy. 

 

 The distribution of T cells differs in AT3-Her2 compared to E0771-Her2 tumours   

To assess the distribution of CD8+ T cells in the tumours, E0771-Her2 and AT3-Her2 tumour 

cells were injected subcutaneously into mice. After 3 weeks of tumour growth, mice were 

treated with ACTIV therapy or left untreated. The tumours were then collected from mice 7 

days post ACTIV therapy.  

The harvested AT3-Her2 and E0771-Her2 tumours from mice were fixed and stained using a 

mouse anti-Thy1.1 antibody as a congenic marker to distinguish CARaMEL T cells from 

endogenous CD8+ T lymphocytes. However, technical problems with background staining 

prevented acquisition of meaningful data using that marker. We next used the CD8 antibody 

for staining of the T lymphocytes on tumour tissues.  

Although, some tumour-infiltrating T cells would be derived endogenously, FACS analysis of 

T cell frequency consistently showed that approximately 70% to 80% of CD8+ T cells in AT3-

Her2 tumours on day 7 are adoptively transferred CARaMEL T lymphocytes. Thus, it may be 

reasonable to assume that approximately 70% to 80% of tumour-infiltrating CD8+ T cells 

observed using immunohistochemistry would also be CARaMEL T cells (Figure 4.9 A).  

CD8-stained tissues showed a significant increase in number of T cells in both ACTIV-treated 

tumour types compared to untreated control tissues. However, the distribution of T cells was 

different in AT3-Her2 and E0771-Her2 tumours. Whereas infiltration of T cells was robust and 

evenly distributed in E0771-Her2 tumours, the majority of T cells were localized to areas of 

spindle-shaped cells (indicated by black arrows) and were largely excluded from the AT3-Her2 

tumour core (Figure 4.9 B). 
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Figure 4.9. CD8+ T cells localize to stroma regions containing spindle-shaped cells in AT3-

Her2 tumours 

Group of mice (n=8 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 

cells/mouse) and AT3-Her2 (1 x 106 cells/mouse) and tumours allowed to establish for 3 weeks. 

Mice were then treated with ACTIV therapy (4 Gy irradiation + 1x 107 cells/mouse CARaMEL T 

cell + 2 x 107 PFU/mouse VV-gp100 + 4 doses of 100,000 IU/dose IL-2) or left untreated. At day 

7 posttreatment, tumours were harvested from both groups of mice and subjected to CD8 staining.  

(A) Ratio of existing adoptively transferred CD8+ T cells gated on (CD8+, Thy1.1+) were compared 

tofrequency of endogenous CD8+ T cells gated on (CD8+, CD3+) in ACTIV-treated AT3-Her2 and 

E0771-Her2 tumours on day 7. (This data was driven from further flow cytometry analysis of group 

experiments mentioned in Figure 4.8). (B) Representative CD8+ stained sections of AT3-Her2 and 
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E0771-Her2 tumours from untreated versus ACTIV-treated mice (as indicated). Black arrows show 

CD8+ T cell localisation in spindle-shaped stroma in AT3-Her2 tumours. Data is representative of 

3 random sections of CD8+ T stained tissues in 4 individual tumours from each group and was 

observed at 200 x magnification. Scale bar represents 100 μm.  

 

 

 Quantification of T cell distribution in AT3-Her2 and E0771-her2 following 

ACTIV therapy 

Given the differential localization of CD8+ T cells preferentially to stromal regions surrounding 

tumour “islands” in AT3-Her2 tumours, we next quantified the number of CD8+ T cells in 3 

regions, that included the spindle-shaped stroma, the tumour core and the tumour margin 

between tumour core and spindle-shaped stroma in AT3-Her2 tissues from day 7 post ACTIV 

therapy, and compared this with E0771-Her2 tumours.  

The majority of CD8+ T cells were located at the tumour margins (area II in Figure 4.10 A) 

in AT3-Her2 tumours, and were largely excluded from tumour cores (area III in Figure 4.10 

A). These results suggest that the distribution and low frequency of infiltrating T lymphocytes 

in the tumour island cores of AT3-Her2 cells may be an important limiting factor in effective 

ACTIV therapy. Interestingly, the number of CD8+ T lymphocytes in E0771-Her2 tumours 

was similar to the frequency of CD8+ T cells located within the tumour margin (area II in 

Figure 4.10 A) of AT3-Her2 tumours.   
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Figure 4.10.  The majority of CD8+ T cells are located at the margin surrounding tumour 

“islands” in AT3-Her2 tumours. 

Mice (n=4 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 cells/mouse) 

and AT3-Her2 (1 x 106 cells/mouse) and tumours allowed to establish for 3 weeks. Mice were then 

treated with ACTIV therapy (4 Gy irradiation + 1x 107 cells/mouse CARaMEL T cell + 2 x 107 

PFU/mouse VV-gp100 + 4 doses of 100,000 IU/dose IL-2). At day 7 posttreatment, tumours were 

harvested from both groups of mice and subjected to CD8 staining for quantification.  (A) 

Representative AT3-Her2 tumour sections depicting the outline of 3 distinct regions that include 

the tumour core (red line or III area), tumour margin (yellow line or II area) and the spindle-shaped 

cell stroma (black line or I area). (B) Quantification analysis of CD8+ T cell frequency in AT3-

Her2 and E0771-Her2 tumours using HALO software.  (n=12 random sections of 4 individual 

tumours of AT3-Her2 and E0771-Her2. Data are displayed as the mean with error bars representing 

the SEM. Significance was determined by one-way ANOVA. ***, P < 0.001; ****, P < 0.0001). 

 

 

 Distribution of blood vessels in AT3-Her2 and E0771-Her2 tumours 

To gain further insight into potential mechanisms behind the differential distribution of T cells 

in the two tumour models, we investigated the frequency of endothelial cells, since vascularity 

is an important factor in lymphocyte trafficking. In this experiment, E0771-Her2 and AT3-

Her2 tumour cells were injected subcutaneously into mice. After 3 weeks, tumours were 

collected and fixed overnight in 10% NBF, prior to fixation and embedding in paraffin. 

Tumours were then stained with an antibody specific for CD31(a blood vessel marker) Figure 

4.11. 

Interestingly, analysis of CD31 stained tumour tissues indicated an uneven distribution of blood 

vessels in AT3-Her2 tumours. In fact, most of the blood vessels in AT3-Her2 tumours were 
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preferentially located in the region of the spindle-shaped cell stroma (black arrows in Figure 

4.11) and were largely absent from AT3-Her2 tumour cores (red arrows in Figure 4.11). In 

contrast, blood vessel distribution in E0771-Her2 tumours was evenly distributed throughout 

the tissue compared to AT3-Her2 tumours. 

Thus, the tendency of T cells to accumulate in stromal regions of AT3-Her2 tumours correlated 

with a higher density of blood vessels. However, it is not clear from these studies whether other 

characteristics of the vessels also contributed to T cell localization. Such characteristics may 

include the expression of adhesion molecules such as ICAM-1 and VCAM-1 489. In addition, 

the nature of endothelial cells within different tumours can vary in their regulation of nutrient 

and oxygen supply, which can impact on tumour metabolism 490. An investigation into the 

relative metabolic pathways used by AT3-Her2 and E0771-Her2 was investigated in the next 

section. 
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Figure 4.11. Blood vessels were mainly located at the spindle-shaped cells area in AT3-Her2 

tumours 

Groups of mice (n=4 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 

cells/mouse) and AT3-Her2 (1 x 106 cells/mouse) and tumours allowed to establish for 3 weeks. 

(A) Immunohistochemical staining of established tumours with an antibody specific for CD31 (a 

blood vessel marker). (B) Quantification analysis of blood vessel distribution in AT3-Her2 and 

E0771-Her2 tissues using MetaMorph software. Black arrows show blood vessel localisation in the 

spindle-shaped cells area of AT3-Her2 and red arrows show blood vessel localisation in tumour 

core of AT3-Her2 cells (n=16 random sections of 4 individual tumours. Data are displayed as the 

mean with error bars representing the SEM. Significance was determined by one-way ANOVA. 

***, P < 0.001. Scale bar represents 100 μm.  
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 Investigation of metabolic programming in AT3-Her2 and E0771-Her2 

tumours  

Solid tumours have high demands for nutrients and cellular building blocks required for their 

proliferation. The rapid growth of cancer cells and their aberrant blood supply can lead to a 

low concentration of glucose, oxygen and an acidic pH in the tumour microenvironment 491,492, 

which constitutes a nutrient-poor, hypoxic environment. In order to overcome the harsh 

hypoxic microenvironment, many solid tumours alter their metabolic pathways and decrease 

oxidative phosphorylation (OXPHOS) and induce glycolysis 493. However, some cancers 

including leukemias, lymphomas and pancreatic ductal adenocarcinoma demonstrate 

upregulation of OXPHOS even in the face of active glycolysis 222.    

The metabolic profile of tumours can have significant consequences on the available nutrition 

in the tumour microenvironment, and different immune cell subsets, including CD8+ T cells, 

which exist in tumour microenvironment need to compete with cancer cells for their survival, 

proliferation and activity 223–226. Thus, characterizing the tumour metabolic pathways may 

provide new insight into the relative microenvironments operating in AT3-Her2 and E0771-

Her2 tumours. 

 AT3-Her2 tumour expressed high levels of genes involved in oxidative 

phosphorylation (OXPHOS) 

Metabolic dysregulation is common in many cancers. In order to investigate whether 

differential metabolic pathways play a role in AT3-Her2 resistance to ACTIV therapy, 

expression of genes involved in OXPHOS metabolic pathways in AT3-Her2 tumours were 

compared to E0771-Her2 tumours using RNA-seq analysis. In this experiment, E0771-Her2 

and AT3-Her2 tumour cells were injected subcutaneously into mice. After 3 weeks, tumours 

were harvested from mice and RNA extracted for RNA-seq analysis. 

Gene analysis revealed higher levels of genes associated with OXPHOS in AT3-Her2 tumours 

than E0771-Her2 tumours (Figure 4.12). The differential expression was calculated with log2 

fold-change and cut-off p value <0.01 (Kegg graph of genes in the OXPHOS pathway is 

attached in Appendix 2). High OXPHOS metabolism in AT3-Her2 tumour cells suggested the 

presence of a harsh hypoxic tumour microenvironment in AT3-Her2 tumour that may compete 
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with the metabolic needs of CARaMEL T cells for  proliferation and function as T cells utilize 

OXPHOS metabolism pathways for their growth and cytotoxic function 228. 

 

Figure 4.12. AT3-Her2 tumour cells express high levels of genes involved in the OXPHOS 

metabolic pathway 

Mice (n=5 mice per group) were injected subcutaneously with E0771-Her2 (4 x 105 cells/mouse) 

and AT3-Her2 (1 x 106 cells/mouse) and tumours allowed to establish for 3 weeks. Tumours were 

then harvested and their RNA extracted for RNA-seq analysis. The E0771-Her2 tumour was used 
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as a baseline for analysis. Blue molecules are low-expressed genes and red molecules are over-

expressed genes. The intensity of each color corresponds to its relative fold change. (n=5 individual 

samples in each group; A=AT3-Her2, E=E0771-Her2). 

 AT3-Her2 cells display higher OXPHOS metabolism compared to E0771-Her2 

cells 

Following our observations with RNA-seq analysis that demonstrated higher expression of 

genes involved in OXPHOS metabolism in AT3-Her2 than E0771-Her2 tumours, we sought to 

confirm and extend the findings to determine if tumour cells in isolation, in culture, displayed 

differences in metabolic function. In this experiment (Seahorse assay), the metabolic 

characteristics of each cancer cell line was analyzed using a Seahorse Bioanalyzer, which 

determines basal and maximal respiration as depicted schematically in Figure 4.13 A. The 

ability of cells to perform oxidative phosphorylation, was assessed by oxygen consumption 

rate (OCR). We found that AT3-Her2 tumour cells have a higher baseline OCR compared to 

E0771-Her2 tumour cells (shown outlined by the red box in Figure 4.13 B), which is 

consistent with the RNA-seq data. 

 

 

Figure 4.13. AT3-Her2 cells display a higher oxygen consumption rate than E0771-Her2 cells.  

AT3-Her2 (16,000 cells/well) and E0771-Her2 (8,000 cells/well) tumour cells were cultured on 

Seahorse culture plate one day prior to OXPHOS metabolism analysis. The AT3-Her2 and E0771-

Her2 cells were cultured in different numbers due to their differential growth rate. (A) Schematic 

representation of the fundamental stages of mitochondrial respiration identified using Seahorse. 

(B). The oxygen consumption rate (OCR) in AT3-Her2 and E0771-Her2 cell lines. Area 

surrounded with red lines shows the basal respiration level in AT3-Her2 and E0771-Her2 tumour 

cells. (n=4 separate experiments. Data are displayed as the mean with error bars representing the 

SEM. Significance was determined by two-way ANOVA. ****, P < 0.0001).  
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 Metformin did not significantly increase the efficacy of ACTIV therapy  

A hypoxic tumour microenvironment plays a complex role in immune cell differentiation and 

function. For example, T cells use OXPHOS for many aspects of their function and need to 

compete with tumour cells to get sufficient oxygen and energy required for their proliferation 

and cytotoxicity function. Several non-oncologic drugs such as Metformin and atovaquone 

have shown potential to be used as OXPHOS inhibitors in order to target high levels of 

OXPHOS in tumours. Metformin is a commonly prescribed drug for diabetic patients, which 

controls OXPHOS metabolism mediated by the mitochondrial glycerophosphate enzyme 494. 

Since metabolic parameters in vitro can vary from those experienced in tumours in vivo, we 

sought to investigate the effects of manipulating metabolism on tumour growth in mice 

undergoing ACTIV therapy and compared to ACTIV treatment alone. A previous study using 

a combination of PD1 blockade and 50 mg/kg Metformin reported a significant increase in 

intratumoral T cell function and tumour regression in treated mice 495.  

In the following experiment, established AT3-Her2 tumours in mice were treated with 50 

mg/kg Metformin in combination with ACTIV therapy. Metformin was delivered on days -3 

and -1 prior to ACTIV therapy through I.P injections and repeated every two days for a duration 

of two weeks (Figure 4.14 ).  Initiation of Metformin delivery prior to ACTIV therapy was 

aimed at preconditioning tumour metabolism as well as reducing the chance of initial inhibitory 

effects of Metformin on CARaMEL T cell activity.  

Tumour growth curve in both experiments showed that the addition of Metformin to ACTIV 

therapy had no significant impact on the efficacy of ACTIV therapy (Figure 4.14 ). This may 

indeed have been due to an inhibitory effect of Metformin on CARaMEL T cell activity.  
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Figure 4.14. Metformin did not significantly enhance ACTIV therapy against AT3-Her2 

tumour cells 

Groups of mice (n= 6 mice per group) were subcutaneously injected with (1 x 106) AT3-Her2 

tumour cells. After 3 weeks of tumour establishment, mice which were in Metformin and 

Metformin + ACTIV treatment groups were treated with 50 mg/kg of Metformin on days -3 and -

1 prior to ACTIV therapy (4 Gy irradiation + 1x 107 cells/mouse CARaMEL T cell + 2 x 107 

PFU/mouse VV-gp100). Following ACTIV therapy, Metformin administration continued twice a 

week for two weeks. Data shows tumour growth and survival rate of the indicated groups. Data are 

presented as mean ± SEM of 6 mice/group. Significance was determined by two-way ANOVA 

(ns=not significant). 

 

 Effect of Metformin as an OXPHOS inhibitor on the activity of T cells in vitro 

To evaluate Metformin effects on the sensitivity of tumour cells to CARaMEL T cell 

cytotoxicity, we determined the susceptibility of tumour cells to CARaMEL T cell killing in 

different concentrations of Metformin (0.01, 0.1 and 1 mg/ml). This range of concentrations of 

Metformin was considered based on concentrations typically determined from 

pharmacokinetic studies of Metformin in the circulation of mice over a period of hours 496. 

Analysis of the 51Cr release data demonstrated a reduction in CARaMEL T cell cytotoxicity 

against AT3-Her2 and E0771-Her2 cells in the presence of Metformin (Figure 4.15), 

suggesting that OXPHOS inhibition not only affected the tumour cells metabolism, but also 

affected the function of CARaMEL T cells.  In the previous experiment, we showed that the 
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addition of 50 mg/kg of Metformin did not benefit the efficacy of ACTIV therapy significantly 

in vivo (Figure 4.14). Herein, we showed that the CARaMEL T cell cytotoxicity has reduced 

even in presence of a low concentration of Metformin (Figure 4.15). 

Collectively, the in vitro and in vivo results suggest that using Metformin is not an ideal 

approach for our purpose in enhancing the efficacy of ACTIV therapy. 

 

Figure 4.15. Metformin does not enhance the activity of CARaMEL T cell in vitro 

The cytotoxicity of activated CARaMEL T cells was assessed against 51Cr labelled AT3-Her2 and 

E0771-Her2 cell lines at the indicated ratios in the presence of low to high Metformin 

concentrations. (n= 3 individual experiments, each done in triplicate wells. Data are displayed as 

the mean with error bars representing the SEM. Significance was determined by one-way ANOVA. 

*, P < 0.05; **, P < 0.01, ns= not significant). MET=Metformin, CAR=CARaMEL T cell, A=AT3-

Her2, E=E0771-Her2). All tests were performed on day 6 post CARaMEL activation with 50 IU/ml 

hIL-2, 2 ng/ml IL-7, and 0.1 g /ml hgp10025-33. 

  



Chapter 4- Results 

 142 

 Summary and Discussion 

Recent studies have reported the tumour microenvironment as an important factor that play a 

role in cancer progression 459,462. Hence, in this chapter we characterized AT3-Her2 and E0771-

Her2 tumour morphology and the tumour microenvironment to gain further insight into their 

differential responses to ACTIV therapy.  

Our data demonstrated differing morphology in AT3-Her2 and E0771-Her2 tumours. E0771-

Her2 tumour cells appeared as round shaped tumour cells distributed evenly while, in AT3-

Her2 tumour, cells were located as islands of cancer cells surrounded by areas of spindle-

shaped stromal cells. The phenotypic features of spindle-shaped cells in AT3-Her2 tumours 

were further investigated using both anti-α-SMA and anti-Her2 antibodies. These antibodies 

were used to detect an established SMA marker for fibroblasts in tumour stroma and a tumour 

antigen marker Her2 respectively. Spindle-shaped cells in AT3-Her2 tumour tissues stained 

with α-SMA, but Her2 antigen staining was negative in these cells. This suggested that the 

spindle-shaped cells were stromal cells surrounding islands of AT3-Her2 cancer cells.  

Tumour stroma has been associated with cancer progression and metastasis 463. However, other 

microenvironmental factors such as immune cell frequency and distribution can contribute in 

tumour resistance to therapy. To gain information on differential tumour microenvironments 

in AT3-Her2 and E0771-Her2 tumours, we investigated the frequency and infiltration of 

different immune subsets including lymphoid and myeloid cells.  

NK cells and B cells play an essential role in host immunity against a range of malignancies 

474,475. Thus, the frequency of NK cells and B cells and their infiltration into the tumour may 

play a role in the efficacy of ACTIV therapy. The frequency of tumour-infiltrating NK cells 

and B cells was not significantly different between the two tumour types, suggesting those cells 

did not play a major role in the differential responses to ACTIV therapy. However, it would be 

interesting in future experiments to investigate activation/maturation phenotype of NK and B 

cells in these two tumours since they might have contributed to differences in efficacy of 

ACTIV therapy. 

Interestingly, investigations into the frequency of myeloid cells revealed some increases in 

their numbers in E0771-Her2 tumours, which may have contributed to responses to ACTIV 

therapy, although it was not clear from the current study whether these cells were of an 

immune-stimulatory or immunosuppressive nature. Therefore, it would be interesting in future 
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investigations to consider using other phenotypic markers of immunosuppressive cells to 

determine the role of these myeloid cells in these tumours. 

While, the frequency of myeloid cells was not conclusive whether this may be important in the 

efficacy of therapy, the CARaMEL T lymphocytes frequency and distribution results suggested 

that lower percentage and differing distribution of CARaMEL T cells in AT3-Her2 compared 

to E0771-Her2 tumours could have been a limiting factor in efficacy of ACTIV therapy. In 

particular, CARaMEL T cells did not accumulate in tumour core regions of AT3-Her2 as much 

as observed for E0771-Her2 tumours. This suggested that a strategy to disrupt the tumour 

microenvironment to change its inflammatory nature may lead to increased T cell infiltration 

and better ACTIV responses. In Chapter 5, we explore such a strategy, using intratumoral 

injection of an oncolytic virus, to determine the effect on T cell distribution and responses to 

ACTIV therapy. 

In addition to the frequency of immune cells in the tumour microenvironment, tumour 

metabolism is one of the important factors in effective immunotherapy. Tumour metabolism 

contributes to availability of nutrition and oxygen in the tumour microenvironment. As a result, 

it can indirectly affect in immune cells function and survival. 

Our investigations into metabolic pathways in these two tumour types demonstrated 

significantly higher levels of oxidative phosphorylation (OXPHOS) in AT3-Her2 than E0771-

Her2 cells. Therefore, we targeted high levels of OXPHOS in AT3-Her2 tumours using 

Metformin as an OXPHOS modifier. Previous studies reported that combination of PD1 

blockade and Metformin could increase intratumoral T cell activity and result in tumour 

regression 495. However, our experiments showed that combination of Metformin and ACTIV 

therapy could not reduce tumour growth and increase efficacy of ACTIV therapy in vivo. 

Notably, further experiments showed that addition of Metformin decreased CARaMEL T cell 

cytotoxicity against both tumours in vitro. Therefore, we concluded that using Metformin was 

not a suitable approach to be continued for the purpose of enhancing ACTIV therapy efficacy. 

In the next chapter, we will employ what we learnt from Chapters 3 and Chapter 4, regarding 

limiting factors in AT3-Her2 tumours, to enhance ACTIV therapy. These limiting factors 

include low T lymphocyte tumour infiltration and low T cell-mediated cytotoxicity. 
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5 Manipulation of the tumour microenvironment and 

increasing the cytotoxic ability of CAR T cells enhances ACTIV 

therapy against AT3-Her2 tumours
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 Introduction  

Adoptive Cell Transfer Incorporating Vaccination (ACTIV) therapy has been successful in 

eradication of large solid tumours including 24JK-Her2, MC38-Her2, E0771-Her2 in mice. 

However, our results in Chapter 3 and 4 have shown that AT3-Her2 breast tumours, did not 

respond fully to ACTIV therapy and AT3-Her2 tumours were resistant to complete eradication.  

Therefore, to extend this therapy to a broader range of tumours and develop new 

immunotherapy regimens for cancer treatment by enhancing the efficacy of ACTIV therapy, 

we used AT3-Her2 and E0771-Her2 as a two-tumour model of resistance and responsiveness 

to therapy.  

To explore differential factors in AT3-Her2 and E0771-Her2 tumours, in chapter 3, we 

investigated the expression of inhibitory and activating molecules and the corresponding 

receptors on these two tumours and on CARaMEL T cells. We also tested the importance of 

each component of ACTIV therapy including irradiation, vaccinia virus (VV-gp100), 

cytotoxicity of CARaMEL T cells and IL-2.  

Following our observations of AT3-Her2 resistance to killing by CARaMEL T cells, we 

targeted pro-survival proteins such as Bcl-2 and XIAP by the addition of ABT-737 and 

AZD5582 to T cell cytotoxicity assays, which lead to an increase in CARaMEL T cell killing 

in vitro (Chapter 3 sections 3.5.3 and 3.5.4). 

In chapter 4, we performed experiments that evaluated the contribution of the tumour 

microenvironment in the differential responses of AT3-Her2 and E0771-Her2 to ACTIV 

therapy. We investigated the frequency and distribution of different subsets of immune cells, 

as well as tumour cell metabolism and showed higher OXPHOS and lower infiltration of CD8 

T cells in AT3-Her2 compared to E0771-Her2 tumour cells. 

Therefore, taken together, data from chapters 3 and 4 indicated that low T cell infiltration, 

resistance to T cell killing and high levels of OXPHOS metabolism could be reasons underlying 

the relative resistance of AT3-Her2 tumour cells to ACTIV therapy. In the present chapter, we 

used this information of the mechanism of tumour resistance as a strategy to enhance the 

efficacy of ACTIV therapy.  
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To address the problem of poor CARaMEL T infiltration into AT3-Her2 tumours, we 

considered the addition of an oncolytic virus to ACTIV therapy. Oncolytic viruses can 

selectively destroy tumour tissue and function as an immune-modulator leading to 

microenvironment changes, which can lead to enhancement of T cell infiltration and activity 

497. 

Furthermore, we targeted pro-survival proteins such as XIAP by treatment with the 

combination of SMAC-mimetic AZD5582 with ACTIV therapy to potentially enhance T cell 

cytotoxicity. SMAC-mimetic agents are known to sensitize tumour cells to TNF-mediated cell 

death, that can be executed by T cells 455,498. A summary of the workflow in this chapter is 

depicted in Figure 5.1. 

 

 

 

Figure 5.1. Workflow diagram for addressing resistance mechanisms by AT3 tumour cells  

High level of pro-survival proteins and low-level of CARaMEL T cell infiltration as two main 

reasons behind AT3-Her2 resistance to ACTIV therapy. These factors will be addressed in this 

chapter by the addition of an oncolytic virus or a SMAC-mimetic agent to ACTIV therapy.  
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 Disrupting the tumour microenvironment using an oncolytic virus for 

enhancing the efficacy of ACTIV therapy efficacy 

Oncolytic viruses are promising therapeutics to target both localized and more advanced 

tumours. Since engineered oncolytic viruses selectively replicate within tumour cells and lead 

to the preferential killing of cancer cells not normal cells, their use in the adoptive cell transfer 

setting seems to be safe. The combination of oncolytic viruses with immunotherapy has been 

shown to be beneficial in T cell priming, T cell trafficking and infiltration into the tumour as 

well as circumventing immune suppression 499,500. Infection of cancer cells by oncolytic viruses 

leads to release of danger signals that can stimulate immune cell trafficking to the tumour 

microenvironment. Moreover, neoantigens spreading from dead cancer cells into tumour 

microenvironment can enhance TAA presentation by antigen-presenting cells that in turn can 

increase T cell responses 387.   

Vaccinia virus (VV-dd) is an oncolytic virus with double deletion of the viral thymidine kinase 

and viral growth factor genes. These two mutations improve the oncolytic function of VV-dd 

and reduce its pathogenicity in vivo, which presents VV-dd as a promising agent that has the 

desirable factors of safety, tumour selectivity and oncolytic effects in its profile 399.  The 

thymidine kinase deletion leads to VV-dd tumour specificity, as it restricts the ability of virus 

replication to rapidly-growing cells such as cancer cells that contain sufficient levels of the 

DNA nucleoside TPP. In addition, the deletion of the viral growth factor gene lowers the 

virulence of the virus, which together with thymidine kinase deletion enhances VV-dd tumour 

selectively 399.A previous study which used VV-dd as a vector that was armed with the 

expression of a yeast cytosine deaminase gene (as a suicide gene) reported significantly 

increased survival of mice with ovarian carcinoma 501. Another study reported significant anti-

tumour immunity against established tumours in mice using a combination of VV-dd with an 

immune agonist 4-1BB mAb, which is an important mediator of T cell activation. In this study, 

intratumoral administration of VV-dd reduced AT3 tumour growth significantly in comparison 

to untreated control tumours and enhanced IFN secretion by the effector cells 502.  

Therefore, we hypothesized that the addition of VV-dd to ACTIV therapy would increase 

CARaMEL T cell accumulation in AT3-Her2 tumour cells and increase AT3-Her2 tumour cell 

killing by CARaMEL T cells. 
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 VV-dd is an effective oncolytic virus against AT3-Her2 in vitro. 

To investigate the relative susceptibility of the E0771-Her2 and AT3- Her2 tumour cells to 

VV-dd, the cancer cells were cultured and infected with VV-dd at a 1:3 ratio respectively (1 

tumour cell and 3 VV-gp100 particles). Untreated tumour cells were used as a negative control 

(Figure 5.2). Then after 72 hours the tumour cells were stained with the fixable yellow as a 

viability dye and analysed by flow cytometry using FACS VERSE.  

Results from the flow cytometry analysis demonstrated significant sensitivity of AT3-Her2 and 

E0771-Her2 tumour cells to vaccinia virus VV-dd in vitro (Figure 5.2). Therefore, it was 

possible that the addition of VV-dd to ACTIV therapy could increase the efficacy of ACTIV 

therapy. 

 

Figure 5.2.   AT3-Her2 and E0771-Her2 tumours were sensitive to VV-dd infection 

AT3-Her2 and E0771-Her2 cell lines were incubated with VV-dd at a 1:3 ratio respectively 

followed by staining with the fixable yellow viability dye and analysed using flow cytometry at 72 

hours post-infection. (A) Representative flow cytometry plots showing untreated tumour cell lines 

(right) and VV-dd treated tumour cells (left), stained with the viability Fixable Yellow dye at 72 

hours post-infection. (B) Pooled flow cytometry data from 4 individual experiments presenting the 

percentages of viability in untreated and VV-dd infected tumour cells. Data are displayed as the 

mean with error bars representing the SEM for 4 independent experiments, Significance was 

determined by a paired Student T-test. ****, P < 0.0001. 
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 VV-dd increased CARaMEL T cell cytotoxicity against AT3-Her2 tumour cells 

One of the potential mechanisms, described previously in chapter 3, for AT3-Her2 resistance 

to ACTIV therapy was a low level of killing by CARaMEL T cells. Given the sensitivity of 

AT3-Her2 and E0771-Her2 tumour cells to VV-dd, we next tested whether the addition of VV-

dd could increase the susceptibility of tumour cells to cytotoxicity by CARaMEL T cells by 

using a 51Cr release assay. 51Cr-labelled AT3-Her2 and E0771-Her2 tumour cells were 

incubated with activated CARaMEL T cells in the presence or absence of VV-dd (1:1 ratio) 

for 20 hours. 

Pooled cytotoxicity assay data from 3 independent experiments demonstrated that the addition 

of VV-dd could significantly increase the cytotoxicity of CARaMEL T lymphocytes against 

AT3-Her2 (Figure 5.3). Enhanced killing by CARaMEL T cells was evident since VV-dd alone 

killed only a small percentage of tumour cells (Figure 5.3). 

 

 

Figure 5.3.   VV-dd increased the cytotoxicity of CARaMEL T cells against AT3-Her2 tumour 

cells 

The cytotoxicity of activated CARaMEL T cells against 51Cr labelled AT3-Her2 and E0771-Her2 

tumour cells was evaluated in the presence or absence of the oncolytic virus VV-dd. The yellow 

star indicates the cytotoxicity of VV-dd alone with indicated tumour cells after 20 hours (n=3 

separate experiments. Data are displayed as the mean with error bars representing the SEM. The 
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significance was determined by a student T-test. ****, P < 0.0001. All tests were performed on day 

6 post CARaMEL activation with 50 IU/ml hIL-2, 2 ng/ml IL-7, and 0.1 g /ml hgp10025-33. 

 Enhancement of ACTIV therapy by addition of oncolytic virus VV-dd 

Given the sensitivity of AT3-Her2 to VV-dd and the enhancement of CARaMEL T cell 

cytotoxicity in combination with VV-dd, we next tested whether the addition of VV-dd to 

ACTIV therapy could increase the efficacy of ACTIV therapy in vivo.  Furthermore, the ability 

of oncolytic viruses such as VV-dd to modify the tumour microenvironment to enable greater 

accumulation of T cells 497,  raised the possibility of overcoming the limitation of the low 

numbers of CAR T cells infiltrating into established tumours. For this matter, transgenic Her2 

mice were injected subcutaneously with AT3-Her2 tumours cells. Mice bearing established 

AT3-Her2 tumour were randomised into 3 groups: untreated group; ACTIV treated (receiving 

preconditioning with 4 Gy irradiation, 1x 107 cells/mouse CARaMEL T cells and 2 x 107 

PFU/mouse VV-gp100 intravenously); and a combination of ACTIV therapy with intratumoral 

VV-dd treatment. 

The analysis of tumour growth and survival rate in mice showed that the addition of vaccinia 

VV-dd to ACTIV therapy resulted in a significant increase in regression of AT3-Her2 tumour 

growth and increased survival compared to ACTIV therapy alone Figure 5.4.   

 

Figure 5.4.   VV-dd increases the efficacy of ACTIV therapy against AT3-Her2 tumour cells 

Groups of mice (n= 6 mice per group) were subcutaneously injected with 1 x 106 AT3-Her2 tumour 

cells. After 3 weeks, mice bearing established tumours received ACTIV therapy (4 Gy irradiation, 

1 x107 cells/mouse CARaMEL splenocytes, 2 x107 pfu/mouse VV-gp100), or 1 x 109 pfu/mouse 

VV-dd combined with ACTIV therapy or left untreated. Data demonstrated reduced tumour growth 

and increased survival rate in mice bearing established AT3-Her2 tumours that received 

intratumoral administration of VV-dd (1 x 109 pfu/mouse) in combination with ACTIV therapy. 

Data are presented as mean ± SEM of n= 6 mice/group. Significance was determined by one-way 



Chapter 5- Results 

 153 

ANOVA in tumour growth and Mantel-Cox test for survival graph. ***, P < 0.001; ****, P < 

0.0001. Representative data from 2 individual experiments performed.  

 

 

 Intratumoral injection of the oncolytic virus is more effective than intravenous 

injection 

To gain further insight into ACTIV therapy combined with an oncolytic virus, we tested the 

influence of various factors involved in combination therapy as well as different routes of VV-

dd administration. Mice bearing established AT3-Her2 tumours were randomised into 6 groups 

to investigate the effect of vaccinia VV-dd following either intravenous (I.V) or intratumoral 

(I.T) administration in the presence or absence of ACTIV therapy.   

Tumour growth results showed that administration of VV-dd alone (either I.V or I.T 

administration) was ineffective (Figure 5.5). However, the combination of ACTIV therapy 

with I.T administration of VV-dd could significantly increase the efficacy of ACTIV therapy 

(Figure 5.5). Therefore, delivery of vaccinia virus to its most relevant site of action (inside the 

tumour) demonstrated better therapeutic outcome than the intravenous injection. This was most 

likely due to an increased concentration of VV-dd in the tumour resulting in increased anti-

tumour efficacy.  
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Figure 5.5.   Intratumoral injection of the oncolytic virus VV-dd in ACTIV therapy regimen 

could significantly induce efficacy of treatment 

Groups of mice (n= 6 mice per group) were subcutaneously injected with 1 x 106 AT3-Her2 tumour 

cells. After 3 weeks, mice bearing established AT3-Her2 tumours were left untreated or received 

ACTIV therapy (4 Gy irradiation, 1 x107 cells/mouse CARaMEL splenocytes, 2 x107 pfu/mouse 

VV-gp100), and either I.V or I.T administration of 1 x 109 pfu/mouse VV-dd in combination with 

ACTIV therapy or administration of VV-dd alone. Data are presented as mean ± SEM of n= 6 

mice/group. Significance was determined by two-way ANOVA. ***, P < 0.001; ****, P < 0.0001; 

n.s = not significant. This data was derived from the same group of the experiment as above (Figure 

5.4) that where only three treatment groups were shown for simplicity.  

 

 VV-dd oncolytic virus induces cell death in AT3-Her2 tumour tissues 

As mentioned in section 3.5.2, the reduction in expression of proteins involved in apoptosis, 

such as CASP3, in AT3-Her2 tumour cells suggested an inherent resistance to apoptosis may 

be important in its resistance to ACTIV therapy. Having demonstrated enhanced the efficacy 

of ACTIV therapy with the addition of VV-dd, we next investigated whether VV-dd could 

increase the apoptosis of AT3-Her2 tumour cells. In this experiment, established AT3-Her2 

tumours were injected intratumorally with either VV-dd or PBS (vehicle), and on 3- and 7-

days post injection tumours were collected and fixed overnight in 10% NBF, prior being 

embedded in paraffin. Tumour tissues were then stained with a monoclonal antibody specific 
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for cleaved caspase 3. Analysis of stained tissues indicated that injection of VV-dd could 

significantly increase apoptosis in AT3-Her2 tumours (Figure 5.6). From this data, it seemed 

likely that direct killing of tumour cells by the virus played a role in the enhanced therapy, but 

it was also possible that intratumoral injection of VV-dd changed the frequency and/or 

distribution of CAR T cells within tumours. In the next section, we used flow cytometry and 

immunohistochemistry to investigate this question. 

 

Figure 5.6.  VV-dd increased apoptosis in AT3-Her2 tumours 

Group of mice (n= 8 mice per group) were subcutaneously injected with 1 x 106 AT3-Her2 tumour 

cells. After 3 weeks, mice bearing established AT3-Her2 tumours were received I.T injection of 1 

x 109 pfu/mouse VV-dd or PBS (vehicle). Tumours were collected on days 3 and 7 posttreatment 

and subjected to cleaved caspase 3 staining. (A) Representative cleaved caspase 3 stained tissues 

in AT3-Her2 tumours treated with vehicle (PBS-/-) or VV-dd 7 days posttreatment. (B) Pooled data 

showing percentage of apoptosis in AT3-Her2 tissues using MetaMorph software. n= 4 individual 

tumour per group on each timepoint. Data are displayed as the mean with error bars representing 

the SEM. Significance was determined by ordinary two-way ANOVA. **, P < 0.01; The tissues 

were observed at 100 x magnification. 
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 The addition of VV-dd to ACTIV therapy increases the frequency of CAR T 

cells in tumours and lymphoid tissue 

The frequency and differentiation state of T cells are important factors in the efficacy of 

immunotherapy. Here we used flow cytometry to determine the phenotype and frequency of 

CARaMEL T cells during ACTIV therapy in the presence or absence of VV-dd. In this 

experiment, established AT3-Her2 tumours were randomised into ACTIV treated and 

combination of ACTIV and VV-dd treated mice. Then, 7 days after therapy, CARaMEL T cells 

were analysed from draining lymph nodes, spleens and tumours of treated mice with ACTIV 

or ACTIV+VV-dd and labelled with T cell differentiation markers. 

There were significantly higher percentages of CARaMEL T cells in draining lymph nodes, 

spleens and tumours of treated mice with a combination of ACTIV and VV-dd compared to 

ACTIV therapy alone (Figure 5.7 A). These results suggested that the addition of VV-dd to 

ACTIV therapy increased T lymphocyte expansion and/or persistence.  

To determine CARaMEL T cell activity and memory status, we stained these cells with CD44 

and CD62L markers for flow cytometry analysis. Phenotypic analysis of CARaMEL T cells in 

the spleens showed an even mixture of effector memory-like cells (CD44+, CD62L-) and central 

memory-like cells (CD44+, CD62L+), where the administration of VV-dd did not alter this ratio 

(Figure 5.7 B). Similar frequencies of central-memory-like T cells were also found in tumour-

draining lymph nodes with or without VV-dd treatment, although a decrease in effector 

memory-like T cells (CD44+, CD62L-) was observed in lymph nodes following the addition of 

VV-dd to ACTIV therapy. Interestingly, distinct differences in CARaMEL T cell phenotype 

were seen in tumours when VV-dd was added to ACTIV therapy, with a much higher frequency 

of central memory-like T cells (CD44+, CD62L+) in tumours following VV-dd administration 

(Figure 5.7 B).  

Previous studies have reported the expression of inhibitory receptors such as PD-1 in activated 

T lymphocytes associated with T cell exhaustion  144. In our experiments, we showed that the 

number of PD-1+ CARaMEL T cells located in tumours was significantly higher in ACTIV 

compared to combined ACTIV+VV-dd therapy (Figure 5.7 C). These results suggested that 
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VV-dd induced a “less exhausted” T lymphocyte phenotype that were less susceptible to 

immunosuppression. 

In summary, these data suggested that CARaMEL T cells in ACTIV+VV-dd therapy are more 

active and at an earlier stage of differentiation than in ACTIV therapy. Taken together, these 

data suggested a greater and more sustained immune response using a combination of ACTIV 

and oncolytic virus VV-dd compared to ACTIV therapy alone. 

 

Figure 5.7.   Comparison of frequency and phenotype of CARaMEL T cell in ACTIV and 

ACTIV +VV-dd therapy 

Groups of mice (n= 4 mice per group) were subcutaneously injected with 1 x 106 AT3-Her2 tumour 

cells. After 3 weeks, mice bearing established tumours received ACTIV therapy (4 Gy irradiation, 

1 x107 cells/mouse Thy1.1 congenic CARaMEL splenocytes, 2 x107 pfu/mouse VV-gp100), or 

combination of ACTIV with 1 x 109 pfu/mouse I.T injected VV-dd. On day 7 posttreatment, 

spleens, tumours and draining lymph nodes were collected from mice. The collected cells from 

draining lymph nodes, spleens and tumours of treated mice were labelled with the T cell markers 

(CD8, Thy1.1, CD3), T cell activity marker (CD62L, CD44) and checkpoint receptor (PD-1). (A) 

Percentages of CD8+, Thy1.1+ CARaMEL T cells in draining lymph nodes, spleens and tumours 
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of treated mice. (B) Percentages of effector memory-like CARaMEL T cells (CD44+, CD62L-) 

and central memory-like CARaMEL T cells (CD44+, CD62L+) in treated mice. (C) The number 

of indicated cells per mg tumour. (D) Percentages of CD4 T helper cells (CD4+, CD3+) in spleens 

and tumours of treated mice. Data are displayed as the mean with error bars representing the SEM. 

Significance was determined by one-way ANOVA. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 

****, P < 0.0001).  

 Distribution of CARaMEL T cells in ACTIV + VV-dd therapy  

As demonstrated in section 4.4.1 low infiltration of CARaMEL T cell into AT3-Her2 tumour 

cores was one of the important barriers limiting effective ACTIV therapy against AT3-Her2 

tumours. 

Given the increase in efficacy of ACTIV therapy in combination with of VV-dd, further 

experiments investigated whether VV-dd could enhance distribution of infiltrated T cells in 

AT3-Her2 tumour cells. In this experiment, 1 x 106 AT3-Her2 tumour cells were injected 

subcutaneously into mice. After 3 weeks of tumour establishment, mice were treated with 

ACTIV therapy or ACTIV in combination with VV-dd (I.T) or left untreated.  Tumours were 

collected 7 days posttreatment and fixed overnight in 10% NBF, prior to being embedded in 

paraffin. Finally, tumour tissues were stained with an antibody specific for CD8 lymphocytes. 

Analysis of CD8 stained tissues showed a significant increase in the number of T cells 

infiltrated in the tumour core of ACTIV+VV-dd treated tissues compared to ACTIV-treated 

tissues (the area showed by dotted red lines in Figure 5.8). 
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Figure 5.8.   Comparison of CD8 T cells infiltration into tumours following ACTIV or 

ACTIV+ VV-dd treatment 

Mice (n=3 mice per group) were injected subcutaneously with AT3-Her2 tumour cells (1 x 106 

cells/mouse) and tumours established for 3 weeks. Mice were then treated with ACTIV therapy (4 

Gy irradiation, 1x 107 cells/mouse CARaMEL T cell, 2 x 107 PFU/mouse VV-gp100), the 

combination of ACTIV therapy with 1 x 109 pfu/mouse I.T injected VV-dd or left untreated. At 

day 7 posttreatment, tumours were harvested from all groups of mice and subjected to CD8 

staining. (A) Representative CD8 stained tissues in AT3-Her2 tumours treated with ACTIV or 

ACTIV+VV-dd 7 days posttreatment. The area surrounded by dotted red line shows the core in 

AT3-Her2 tumour tissues (B) Collated data showing the quantification analysis of CD8 T cells in 

AT3-Her2 tissues using HALO image analysis software. n=3 random sections of 3 individual 

tumours except for untreated group that n=3 individual tumour. Data are displayed as the mean 

with error bars representing the SEM. Significance was determined by one-way ANOVA with 

Brown-Forsythe test correction. **, P < 0.01; The tissues were observed at 200 x magnification 

scale bar at 100 μm.  
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 ACTIV+VV-dd therapy increases the frequency of myeloid cells at the tumour 

site 

Myeloid cells are innate cells that play an important role in shaping immune responses against 

tumours 479. For instance, DCs are specialized cells that can take up antigen and present it to T 

lymphocytes 41. Neutrophils can induce secretion of cytokines and chemokines that play a role 

in recruitment of macrophages and DCs into the tumour microenvironment 47. Danger signals 

released from dying cancer cells can induce wound healing mechanisms in macrophages and 

negatively regulate immune responses 33,34.  

To determine whether the addition of oncolytic virus VV-dd to ACTIV therapy could change 

the composition of myeloid cell subsets, AT3-Her2 tumour cells were subcutaneously injected 

to Her2 transgenic mice. After 3 weeks of tumour establishment, mice bearing tumours 

received ACTIV therapy, or ACTIV therapy in combination with 1 x 109 pfu/mouse VV-dd. 

On day 7 posttreatment, spleens, draining lymph nodes and tumours of treated mice were 

collected and labelled with cocktails of antibodies specific for myeloid cells including F4/80, 

CD103, Ly6G, Ly6C, CD11c and CD11b cell surface markers. 

Interestingly, we observed higher percentages of monocytes (CD11b+, Ly6C+), neutrophils 

(CD11b+, Ly6G+) and antigen-presenting DCs (CD11c+, CD103+) in tumours of mice treated 

with ACTIV+VV-dd compared to ACTIV therapy alone (Figure 5.9). It was not clear at this 

stage whether these increased frequencies of monocytes and neutrophils aided in tumour 

destruction and clearance of dead tissue or indicated a more immunosuppressive 

microenvironment. Further analysis is necessary to determine if the myeloid cells are 

immunosuppressive or immunopotentiating in these tumours. On the other hand, increased 

percentages of antigen-presenting DCs in tumours of ACTIV+VV-dd treated mice may 

indicate a role for these cells in inducing endogenous immunity as well as inducing CARaMEL 

T cell activation and proliferation.  
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Figure 5.9.  Comparison of different myeloid subsets in mouse tissues following ACTIV or 

ACTIV+VV-dd therapy  

Groups of mice (n= 4 mice per group) were subcutaneously injected with 1 x 106 AT3-Her2 tumour 

cells. After 3 weeks, mice bearing established tumours received ACTIV therapy (4 Gy irradiation, 

1 x107 cells/mouse CARaMEL splenocytes, 2 x107 pfu/mouse VV-gp100), or combination of 

ACTIV therapy and 1 x 109 pfu/mouse I.T injection of VV-dd. On day 7 posttreatment, spleens, 

tumours and draining lymph nodes were collected from mice. The frequency of myeloid cells 

including monocytes (CD11b+, Ly6C+), macrophages (CD11b+, F4/80+), neutrophils (CD11b+, 

Ly6G+) and antigen-presenting DCs (CD103+, CD11c+) were analysed in the spleen, draining 

lymph node and tumour cells using flow cytometry. Data are displayed as the mean with error bars 

representing the SEM. Significance was determined by one-way ANOVA. *, P < 0.05; **, P < 

0.01; ***, P < 0.001.   
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 TNF-α is increased in tumours of mice receiving ACTIV+VV-dd therapy 

Having established that the addition of VV-dd to ACTIV therapy enhances CARaMEL T cell 

expansion and reduces their exhaustion, we sought further mechanistic insight by comparing 

the concentrations of IFN TNF-  and IL-10 in tumours of ACTIV- and ACTIV+VV-dd-

treated mice using a cytometric bead array (CBA) assay. Since IL-10 is able to suppress 

cytotoxic T cell responses, whilst IFN and TNF- are able to elevate the sensitivity of tumours 

to T cell cytotoxicity, analysing these cytokines provided more mechanistic insight underlying 

the increased therapeutic effects of ACTIV+VV-dd therapy.  

In this experiment, AT3-Her2 tumour cells were subcutaneously injected into Her2 transgenic 

mice. After 3 weeks of tumour establishment, mice bearing tumours received ACTIV therapy, 

or ACTIV therapy in combination with 1 x 109 pfu/mouse VV-dd. On day 7 posttreatment 

tumours from all treated mice were collected and cut into small pieces (< 2 mm3 in PBS at 50 

mg/100 µL in the 1.5 ml microfuge tubes (Eppendorf). After 2 hours incubation at 37oC, tubes 

were centrifuged and the supernatant used in a CBA assay using the method described in 

section 2.8.5 of Chapter 2.  

We observed a remarkable elevation of TNF- following combined ACTIV+VV-dd therapy 

compared to ACTIV therapy alone, suggesting an enhancement of T cell cytotoxic potential 

Figure 5.10. 

 

Figure 5.10.   Combination of ACTIV+VV-dd therapy increase the concentration of TNF-   

Groups of mice (n= 4 mice per group) were subcutaneously injected with 1 x 106 AT3-Her2 tumour 

cells. After 3 weeks, mice bearing established tumours received ACTIV therapy (4 Gy irradiation, 

1 x107 cells/mouse CARaMEL splenocytes, 2 x107 pfu/mouse VV-gp100), or the combination of 

ACTIV therapy and 1 x 109 pfu/mouse I.T injection of VV-dd oncolytic virus. On day 7 

posttreatment, tumours were collected from mice. The supernatant from tumours of all treated mice 

were collected with the method described previously and then the concentrations of IFNγ, TNF-α 
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and IL-10 were determined using a cytometric bead array (CBA). n= 4 separate tumours in each 

group, each done triplicate. Data are displayed as the mean with error bars representing the SEM. 

Significance was determined by one-way ANOVA. ****, P < 0.0001. 

 

 Molecular contributors to ACTIV+VV-dd therapy 

In order to gain additional insight into molecular contributors to ACTIV+VV-dd combined 

therapy, we next inhibited the function of both Type I and Type II interferons using monoclonal 

antibodies to block the receptor, IFN-ARI, and/or cytokine IFNγ respectively.  

In this experiment, AT3-Her2 tumour cells were subcutaneously injected into Her2 transgenic 

mice. After 3 weeks of tumour establishment, mice received ACTIV and VV-dd therapy (4 Gy 

irradiation, 1 x107 cells/mouse CARaMEL splenocytes, 2 x107 pfu/mouse VV-gp100 and 1 x 

109 pfu/mouse I.T injection of VV-dd) in addition to twice a week I.P injection of monoclonal 

antibodies blocking IFN-ARI, or neutralisation of IFNγ, or depletion of CD8+ T cells.  

In this experiment, blockade of interferons significantly inhibited the efficacy of ACTIV+VV-

dd therapy (Figure 5.11). Tumour growth inhibition was not complete, as seen by some 

residual therapeutic effect when compared to untreated mice. However, this may have been 

due to the preconditioning irradiation component of ACTIV+VV-dd therapy, which untreated 

mice did not receive. Further experiments using irradiation alone would be necessary to 

determine the relative contributions of irradiation and interferons. While the sources of 

interferons were not identified in these experiments, it was possible that there were 

contributions from a variety of cell types in addition to T cells.  

We also determined the contributions from T cells by depletion of CD8+ T cells and CD8 

DCs using a monoclonal antibody that typically depletes >95% of these cells.  In addition, the 

monoclonal anti-CD8a antibody, YTS 169.4 can also deplete a proportion of CD8aa DCs, 

which needs to be considered in interpreting the results. Tumour growth analysis demonstrated 

a significant decrease in the ACTIV+VV-dd therapeutic efficacy in the presence of a CD8-

depleting antibody (Figure 5.11). However, it was not clear if CD8-depletion was as effective 

as IFNγ neutralization, with those two groups of mice not achieving a statistically significant 

difference with 6 mice per group, suggesting that further experiments using more mice would 

be needed to determine if cells other than CD8+ T cells contributed to the IFNγ effect. 
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In previous experiments investigating mechanistic contributors to ACTIV therapy, we 

determined that the chemokine receptor CXCR3 played a crucial role in therapy 394. We, 

therefore, sought to determine if this receptor and its ligands CXCL9, CXCL10 and CXCL11, 

played a role in ACTIV+VV-dd therapy using the CXCR3 neutralizing antibody. We observed 

that the therapeutic efficacy of ACTIV+VV-dd was significantly reduced after CXCR3 

blockade (Figure 5.11) suggesting the importance of this receptor in T lymphocyte trafficking 

during ACTIV+VV-dd therapy. 

CXCR3 is an important chemokine expressed by activated T cells and plays a key role in T cell 

trafficking and function 503. Notably, CXCR3 and interferons can be expressed by other 

immune subsets such as NK cells, NKT cells and DCs and may contribute to the migration of 

these cells to lymph node 504–506. In the next section, the mechanisms of cytotoxicity using 

either perforin or IFN knock-out CARaMEL T cells in ACTIV+VV-dd therapy was evaluated. 

  

Figure 5.11.   Cytokine and chemokine contributors to ACTIV+VV-dd therapy 

Mice (n=6 mice per group except for 5 mice in the untreated group) were injected subcutaneously 

with AT3-Her2 (1 x 106 cells/mouse) and tumours allowed to established for 3 weeks. Mice then 

were treated with ACTIV+ VV-dd therapy (4 Gy irradiation, 1x 107 cells/mouse CARaMEL T cell, 

2 x 107 PFU/mouse VV-gp100 and 1 x 109 pfu/mouse I.T injection VV-dd) or left untreated. Some 

groups of mice that received ACTIV+VV-dd therapy were subjected to I.P injections of 200 

μg/mouse of the indicated blockade antibody on the day of therapy which was then followed with 
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100 μg/mouse twice a week for two weeks. The figure shows tumour growth and survival rate of 

ACTIV+VV-dd treated mice in the presence and absence of indicated blockade antibodies. Data 

are presented as mean ± SEM. Significance was determined by two-way ANOVA. *, P < 0.05, 

***, P < 0.001; ****, P < 0.0001. 

 Contribution of perforin and IFN derived from CARaMEL T cells to the anti-

tumour activity of ACTIV+VV-dd therapy 

Having significant contribution of IFN and CD8+ T cells in the therapeutic effect of 

ACTIV+VV-dd therapy, further mechanistic studies were undertaken using CARaMEL T cells 

from IFN knock-out (Ifng KO) and perforin knock-out (Prf KO) mice in a combination of 

ACTIV with VV-dd therapy. The IFN neutralizing antibody assessed the contribution of IFN 

from both exogenous (CARaMEL T cells) and endogenous (tumour host) sources, whereas, 

using Ifng KO CARaMEL T cells investigated the contribution of IFN solely from the 

adoptively transferred T lymphocytes. Both IFN and perforin can mediate tumour cell killing. 

We also used a TNF-α blocking antibody to determine the contribution of the TNF pathway in 

CARaMEL T cell cytotoxicity mechanisms. 

Therefore, to investigate the role of these two factors in therapy, established AT3-Her2 tumours 

were treated with ACTIV+VV-dd therapy that included CARaMEL T cells from wild-type, 

Ifng KO or Prf KO mice. Tumour growth analysis showed a significant increase in tumour size 

of mice treated with CARaMEL T cells from Ifng KO mice compared to those mice that 

received wild-type CARaMEL T cells in ACTIV+VV-dd therapy (Figure 5.12). However, 

tumour growth did not completely revert to untreated mice (Figure 5.12). This may have been 

due to the preconditioning irradiation component of ACTIV+VV-dd therapy, which untreated 

mice did not receive. 

A high concentration of IFN may reduce the contribution of vaccinia virus in therapy due to 

its anti-viral function. However, a significant increase in tumour growth of mice treated with 

Ifng KO CARaMEL T cells suggested that the secreted IFN from CARaMEL T cells has an 

essential role in the killing of tumour cells and therapeutic efficacy of ACTIV+VV-dd. 

Interestingly, TNF-α blockade inhibited anti-tumour responses to a much greater degree than 

did neutralization of perforin from CARaMEL T cells. Although, we cannot rule out the 

contribution of perforin in cytotoxicity of CARaMEL T cells, these data suggested that TNF-

α may play a more critical role in mediating CARaMEL T cell cytotoxicity.  
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Figure 5.12. CARaMEL T cell-derived IFN played a significant role in ACTIV+VV-dd 

therapy 

Mice (n=6 mice per group) were injected subcutaneously with AT3-Her2 (1 x 106 cells/mouse) and 

tumours established for 3 weeks. Mice then were treated with ACTIV+ VV-dd therapy (4 Gy 

irradiation, 1x 107 cells/mouse CARaMEL T cell, 2 x 107 PFU/mouse VV-gp100 and 1 x 109 

pfu/mouse I.T injection VV-dd) or left untreated. Some groups of indicated mice that received 

CARaMEL Prf KO or Ifng KO CARaMEL T cells in ACTIV+VV-dd therapy as indicated. The 

ACTIV+VV-dd+anti-TNF-α group was treated with 1 mg/mouse of TNF-α inhibitor antibody on 

the day of therapy and was followed with 0.5 mg/mouse twice weekly for two weeks in 

ACTIV+VV-dd therapy. The figure shows the tumour growth of indicated treatment groups 

compared to untreated and ACTIV+VV-dd treated groups. Prf KO = perforin knocked-out, Ifng 

KO = IFNγ knocked-out. Data are presented as mean ± SEM of. Significance was determined by 

two-way ANOVA. n.s = not significant, **, P < 0.01; ****, P < 0.0001.  

 

 

 

Although VV-dd enhanced ACTIV therapy efficacy and reduced tumour growth significantly, 

some treated mice could not eliminate their tumours completely. This could have been due to 

Her2 antigen reduction or loss. Therefore, in the following section, we tested Her2 tumour 

antigen expression in AT3-Her2 tumours from mice with relapsing disease. 
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 Relapsing tumours retain their Her2 expression  

To determine the expression of Her 2 on relapsing tumours, AT3-Her2 tumours from treated 

mice were collected and cultured in vitro for 3 weeks to establish tumour cells and reduce 

stromal cells. Parental AT3-Her2 cell line (used as a control) and cultured AT3-Her2 relapsed 

cells from mice were labelled with an anti-Her2 antibody and analysed using flow cytometry. 

A high level of expression of Her2 was maintained in AT3-Her2 relapsed tumour cells from 

ACTIV+VV-dd treated mice, which was not too dissimilar to Her-2 expressed on parental 

AT3- Her2 tumour cells (Figure 5.13). Therefore, loss or reduction of tumour antigen did not 

seem to be a major reason for the incomplete eradication of AT3-Her2 tumours following 

treatment. 

 

Figure 5.13.   Her2 expression is retained on tumour cells isolated from tumours relapsing 

after ACTIV+VV-dd therapy. 

AT3-Her2 tumours were taken following relapse after ACTIV+VV-dd therapy, cultured for 3 

weeks to be established, and then tumour cells were labelled with anti-Her2 antibody prior to 

analysis using flow cytometry. Parental AT3-Her2 cells were used as a positive control for Her2 

expression. 
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 AT3-Her2 cells isolated from relapsed tumours were similar to AT3-Her2 

parental cells in their sensitivity to CARaMEL T cell killing in vitro 

Although reduced Her2 expression did not appear to play a major role in tumour relapse, it 

remained possible that the tumour cells had developed resistance to T cell-mediated lysis. 

Therefore, we tested the susceptibility of AT3-Her2 cells from relapsed tumours to CARaMEL 

T cell killing. 51Cr-labelled AT3-Her2 cells isolated from mice treated with ACTIV+VV-dd 

therapy were incubated with activated CARaMEL T cell for 20 hours, and their lysis compared 

to parental AT3-Her2 cell lines. 

Similar percentages of 51Cr release in AT3-Her2 relapsed tumour cells and parental AT3-Her2 

were observed. This data suggested that differential sensitivity to CARaMEL T cell 

cytotoxicity was not responsible for the incomplete eradication of AT3-Her2 tumours in 

ACTIV+VV-dd treated mice. However, it should be noted that although relapsed tumour cells 

retained a level of sensitivity to CARaMEL T cell killing in vitro, the tumour cells may be less 

sensitive to CARaMEL T cells in vivo. 

 

Figure 5.14.    CARaMEL T cell killing against AT3-Her2 relapsing tumour cells after 

ACTIV+VV-dd therapy was similar to parental AT3-Her2 tumour cells. 

AT3-Her2 tumours were taken following relapse after ACTIV+VV-dd therapy, and cultured for 3 

weeks. The tumour cells were then labelled with 51Cr prior to performing a cytotoxicity assay. Data 

is the summary of the cytotoxicity of activated CARaMEL T cells against 51Cr labelled AT3-Her2 

tumour cells. n= 3 individual experiments, each done in triplicate wells. Data are displayed as the 

mean with error bars representing the SEM. Significance was determined by two-way ANOVA; 

n.s = not significant. Tests were performed on day 6 post CARaMEL activation with 50 IU/ml hIL-

2, 2 ng/ml IL-7, and 0.1 g /ml hgp10025-33. 
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 The SMAC-mimetic AZD5582 enhances sensitivity of AT3-Her2 tumours 

to ACTIV therapy 

Apart from low infiltration of CARaMEL T cells into AT3-Her2 tumour cores, higher levels 

of pro-survival proteins such as Bcl-2 and XIAP were associated with AT3-Her2 resistance to 

ACTIV therapy.  

To address this matter, we used ABT-737 and AZD5582 agents to target Bcl-2 and IAPs 

respectively. Previously in chapter 3, we showed that the cytotoxicity of CARaMEL T cells 

increased in the presence of AZD5582 and ABT-737. Although, CARaMEL T cells killing 

against AT3-Her2 tumour cells was higher in presence of AZD5582 than with ABT-737, refer 

to Figure 3.19 and Figure 3.20. Therefore, we tested whether AZD5582 may increase AT3-

Her2 response to ACTIV therapy in vivo. AZD5582 as a SMAC-mimetic drug and IAP 

antagonist can inhibit IAPs activity and induce cell death. Using IAPs antagonists, such as 

birinapant, has been reported to increase T lymphocyte cytotoxicity 455,498. 

Given the increased sensitivity of AT3-Her2 cells to CARaMEL T cell killing in vitro when 

combined with AZD5582 (Chapter 3), we tested the efficacy of ACTIV therapy in combination 

with AZD5582 in vivo. Mice bearing established AT3-Her2 tumours were treated with ACTIV 

therapy (4 Gy irradiation, 1x 107 cells/mouse CARaMEL T cell and 2 x 107 PFU/mouse VV-gp100) 

followed by administration of AZD5582 (3 mg/kg) initiated one day prior to ACTIV therapy 

and continued twice per week for 2 weeks. 

The combination of ACTIV therapy with AZD5582 significantly increased survival and 

reduced the size of established tumours, whereas either ACTIV therapy or AZD5585 alone, as 

well as combining irradiation with AZD5582, were less effective (Figure 5.15). 
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Figure 5.15.   Addition of AZD5582 significantly increased ACTIV therapy efficacy  

Groups of mice (n= 5 mice per group) were subcutaneously injected with 1 x 106 AT3-Her2 tumour 

cells. After 3 weeks, mice bearing established AT3-Her2 tumours were left untreated or received 

the indicated therapies that included ACTIV+AZD5582 therapy (4 Gy irradiation, 1 x107 

cells/mouse CARaMEL splenocytes, 2 x107 pfu/mouse VV-gp100 and 3 mg/kg AZD5582), 

ACTIV therapy, treatment with 3 mg/kg AZD5582 alone and the combination of irradiation with 

3 mg/kg AZD5582.  Data shows tumour growth and survival rate in indicated groups. Data are 

presented as mean ± SEM. Significance was determined by two-way ANOVA. *** P < 0.001. 

 

 

 Frequency and activity of T cells in ACTIV+AZD5582 therapy 

As mentioned earlier the frequency and differentiation state of T cells plays an important role 

in the efficacy of immunotherapy. Here we used flow cytometry to determine the phenotype 

and frequency of CARaMEL T cell following ACTIV therapy or ACTIV+AZD5582 therapy. 

In this experiment, established AT3-Her2 tumours were randomised and treated with ACTIV 

therapy (4 Gy irradiation, 1 x107 cells/mouse CARaMEL splenocytes, 2 x107 pfu/mouse VV-

gp100) or a combination of ACTIV with 3 mg/kg AZD5582. Seven days after therapy, spleens 

and tumours of mice were harvested and their cells dissociated and labelled with specific 

antibodies for detection of CD8+ and CD4+ T cells using flow cytometry. The Thy1.1 antibody 

was used as a congenic marker to distinguish CARaMEL T cells from endogenous T cells. 

CD44 and CD62L antibodies were used to determine the differentiation state of T cells, and 

PD-1 expression was used as an exhaustion marker in T lymphocytes.  
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There was a significantly higher percentage of CARaMEL T cells observed in tumours of 

ACTIV+AZD5582-treated mice compared to ACTIV treatment alone (Figure 5.16 A). 

Although the percentage of T cells was higher in ACTIV+AZD5582-treated group, further 

analysis revealed that the absolute numbers of CARaMEL T cells per milligram in tumours of 

these groups was similar (Figure 5.16 B, C). Furthermore, the percentage of CD4+ T cells was 

similar in both ACTIV and ACTIV+AZD5582 treated groups (Figure 5.16 D). 

Therefore, these results suggested that the increased frequency was perhaps due to a reduction 

in other live cells, likely tumour cells. Apart from the frequency of CD8 T cells it was possible 

that the distribution of T cells within tumours contributed to regression of AT3-Her2 tumours 

following ACTIV and AZD5582 treatment.  
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Figure 5.16.   Comparison of frequency and phenotype of CARaMEL T cells in ACTIV and 

ACTIV+AZD5582 treated mice 

Groups of mice (n= 5 mice per group) were subcutaneously injected with 1 x 106 AT3-Her2 tumour 

cells. After 3 weeks, mice bearing established tumours received ACTIV therapy (4 Gy irradiation, 

1 x107 cells/mouse CARaMEL splenocytes, 2 x107 pfu/mouse VV-gp100), or the combination of 

ACTIV therapy with 3 mg/kg AZD5582. On day 7 posttreatment, spleens and tumours were 

collected from mice. The cells were labelled with T cell markers (CD8, Thy1.1, CD3), T cell 

activity markers (CD62L, CD44), CD4+ T cells markers (CD3, CD4) and the checkpoint receptor 

(PD-1). (A) Percentages of CD8+, Thy1.1+ CARaMEL T cells in spleens and tumours of treated 

mice. (B) Percentages of effector memory-like CARaMEL T cells (CD44+, CD62L-) and central 

memory-like CARaMEL T cells (CD44+, CD62L+) in treated mice. (C) The number of indicated 

cells per mg tumour. (D) percentages of CD4+ helper T cells (CD4+, CD3+) in spleens and 

tumours of treated mice. Counting beads were used for quantification of cells/mg. Data are 

displayed as the mean with error bars representing the SEM. Significance was determined by 

one-way ANOVA. *, P < 0.05. 
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 Combination of AZD5582 and ACTIV therapy increases T lymphocyte 

infiltration into AT3-Her2 tumour cores  

Given the remarkable increase in the efficacy of ACTIV therapy in combination with the 

AZD5582 agent, further experiments investigated T cell infiltration into AT3-Her2 tumours. 

Therefore, AT3-Her2 tumour cells were injected subcutaneously into transgenic Her2 mice and 

after 3 weeks of tumour establishment, mice were randomized into 3 groups comprising the 

untreated control, ACTIV therapy alone and ACTIV therapy in combination with AZD5582. 

Administration of AZD5582 was performed on day 1 and 4 of ACTIV therapy. Tumours were 

collected on day 7 and fixed overnight in 10% NBF, prior to being embedded in paraffin. 

Finally, tumours were stained with an antibody specific for detection of CD8+ lymphocytes. 

Analysis of CD8-stained tissues demonstrated enhanced infiltration of T lymphocytes in 

tumour cores from ACTIV+AZD5582-treated mice compared to ACTIV-treated mice (Figure 

5.17). 
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Figure 5.17.  Infiltration of CD8+ T cells was increased in AT3-Her2 tumours treated with 

ACTIV+AZD5582 therapy 

Mice (n=3 mice per group) were injected subcutaneously with AT3-Her2 (1 x 106 cells/mouse) and 

tumours established for 3 weeks. Mice then were treated with ACTIV therapy (4 Gy irradiation, 1x 

107 cells/mouse CARaMEL T cell, 2 x 107 PFU/mouse VV-gp100), a combination of ACTIV 

therapy with 3 mg/kg AZD5582 (injected on days 1 and 4 of ACTIV therapy) or left untreated. At 

day 7 posttreatment, tumours were harvested from all groups of mice and subjected to CD8 

staining. (A) A representative section of AT3-Her2 tumour tissues treated with ACTIV or 

ACTIV+AZD5582 on day 7 posttreatment and stained with a CD8 specific antibody. The area 

surrounded by dotted red line shows tumour core in AT3-Her2 tumour tissue (B) Quantification 

analysis of CD8+ T cells in AT3-Her2 tumours using HALO image analysis software. Collated data 

comprising of 3 random sections per AT3-Her2 tumour in ACTIV or ACTIV-treated groups and 2 

random sections per untreated AT3-Her2 tumour. Data are displayed as the mean with error bars 

representing the SEM. Significance was determined by one-way ANOVA. *, P < 0.05; ***, P < 

0.001; n.s = not significant. The tissues were observed at 200 x magnification, scale bar at 100 μm. 
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 Assessment of the frequency of the Myeloid cells in ACTIV+AZD5582 therapy 

Manipulation of immune cells and the tumour microenvironment by cancer cells plays an 

important role in tumour growth and metastasis.  Interactions of myeloid cells with cancer cells 

and the tumour stroma may lead to cancer progression 507. To analyse whether a combination 

of AZD5582 with ACTIV therapy changed different subsets of myeloid cells, the frequency of 

different subsets of myeloid cells were compared between these two treatment groups using 

flow cytometry. AT3-Her2 cells were injected subcutaneously into mice. After 3 weeks of 

tumour growth, mice were randomized into 2 groups of ACTIV therapy and 

ACTIV+AZD5582 therapy. Cells from spleen and tumours were collected 7 days posttreatment 

and were labelled with a cocktail of antibodies for analysis of monocytes (CD11b+, Ly6C+), 

macrophages (CD11b+, F4/80+), neutrophils (CD11b+, Ly6G+) and antigen-presenting DCs 

(CD103+, CD11c+). 

The results revealed higher percentages of macrophages (CD11b+, F4/80+) were observed in 

tumours of mice treated with ACTIV therapy alone compared to ACTIV+AZD5582 therapy 

(Figure 5.18). Since some types of macrophages can negatively impact on cancer 

immunotherapy, lower levers of macrophages may enable increased efficacy of the ACTIV 

and AZD5582 combination. However, it is not clear from this limited investigation whether 

the macrophages were of an immunosuppressive or inhibitory phenotype, which could be 

investigated in future experiments using iNOS, Arginase-1 and CD206 markers 483. 
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Figure 5.18.   Lower percentage of macrophages in AT3-Her2 tumours of mice treated with 

ACTIV+AZD5582 compared to ACTIV therapy alone 

Groups of mice (n= 5 mice per group) were subcutaneously injected with 1 x 106 AT3-Her2 tumour 

cells. After 3 weeks, mice bearing established tumours received ACTIV therapy (4 Gy irradiation, 

1 x107 cells/mouse CARaMEL splenocytes, 2 x107 pfu/mouse VV-gp100), or combination of 

ACTIV therapy and 3 mg/kg AZD5582 (injected on days 1 and 4 of ACTIV therapy). On day 7 

posttreatment, spleens and tumours were collected from treated mice. Then the frequency of 

myeloid cells including monocytes (CD11b+, Ly6C+), macrophages (CD11b+, F4/80+), neutrophils 

(CD11b+, Ly6G+) and antigen-presenting DCs (CD103+, CD11c+) were analysed in the spleen, 

lymph node and tumour cells using flow cytometry. Data are displayed as the mean with error bars 

representing the SEM. Significance was determined by one-way ANOVA. *, P < 0.05. 

 

 

 Determining the inflammatory mediators involved in ACTIV+AZD5582 therapy 

Following to the investigation of CARaMEL T cell activation, expansion and distribution, we 

next compared the concentration of IFN, TNF- and IL-10 in tumours of ACTIV and 

ACTIV+AZD5582 treated mice using cytometric bead array (CBA) assay. Exploring the 

contribution of IL-10 as a cytokine capable of cytotoxic T cell suppression, TNF- as a 

mediator of T cell cytotoxicity, as well as IFN  provided mechanistic insight into 

ACTIV+AZD5582 therapy.  

In this experiment, AT3-Her2 tumour cells were subcutaneously injected to Her2 transgenic 

mice. After 3 weeks of tumour establishment, mice bearing tumours received ACTIV therapy 

or ACTIV therapy in combination with 3 mg/kg AZD5582. On day 7 posttreatment tumours 

from all treated mice were collected and cut into small pieces (< 2 mm3 in PBS at 50 mg/100 
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µL in 1.5 ml microfuge tubes. After 2 hours incubation at 37oC, tubes were centrifuged and the 

supernatant used in a CBA assay using the method described in section 2.8.5 of chapter 2.  

Analysis of CBA results demonstrated a remarkable elevation of TNF- in ACTIV+AZD5582 

therapy compared to the ACTIV therapy suggesting its contribution to the elevation of AT3-

Her2 susceptibility to T cell killing Figure 5.19. 

 

 
 

Figure 5.19.   Combination of ACTIV and AZD5582 therapy increased the concentration of 

TNF-   

Groups of mice (n= 4 mice per group) were subcutaneously injected with 1 x 106 AT3-Her2 tumour 

cells. After 3 weeks, mice bearing established tumours received ACTIV therapy alone (4 Gy 

irradiation, 1 x107 cells/mouse CARaMEL splenocytes, 2 x107 pfu/mouse VV-gp100), or a 

combination of ACTIV therapy with 3 mg/kg AZD5582. On day 7 posttreatment, tumours were 

collected from mice. The supernatant from tumours of all treated mice were collected with the 

method described before and then the concentrations of IFNγ, TNF-α and IL-10 determined using 

a cytometric bead array (CBA). (n= 4 separate tumours in each group, each done in triplicate. Data 

are displayed as the mean with error bars representing the SEM. Significance was determined by 

one-way ANOVA. ***, P < 0.001). 
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 Mechanistic contributions of cytokines in ACTIV+AZD5582 therapy 

In order to explore molecular contributors underlying the increased therapeutic effects of 

ACTIV and AZD5582 therapy, we neutralized the T cell-associated chemokine receptor, 

CXCR3 as well as neutralization of IFN and TNF- using specific antibodies. Furthermore, 

other treated groups received antibodies that depleted CD8+ T cells or blocked the Type I 

interferon receptor IFN-AR1. We also investigated the contribution of perforin and IFN 

secreted from CARaMEL T cells by using CARaMEL T cells from IFN knock-out donor mice 

(Ifng KO) and perforin knock-out donor mice (Prf KO) in combination with ACTIV and 

AZD5582 therapy.  

Mice bearing established tumours were treated with a combination of ACTIV therapy and 

AZD5582 (irradiation + CARaMELT cell + VV-gp100 (I.V) + 5 doses of AZD5582) in the 

presence or absence of blocking antibodies administrated on the same day of therapy followed 

by twice-weekly injections for two weeks. For investigations of IFN and PRF secretion from 

T cells, CARaMEL T cells from Ifng KO or Prf KO mice were substituted for wild-type 

CARaMEL T cells in the ACTIV+AZD5582 therapy regimen. 

A significant reduction in the therapeutic efficacy of ACTIV+AZD5582 therapy was observed 

in mice treated in presence of neutralizing/blocking antibodies against CXCR3, CD8, IFN and 

IFN-AR1, compared to mice treated with ACTIV+AZD5582 alone (Figure 5.20 A).  

As mentioned earlier, CXCR3 is an important chemokine, that is mainly expressed by activated 

T lymphocytes and is crucial for T cell trafficking and function 503. Therefore, neutralizing 

CXCR3 may have affected T lymphocyte trafficking into the tumour site. 

Type I (α and β) and II (γ) interferons are produced by DCs and cytotoxic cells such as NK 

cells and T lymphocytes. However, many other cells including leukocytes and stromal cells 

can secrete Type I interferons 508. Generally, interferons are responsible for promoting an anti-

tumour immune response in cancers 508. This was confirmed by the observation that 

neutralizing them showed a significant increase in AT3-Her2 tumour growth during 

ACTIV+AZD5582 therapy (Figure 5.20 A).   

We next investigated the role of CD8+ T cells in the efficacy of ACTIV and AZD5582 therapy 

using a CD8+ T cell depleting antibody. Depleting CD8+ T cells resulted in a significant 

increase in AT3-Her2 tumour growth in mice treated with ACTIV and AZD5582, suggesting 
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their importance in the therapeutic effect (Figure 5.20 A). To investigate the mechanisms of 

cytotoxicity we used perforin-deficient or IFN-deficient CARaMEL T cells as well as IFN 

and TNF- neutralizing antibodies following ACTIV and AZD5582 therapy. 

The analysis of AT3-Her2 tumour growth in mice treated with Ifng KO or Prf KO T cells 

showed a significant reduction in treatment efficacy compared to mice receiving wild-type 

CARaMEL T cells following ACTIV+AZD5582 therapy (Figure 5.20 B). Although, we 

cannot exclude the contribution of IFN produced by endogenous immune cells such as NK 

cells and other immune cells apart from the transferred CARaMEL T cells, similar therapeutic 

inhibition in the presence of IFN neutralizing antibody and Ifng KO CARaMEL T cells 

suggested that the majority of IFN is produced by the CARaMEL T cells (Figure 5.20 B).  

Furthermore, the decreased efficacy of therapy following neutralization of IFN and TNF- 

suggested the critical importance of these apoptosis inducing factors for mediating an effective 

anti-tumour response after ACTIV and AZD5582 treatment (Figure 5.20 B). 
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Figure 5.20.   Molecular contributors to ACTIV+AZD5582 therapy 

Mice (n=6 mice per group) were injected subcutaneously with AT3-Her2 (1 x 106 cells/mouse) and 

tumours were established for 3 weeks. Mice were then treated with ACTIV+ AZD5582 therapy (4 

Gy irradiation, 1x 107 cells/mouse CARaMEL T cell, 2 x 107 PFU/mouse VV-gp100 and 3 mg/kg 

AZD5582) or left untreated. As indicated, some groups of mice that received ACTIV and AZD5582 

therapy were subjected to I.P injections of 200 μg/mouse of the indicated blockade/neutralising 

antibody on the day of therapy which was then followed with 100 μg/mouse twice a week for two 

weeks. The ACTIV+AZD5582+anti-TNF-α group was treated with 1 mg/mouse of TNF-α 

blockade on the day of therapy and then followed with 0.5 mg/mouse twice weekly for two weeks 

in ACTIV+AZD5582 therapy. Some groups of mice received CARaMEL Prf KO or Ifng KO 

CARaMEL T cells in ACTIV+AZD5582 therapy.  

(A) Comparison of tumour growth in mice treated with ACTIV+AZD5582 therapy and mice 

treated with the indicated blockade/neutralising antibodies during ACTIV+AZD5582 therapy. (B) 

Comparison of tumour growth in mice treated with ACTIV+AZD5582 therapy and mice treated 

with Prf KO or Ifng KO CARaMEL T cells or the indicated blockade/neutralising antibodies during 

ACTIV+AZD5582 therapy. Data was derived from a single experiment and displayed in two panels 

of A and B for simplification. Data are presented as mean ± SEM of n= 6 mice/group. Significance 

was determined by two-way ANOVA. *, P < 0.05, **, P < 0.01; ****, P < 0.0001. 
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 Enhancement of apoptosis following ACTIV+AZD5582 therapy 

As mentioned previously in section 3.5.2 a significant downregulation of CASP3 in AT3-Her2 

tumour cells raised the question of lower sensitivity to apoptosis in the resistance to ACTIV 

therapy. Having demonstrated enhanced efficacy of ACTIV therapy with the addition of 

AZD5582, we next investigated whether ACTIV and AZD5582 could increase the apoptosis 

of tumour cells. 

To address this, mice bearing established AT3-Her2 tumours were treated with ACTIV 

therapy, the combination of ACTIV therapy and 3 mg/kg AZD5582 (injected on days -1 and 4 of 

ACTIV therapy) or left untreated. On day 7 after initiation of ACTIV therapy, tumours were 

collected and fixed overnight in 10% NBF, prior to embedding in paraffin, followed by staining 

with an antibody specific for cleaved Caspase 3. 

Analysis of immunohistochemistry staining demonstrated a significant increase in apoptosis in 

tissues from mice treated with a combination of ACTIV and AZD5582 compared to the 

ACTIV-treated mice alone (Figure 5.21).  
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Figure 5.21. Increased apoptosis of AT3-Her2 tumours treated with ACTIV+AZD5582 

therapy 

 

Mice (n=4 mice per group) were injected subcutaneously with AT3-Her2 (1 x 106 cells/mouse) and 

tumours were established for 3 weeks. Mice were then treated with ACTIV therapy (4 Gy 

irradiation, 1x 107 cells/mouse CARaMEL T cell, 2 x 107 PFU/mouse VV-gp100), a combination 

of ACTIV therapy with 3 mg/kg AZD5582 (injected on days -1 and 4 of ACTIV therapy) or left 

untreated and only received vehicle (PBS) injection on days -1 and 4 of the experiment. At day 7 

posttreatment, tumours were harvested from all groups of mice and subjected to cleaved caspase 3 

staining. (A) Representative AT3-Her2 tumours from untreated or subjected to ACTIV or 

ACTIV+AZD5582 therapy that were stained using a cleaved caspase 3 specific antibody. (B) 

Summary of percentage of apoptosis in the indicated groups of AT3-Her2 tissues using MetaMorph 

software. Data are displayed as the mean with error bars representing the SEM. Significance was 

determined by one-way ANOVA. *, P < 0.05, ***, P < 0.001; ****, P < 0.0001. The tissues were 

observed at 100 x magnification scale bar at 100 μm. 
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 Cancer cells from relapsed tumours in mice receiving ACTIV+AZD5582 

treatment maintain their Her2 expression 

The addition of AZD5582 enhanced ACTIV therapy efficacy and reduced tumour growth 

significantly. However, not all treated mice eliminated their tumours completely. Therefore, 

we tested whether loss or reduction in Her2 expression (tumour antigen) in relapsed AT3-Her2 

tumours played a role in the incomplete eradication of these tumours. In this experiment, AT3-

Her2 tumours from relapsing mice were collected and cultured in vitro for 3 weeks. The 

parental AT3-Her2 cell line (used as a positive control) and cultured AT3-Her2 cells from 

relapsing tumours were labelled with an anti-Her2-specific antibody and analysed using flow 

cytometry. 

This experiment revealed similar Her2 expression in AT3-Her2 relapsed tumour cells from 

ACTIV+AZD5582 treated mice compared to the AT3-Her2 parental cell line Figure 5.22. 

Therefore, loss or reduction of tumour antigen did not explain the incomplete eradication of 

AT3-Her2 tumours following ACTIV and AZD5582 treatment. 

 

Figure 5.22   Her2 expression is retained on tumour cells isolated from tumours relapsing 

after ACTIV+AZD5582 therapy 

AT3-Her2 tumours (n=3) were taken following relapse after ACTIV+AZD5582 therapy, cultured 

for 3 weeks, and then labelled with an anti-Her2 antibody prior to analysis using flow cytometry. 

Parental AT3-Her2 cells were used as a positive control for Her2 expression. 
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 Reisolated ACTIV+AZD5582 treated tumour cells maintain similar sensitivity 

to CTL killing  

Although the loss of Her2 expression was not responsible for tumour relapse, it remained 

possible that the tumour cells that had relapsed in mice had developed resistance to CTL-

mediated lysis. To test this, cytotoxicity assays were performed using activated CARaMEL T 

cell against 51Cr labelled AT3-Her2 cells isolated from mice treated with ACTIV and AZD5582 

therapy.  Parental AT3-Her2 cell lines were used as an indicator of tumour cell susceptibility 

prior to in vivo growth and relapse. 

This experiment revealed similar percentage of 51Cr released from AT3-Her2 relapsed tumour 

cells and parental AT3-Her2 cells. Therefore, differential sensitivity to CARaMEL T cell 

cytotoxicity did not explain the incomplete eradication of AT3-Her2 tumours in ACTIV and 

AZD5582-treated mice. 

 

Figure 5.23.   The CARaMEL T cell killing against AT3-Her2 tumour cells isolated from 

tumours relapsing after ACTIV+AZD5582 therapy was similar to parental AT3-Her2 

tumour cells 

 

AT3-Her2 tumours were taken following relapse after ACTIV+AZD5582 therapy, cultured for 3 

weeks to establish. The established AT3-Her2 tumour cells then labelled with 51Cr for cytotoxicity 

assay. The figure is the summary of the cytotoxicity of activated CARaMEL T cells against 51Cr 

labelled AT3-Her2 tumour cells. Data are displayed as the mean with error bars representing the 

SEM. n= 3 individual experiments each done in triplicate wells. Significance was determined by 

two-way ANOVA; n.s = not significant. Experiments were performed on day 6 post CARaMEL 

activation with 50 IU/ml hIL-2, 2 ng/ml IL-7, and 0.1 g /ml hgp10025-33. 
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 Summary and Discussion 

Previously in chapter 3 and 4, we investigated the major barriers to effective ACTIV therapy 

against AT3-Her2 tumours. We concluded poor T cell infiltration and relative resistance of 

AT3-Her2 tumours to apoptosis as significant reasons behind the resistance of AT3-Her2 

tumours to ACTIV therapy. 

Here in Chapter 5, we added an oncolytic virus, VV-dd, to ACTIV therapy to manipulate the 

tumour microenvironment to potentially induce T cell penetration into AT3-Her2 tumours. 

Oncolytic virus infection induces innate and adaptive immunity through priming PAMP and 

DAMP signalling, and the induction of T cell activation and trafficking to tumour site 384–388. 

In addition, VV-dd and 4-1BB combination therapy against AT3-Her2 tumours has been 

reported with significant tumour regression and increased anti-tumour immunity 502. Here, we 

showed that AT3-Her2 tumour cells were susceptible to VV-dd infection and addition of VV-

dd to CARaMEL T cells could increase the cytotoxicity of CARaMEL T cells significantly in 

vitro.  

Our experiments revealed that the VV-dd and ACTIV therapy combination could significantly 

inhibit AT3-Her2 tumour growth and increase therapeutic efficacy. To get more insight into 

the contributing factors in ACTIV+VV-dd therapy, we tested individual and combinational 

delivery of VV-dd with ACTIV therapy using either I.V or I.T injections. We showed that the 

most effective therapy was ACTIV combination therapy with I.T administration of VV-dd. The 

differential therapeutic efficacy between two forms of delivery of VV-dd could be due to 

optimal viral delivery or better concentration of VV-dd in the tumour site using I.T 

administration rather than I.V In addition, the anti-viral immune response could possibly 

dampen the effect of I.V administration of VV-dd by rapid clearance of virus.  

The investigation of the effect of VV-dd on apoptosis of AT3-Her2 tumours demonstrated a 

significant increase of apoptosis in AT3-Her2 tumours treated with I.T injection of VV-dd, 

which was consistent with our earlier in vitro experiments in which AT3-Her2 tumour cells 

were sensitive to VV-dd-mediated lysis.  

We next showed a significant increase in T lymphocyte frequency and infiltration into AT3-

Her2 tumours in ACTIV and VV-dd combination therapy compared to ACTIV therapy alone. 



Chapter 5- Results 

 187 

Using oncolytic virus to increase T cell infiltration within tumours has been reported in other 

studies including treatment of brain tumours 509 and advanced melanoma 497. In fact, oncolytic 

viruses can promote T lymphocyte infiltration in many ways. For instance, viral infection 

provokes potent type I interferon responses, which can increase the production of T 

lymphocyte-recruiting chemokines 510. In addition, oncolytic viral infection can increase 

inflammatory stimuli such as TNF and IL-1β, which in turn can increase expression of adhesion 

molecules on endothelial cells and provide an important signal for T cell penetration  384,511,512.  

Further analysis of T cell frequency showed a higher frequency of central memory T cells 

(CD62L+, CD44+) in CARaMEL T cells harvested from ACTIV+VV-dd treated tumours, while 

T cells from ACTIV-treated tumours were mainly effector memory cells (CD44+, CD62L-). 

Given that central memory T cells are known to be critical for a sustained in vivo proliferation 

after adoptive T cell transfer 513, these data suggested a sustainable and long-term immune 

response in the combination of ACTIV therapy with VV-dd. In addition, low expression of 

PD-1 on T lymphocytes and higher frequency of antigen-presenting DCs suggested higher 

activity and expansion of CARaMEL T cells in ACTIV+VV-dd therapy. 

Given the importance of cytokines in T lymphocyte trafficking and activity, next, we assessed 

the contribution of cytokines such as IFN, TNF- and IL-10 in the efficacy of ACTIV+VV-

dd therapy. Our results showed a significant increase in the level of TNF-α in ACTIV+VV-dd 

treated tumours compared to ACTIV treated tumours. TNF- is produced by multiple cell types 

including lymphocytes, NK cells, neutrophils and mast cells 514. Interaction of TNF- with 

endothelial cells can stimulate expression of adhesion molecules such as ICAM1, VCAM1 and 

selectin on endothelial cells facilitating T lymphocyte penetration 384,511,512,514. Given the role 

of TNF- in tumour apoptosis 515  as well, these data suggested that the higher level of TNF- 

could lead to an increase in tumour cell death as well as better T cell infiltration following 

ACTIV+VV-dd therapy compared to ACTIV therapy. 

Further experiments investigated the contribution of cytokine and chemokines in the efficacy 

of ACTIV+VV-dd therapy using neutralizing antibodies. Previously it has been reported that 

ACTIV therapy against E0771-Her2 tumours was dependant to CD8 and CXCR3 but not IFN  

394. Here, we showed in contrast to ACTIV therapy alone the efficacy of ACTIV+VV-dd 

therapy against AT3-Her2 tumours was significantly dependent on the level of IFN and IFN-

AR1. In addition, similar to ACTIV therapy, CXCR3 and CD8 T cells had an important role in 

the efficacy of therapy.  
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To gain more insight into the cytotoxic mechanisms of CARaMEL T cells in ACTIV and VV-

dd therapy, we used Ifng KO and Prf KO CARaMEL T cells and the TNF- neutralizing 

antibody in the therapy regimen. Our results emphasised the importance of IFN  and TNF- 

in regression of AT3-Her2 tumour cells. Although we cannot exclude the contribution of 

perforin in CARaMEL T cell killing, our results suggested that the cytotoxicity of CARaMEL 

T cell is more dependent on the TNF-mediated killing pathway. Furthermore, significant loss 

of therapeutic efficacy in mice treated with Ifng KO CARaMEL T cells in ACTIV and VV-dd 

therapy showed the critical role of IFN secreted from CARaMEL T cells. However, future 

experiments using Ifng KO CARaMEL T cells and IFN  neutralising antibody in the same 

experiment would be interesting to better determine sources of IFN secretion. 

Finally, to investigate the reasons behind tumour relapse in ACTIV+VV-dd treated tumours, 

we assessed the level of Her2 expression and susceptibility to CARaMEL T cell killing in AT3-

Her2 relapsed tumour cells. Our experiments showed similar Her2 expression and sensitivity 

to CARaMEL T cells in relapsed tumour cells compared to AT3-Her2 parental cells. Therefore, 

these two factors were not reasons behind incomplete tumour eradication in ACTIV+VV-dd 

treated tumours. Additional future experiments that investigate other contributing factors such 

as optimising dosage and scheduling of therapy would be informative. 

Our next approach to increase the efficacy of ACTIV therapy was to increase the sensitivity of 

AT3-Her2 tumour cell to CARaMEL T cell killing. Earlier in chapter 3, we showed that the 

combination of AZD5582 with CARaMEL T cell could significantly increase T lymphocyte 

cytotoxicity against AT3-Her2 tumour cells in vitro. AZD5582 is a SMAC-mimetic and IAP 

antagonist and the combination of T cells with the SMAC-mimetic agents such as birinapant 

has been reported to increase T cell cytotoxicity and tumour regression 455,498. Here, we showed 

that AZD5582 and ACTIV combination therapy can remarkably increase the efficacy of 

ACTIV therapy and inhibit AT3-Her2 tumour growth.  

To assess the effect of ACTIV+AZD5582 therapy in tumour cell killing, we compared the level 

of apoptosis in tumours treated with ACTIV with those that treated with ACTIV+AZD5582. 

Our results showed significantly higher level of cell death in tumours treated with 

ACTIV+AZD5582 therapy than ACTIV treated ones. 

It has been reported that the combination of an oncolytic virus with SMAC-mimetic therapy 

can synergize with anti-tumour T cell immunity and increase T lymphocytes infiltration 516. 
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Here, we showed ACTIV+AZD5582 therapy could significantly increase frequency and 

infiltration of T lymphocytes into AT3-Her2 tumours.  

Since myeloid cells play a crucial role in tumour progression 479, we compared the frequency 

of different myeloid subtypes including macrophages, neutrophils and antigen-presenting DCs 

in ACTIV and ACTIV+AZD5582 therapy. Our analysis showed a significantly lower 

frequency of macrophages in ACTIV+AZD5582 therapy compared to ACTIV-treated tumours. 

However, it was not completely clear at this stage whether the lower frequency of macrophages 

implied a less immunosuppressive microenvironment or those macrophages were aiding in 

tumour destruction and elimination of dead tissues. Therefore, further analysis is required to 

characterize immunosuppressive or immunopotentiating macrophages in these tumours using 

iNOS, Arginase-1 and CD206 markers 483. 

Further analysis into the mechanistic contribution of cytokines and chemokines such as IFN, 

IFN-AR1, CXCR3, TNF- as well as mechanisms of CARaMEL T cell killing, used 

neutralizing antibodies in addition to Ifng KO and Prf KO CARaMEL T cells in 

ACTIV+AZD5582 therapy. We showed that the therapeutic efficacy of ACTIV+AZD5582 

therapy was significantly dependent on the contribution of IFN, IFN-AR1, CD8, and CXCR3.  

CXCR3 is a critical chemokine receptor expressed by activated T cells as well as other immune 

subsets such as NK cells and DCs and has an important role in T cell trafficking and function 

503–506. This may have provided an opportunity for T cells to be in close proximity with cancer 

cells to be able to exert their cytotoxic potential. Next, we assessed the mechanisms of 

cytotoxicity using Ifng KO and Prf KO CARaMEL T cells as well as IFN and TNF- 

neutralizing antibodies in ACTIV+VV-dd therapy. 

Herein, we showed a critical role of IFN and TNF- in AT3-Her2 tumour regression in 

ACTIV+AZD5582 therapy. Although we cannot rule out the contribution of endogenous 

sources of IFN, our results showed a significant contribution of IFN from CARaMEL T cells 

in the efficacy of therapy. Also, similar to ACTIV+VV-dd therapy, TNF-mediated cytotoxicity 

was remarkably important in CARaMEL T cell killing mechanisms 

Therefore, herein we could show that AZD5582 as an IAP antagonist can increase tumour cell 

apoptosis through the TNF mediated pathway. Significant increase in tumour growth of mice 
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treated with TNF- neutralization antibodies supported the mechanistic contribution of 

AZD5582 in TNF-mediated cell death. 

Finally, similar to ACTIV+VV-dd therapy we investigated the reasons for tumour relapse in 

ACTIV+AZD5582 treated tumours, assessing Her2 expression and susceptibility of AT3-Her2 

relapsed tumour cells to CARaMEL T cell killing. Our results showed similar Her2 expression 

and sensitivity to CARaMEL T cell in relapsed tumour cells compared to AT3-Her2 parental 

cells.  

Although we could not completely eradicate all AT3-Her2 tumours, we showed a significant 

enhancement in the efficacy of ACTIV therapy using VV-dd or AZD5582 in combination with 

ACTIV therapy. The tumour growth of mice significantly inhibited in both treatments and 

treated mice had a long survival time. Therefore, future experiments that investigate other 

contributing factors such as testing different doses of therapy would be very interesting. 
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 Summary and Discussion  

Despite the significant success of ACT therapy using CAR T cells in haematological B cell 

malignancies 323,325,326, treatment outcomes in solid tumours have been limited. Multiple factors 

such as poor trafficking and infiltration of CAR T cells into solid tumours, antigen 

heterogeneity, immunosuppressive microenvironments and other intrinsic and extrinsic factors 

play roles in solid tumour resistance to CAR T cell therapy 333,517,518. 

Many strategies have been taken to address these limiting factors to increase the efficacy of 

CAR T cell therapy in solid tumours. These strategies include modifications to CAR T cell 

structure and using various combinations including checkpoint inhibitors, vaccination or 

oncolytic viruses with CAR T cells. Most of these studies were performed in immunodeficient 

mice that lack a complete immune system 324,390,391 which cannot provide a clear picture of 

CAR T cell efficacy and toxicity in cancer patients. 

To address this limitation, previous studies from our laboratory used self-antigen 

immunocompetent mice and a novel therapy, named ACTIV therapy, to establish a preclinical 

model that can eradicate established large tumours of various histologies, including E0771-

Her2 breast cancer, 24JK-Her2 sarcoma, and MC38-Her2 colon carcinoma 394. In this 

approach, large tumours were treated with preconditioning total-body irradiation followed by 

administration of dual specific CAR T cells, vaccinia virus VV-gp100 and IL-2  394. 

Whole-body irradiation in ACTIV therapy was important in increasing the engraftment of 

adoptively transferred T cells by depleting competing lymphocytes and inducing systemic 

growth factors, such as IL-7 519. The dual specific CAR T cells (CARaMEL T cells) expressed 

a CAR against the human Her2 antigen, and also expressed a TCR specific for a strong 

immunogen, pMEL or gp-100 394. Therefore, CARaMEL T cells could function through their 

specific CAR to recognise tumours in a MHCI independent manner, as well as receive 

stimulation through their specific TCR to mediate their expansion. In addition, the combination 

of CARaMEL T cells with vaccinia virus VV-gp100 significantly increased CARaMEL T cell 

proliferation and infiltration, to increase their accumulation within solid tumours leading to 

cancer eradication 394. In addition, high dosages of IL-2 provided significant support for the 

anti-tumour activity of CARaMEL T cells 394. Figure 6.1 depicts the important features of 

ACTIV therapy to target solid tumours.  
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Figure 6.1. Central features of effective solid tumour immunotherapy in ACTIV therapy 

 

Despite the significant achievement from ACTIV therapy in different types of tumours, we 

identified a breast cancer, AT3-Her2, as a tumour resistant to ACTIV therapy. Understanding 

the mechanisms of tumour resistance is crucial for extending this therapy and enhancing its 

efficacy in a broader range of tumours, and provides potential for this therapy in clinical 

translation for cancer patients. 

In my PhD project, I used AT3-Her2 and E0771-Her2 tumours as the two tumour models 

representing resistance and sensitivity to ACTIV therapy respectively. My aim was to identify 

limitations and factors involved in the differential response to ACTIV therapy, and to address 

those limitation for finding the right approach for enhancing the efficacy of ACTIV therapy.  

Both E0771 and AT3 tumour cell lines are triple negative breast cancers (TNBC). It means that 

the estrogen receptor (ER), progesterone receptor (PgR), and epidermal growth factor receptor 

2 are not expressed in these tumour cells 520.  TNBC constitutes around 15-20% of all breast 

cancers, and compared to other breast cancer subtypes, has a higher risk of organ metastasis 

and poorer prognosis is diagnosed patients 520.  

In our project, both of AT3 and E0771 breast cancer tumours had been transduced with human 

Her2 cDNA under control of the mouse stem cell virus LTR promoter (MSCV), and used for 

subcutaneous injection into mice. It is important to note that the nature of subcutaneous 
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tumours may differ from orthotopic, primary breast tumours, which is a caveat of this study. 

Furthermore, addition of Her2 in these tumours may associate them with Her2 positive breast 

cancers, rather than TNBC. However, it is not known whether human Her2 has function in the 

mouse, since human Her2 is not oncogenic in mice and has no extensive overexpression in 

mice.  Nevertheless, significant information about the relative resistance to immunotherapy of 

these solid tumours could still be derived. 

It is worth noting that, despite the advantages of our immunocompetent self-antigen model 

system used here, many fundamental differences exist between mouse and human immune 

systems 521, which may have implications for the application of these therapies in patients. In 

addition, in our studies we used mice aged between 6 and 16 weeks, which are considered 

relatively young, whereas application to humans would often involve the treatment of older 

and elderly patients. Previous studies have demonstrated that responses mediated by some 

types of immunotherapy are decreased in older mice 522,523. It would therefore be interesting to 

determine the efficacy of the ACTIV therapy-based regimens described in this thesis in aged 

mice. 

In Chapter 3 to identify parameters involved in tumour resistance, I compared the expression 

level of inhibitory and activating molecules on both tumours and CARaMEL T lymphocytes. 

The high expression of immune checkpoints such as PD-1, LAG-3 and TIM-3 have been 

associated with a lower level of T cell activation and proliferation as well as an increase in T 

cell exhaustion 269,407,444,445. I compared expression of 14 inhibitory and activating molecules 

on AT3-Her2 and E0771-Her2 tumours as well as their corresponding receptors on CARaMEL 

T lymphocytes. The differential expression of these markers did not seem to play a role in the 

AT3-Her2 tumour resistance to ACTIV therapy. However, other phenotyping studies to 

compare the expression level of other inhibitory markers, such as CTLA-4, would be 

interesting to investigate in future experiments. 

Since the tumour microenvironment can affect receptor expression due to the secretion of 

various cytokines and chemokines, further phenotyping studies were performed both in vivo 

and in vitro. The expression of immune-inhibitory ligands was mainly lower in AT3-Her2 than 

E0771-Her2, which suggested that they were not essential factors in the AT3-Her2 resistance 

to ACTIV therapy. However, Rae 1 and TNFR were expressed more highly in E0771-Her2 

than AT3-Her2. 
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Rae 1 is an associated ligand for the NKG2D activating receptor on NK cells 403,417, which 

suggested a potential contribution of NK cells in effective ACTIV therapy. This matter was 

investigated in Chapter 4, where the frequency of NK cells in AT3-Her2 and E0771-Her2 

tumours was compared. Although, no significant difference in the population of NK cells was 

observed, future experiments that assess the expression of other inhibitory and stimulatory 

receptors on NK cells or investigate the effect of NK cell depletion on ACTIV therapy would 

be interesting. 

In addition to Rae 1, the higher expression of TNFR in E0771-Her2 than AT3-Her2 tumours 

could potentially affect tumour cell susceptibility to ACTIV therapy. TNFR-TNF interaction 

activates a cascade of apoptotic molecules, including caspase 3 and leads to tumour cell 

apoptosis 418,419. The contribution of TNFR-TNF interactions in CARaMEL T cell-mediated 

cytotoxicity was investigated following the assessment of the role of each ACTIV therapy 

component, including irradiation, VV-gp100, CARaMEL T cell and IL-2, in the effectiveness 

of ACTIV therapy.  

In these experiments, susceptibility to each ACTIV component was compared between E0771-

Her2 and AT3-Her2 tumour cells in vitro and in vivo. Although, no significant difference was 

observed between the sensitivity of AT3-Her2 and E0771-Her2 to irradiation and VV-gp100 

in vitro, AT3-Her2 cells were found to be relatively resistant to CARaMEL T cell-mediated 

killing. Also, the kinetics of T cell killing suggested that TNF was likely a main player in the 

cytotoxicity of CARaMEL T cells.  

The role of TNF in CARaMEL T cell cytotoxicity was investigated using perforin deficient 

CARaMEL T cells and a TNF-blocking antibody. In contrast to perforin deficient CARaMEL 

T cells, which had a similar cytotoxic activity compared to wild-type CARaMEL T cells, 

CARaMEL T cell-mediated killing was significantly reduced in the presence of a TNF-

blocking antibody. Therefore, these results highlighted the importance of TNF-mediated cell 

death in CARaMEL T cell cytotoxic activity against AT3-Her2. 

In addition to in vitro studies, the role of each component of ACTIV therapy was investigated 

in vivo by excluding ACTIV components individually from the ACTIV therapy regimen. In 

these experiments, the omission of irradiation from ACTIV therapy showed the most 

significant effect on AT3-Her2 tumour growth and mouse survival time. The exclusion of 

CARaMEL T cells and VV-gp100 also had significant impacts, but not as great as the impact 

of omission of irradiation.  
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Taken together, the in vitro and in vivo results suggested that CARaMEL T cells were relatively 

ineffective in killing AT3-Her2 tumour cells, and TNF-mediated apoptosis played an essential 

role in CARaMEL T cell killing. Since TNF triggers the extrinsic apoptotic pathway in target 

cells, we compared the apoptotic molecular pathway in AT3-Her2 and E0771-Her2 tumours. 

RNA was extracted from both tumours for preparation of RNA-seq data. The comparison of 

AT3-Her2 RNA-seq data with E0771-Her2 showed differential gene expression in more than 

50 genes involved in apoptotic pathways of these two tumours. 

Among these genes, we chose anti-apoptotic genes such as Bcl-2 and IAP/XIAP and apoptotic 

genes such as CASP8, Cycs and CASP3 for further investigation due to their important role in 

apoptotic pathway. However, we cannot rule out the contribution of other apoptotic molecules 

from RNA-seq analysis in effectiveness of ACTIV therapy. Therefore, future experiments 

would be interesting for their assessment. 

The anti-apoptotic proteins Bcl-2 and IAPs are involved in the intrinsic and extrinsic apoptosis 

pathway respectively. Bcl-2 upregulation can inhibit apoptosis through blocking the 

permeabilization of the mitochondrial outer membrane and prevention of activation of down-

stream cell death caspases 428–430.  High levels of Bcl-2 can inhibit the activation of BAX and 

BAK (inducers of MOMP) through their interaction with activated BID 236,242.  

In addition to Bcl-2, high expression of XIAP, a member of IAPs, can suppress apoptosis and 

prevent activation of caspases through direct interaction of their BIR domain with caspases or 

indirectly through activation of canonical and noncanonical pro-survival NF-κB signalling 

246,439,440. Therefore, higher levels of Bcl-2 and IAP/XIAP in AT3-Her2 than E0771-Her2 

suggested these molecules as potential targets for enhancing the efficacy of ACTIV therapy 

against AT3-Her2.   In addition, activation of pro-apoptotic proteins such as CASP8 and Cytc 

leads to activation of downstream executioner proteins such as CASP3 and initiation of 

apoptosis 236. The observed lower levels of important pro-apoptotic genes Cycs and CASP3 in 

AT3-Her2 compare to E0771-Her2 may also play a role in AT3-Her2 deficiencies in apoptosis.  

The RNA-seq analysis results were confirmed by Western blot, showing higher levels of Bcl-

2 and lower levels of Caspase 3 in AT3-Her2. Thus, these results suggested that up-regulation 

of anti-apoptotic proteins or down-regulation of apoptotic proteins contributed to AT3-Her2 

resistance mechanisms. To address this issue, we used AZD5582 and ABT-737 as XIAP and 

Bcl-2 antagonists respectively. Initially, the cytotoxicity of both ABT-737 and AZD5582 was 

tested against CARaMEL T cells to avoid high concentrations that can kill cytotoxic T 
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lymphocytes. Then, the combination of ABT-737 and CARaMEL T cells was used in 

cytotoxicity assays to evaluate whether their combination could enhance the cytotoxicity of 

CARaMEL T cells against AT3-Her2.  

ABT-737 can bind and neutralise Bcl-2 and restore MOMP in Bcl-2 upregulated cells 524. In 

fact, Bcl-2 upregulation can prevent activation of BAX and BAK, however, it cannot prevent 

BID cleavage resulting from granzyme B from cytotoxic cells. Therefore, cleaved BID, after 

addition of ABT-737, can activate downstream BAX and BAK and induce MOMP to initiate 

cell death 524.  

Similarly, the combination of AZD5582 with CARaMEL T cells was used in cytotoxicity 

assays against AT3-Her2 tumours. AZD5582 is a SMAC-mimetic that can target XIAP to 

prevent inhibition of caspases and induce apoptosis through the TNF cell death-mediated 

pathway 441–443. The addition of AZD5582 to CARaMEL T cells could enhance their 

cytotoxicity against AT3-Her2 tumours.   The cytotoxicity of CARaMEL T cells against AT3-

Her2 in both combinations was increased significantly, but with a greater effect using the 

AZD5582 and CARaMEL T cell combination. Therefore, further experiments in Chapter 5 

followed with the combination of AZD5582 and ACTIV therapy in vivo to target AT3-Her2. 

In Chapter 4, I characterized and compared the morphology of AT3-Her2 and E0771-Her2 

tumours using immunohistochemistry. Initially, analysis of H&E stained AT3-Her2 and 

E0771-Her2 tumours revealed differing morphology in these two tumours. While, there was 

an even distribution of round-shaped tumour cells in E0771-Her2, AT3-Her2 tumours 

consisted of a mixture of round-shaped and spindle-shaped stromal-like cells. Further 

experiments assessed the nature of the spindle-shaped cells using an α-SMA antibody (marker 

of MF and MF-like cells) in tumour stroma and Her2 antibody (tumour antigen marker). 

Analysis of α-SMA and Her2 stained tumours suggested that in AT3-Her2 tumours, islands of 

tumour cells were surrounded by a MF-like stroma. It has been reported that activated 

fibroblasts or MFs can be involved in all stages of cancer initiation, development and 

therapeutic resistance. Therefore, they are a key determinant in tumour progression and 

metastasis 525.  Since fibroblasts can form a physical barrier, and their productions such as 

growth factors and chemokines may facilitate angiogenesis 525,526, these results suggested that 

AT3-Her2 resistance to ACTIV therapy may be due to preferential accumulation of cytotoxic 

lymphocytes in stromal regions. 
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This idea was investigated further through a comparison of the frequency of different immune 

subsets including NK cells, B cells, CARaMEL T cells and various myeloid cells in AT3-Her2 

and E0771-Her2 tumours using flow cytometry. Myeloid cells can contribute to tumour growth 

and progression. For instance, expression of immunosuppressive factors such as arginase, 

iNOS, IL-10, and TGF-β by MDSCs and macrophages can suppress T cell activity and induce 

tumour progression 479. In our experiments, while NK cell and B cell frequencies suggested no 

significant differences associated with the relative resistance of AT3-Her2 to ACTIV therapy, 

the analysis of myeloid cell frequency was not conclusive. 

Analysis of tumour-infiltrating T cell frequencies showed higher percentages of CD8+ 

CARaMEL T cells and CD4+ helper cells in E0771-Her2 than AT3-Her2 tumours, 10 days post 

ACTIV therapy. Therefore, these results suggested the contribution of CD8+ T cells and CD4+ 

helper cells in the relative lower efficacy of ACTIV therapy against AT3-Her2.  

Although, frequency analysis of T lymphocytes provided valuable information, it did not 

provide information on how lymphocytes were distributed within the tumour. The prognostic 

value of tumour-infiltrating T cell frequency and distribution has been reported in multiple 

tumours including breast cancer. In fact, better T cell infiltration was associated with enhanced 

survival following immunotherapy 527,528. As a result, we next investigated the distribution of 

CD8+ CARaMEL T lymphocytes within tumours. 

Analysis of CD8+ T cells in AT3-Her2 and E0771-Her2 tumours revealed a differing 

distribution of T cells in AT3-Her2 and E0771-Her2. While the majority of CD8+ T cells were 

localized in areas of spindle-shaped cells of AT3-Her2, they were largely excluded from 

tumour core. In contrast, CD8+ T lymphocytes were evenly distributed throughout E0771-Her2 

tumours. 

Quantification of the distribution of T cells using HALO software showed that CD8+ T cells 

were mainly located at the tumour margins surrounding tumour islands in AT3-Her2, 

suggesting that poor infiltration and suboptimal distribution of CD8+ T cells may have played 

a role in the resistance of AT3-Her2 to ACTIV therapy.  

Since tumour vasculature can influence immune cell infiltrate within tumours 207, the density 

of vascularity was investigated in AT3-Her2 and E071-Her2 to gain further insight into the 

mechanisms of differential distribution of T cells in these two tumours. Both tumours were 

stained with an anti-CD31 antibody as a marker for blood vessels. Analysis of stained tissued 
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indicated a higher density of blood vessels in the region of spindle-shaped cell stroma than in 

tumour cores in AT3-Her2, suggesting that accumulation of CD8+ T cells in stromal regions of 

AT3-Her2 tumours was associated with a higher density of blood vessels. However, it was not 

clear from these studies whether other characteristics of the vessels such as expression of 

adhesion molecules including ICAM-1 and VCAM-1 also contributed to differential T cell 

trafficking. Further IHC experiments on AT3-Her2 and E0771-Her2 using anti- ICAM-1 and 

anti-VCAM-1 antibodies were not successful due to technical issues that involved background 

staining, which prevented acquisition of meaningful data. Thus, future experiments with 

alternate antibodies and protocols might provide further insight into the role of blood vessels 

in trafficking and localization of CD8+ T lymphocytes in AT3-Her2 tumours. 

Apart from the importance of immune cell distribution within tumours, the metabolic nature of 

cancer cells can regulate nutrient and oxygen supply and impact on therapeutic efficacy. Thus, 

we compared the metabolic pathways of AT3-Her2 and E0771-Her2 tumours using RNA-seq 

analysis data and an in vitro Seahorse metabolic assay. Taken together, both RNA-seq and the 

Seahorse assay indicated significantly higher oxidative phosphorylation (OXPHOS) in AT3-

Her2 than in E0771-Her2 tumours. This may lead to a competition between immune cells and 

tumour cells for oxygen and nutrition in tumour microenvironment in AT3-Her2 tumours, to 

affect T cell proliferation, differentiation and survival.  Effector CD8+ T lymphocytes switch 

their metabolic pathway from glycolysis to OXPHOS to differentiate into memory cells 227,228.  

We investigated targeting the AT3-Her2 metabolic pathway using Metformin as an OXPHOS 

modifying drug. Metformin is normally prescribed for diabetes patients to control high blood 

sugar and regulate OXPHOS metabolism mediated by the mitochondrial glycerophosphate 

enzyme 494. In the cancer setting, Metformin can inhibit cancer cell proliferation through 

reducing oxygen consumption in tumour cells 529. It was reported previously that a combination 

of PD-1 blockade and 50 mg/kg Metformin increased intratumoral T cell function and tumour 

regression in mice 495. Thus, we used 50 mg/kg Metformin in a combination with ACTIV 

therapy in an attempt to increase the efficacy of an ACTIV therapy-based regimen. However, 

we did not observe significant effect on tumour growth in mice treated with 

ACTIV+Metformin compared to ACTIV therapy alone. To investigate whether this was due 

to an impact of Metformin on the function of CARaMEL T cells, we assessed the cytotoxicity 

of CARaMEL T cells in the presence of different doses of Metformin. We observed a reduction 

in CARaMEL T cell cytotoxicity in the presence of Metformin. Therefore, we concluded that 
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using a combination of Metformin with ACTIV therapy might not be a suitable approach to 

increase the efficacy of treatments based on adoptive cell transfer, like ACTIV therapy. 

Consequently, further experiments in Chapter 5 aimed to address two remaining limitations 

of ACTIV therapy against AT3-Her2 that were identified in chapters 3 and 4: (1) Poor 

infiltration of T lymphocytes and 2) relative resistance of AT3-Her2 to CARaMEL T cell 

killing. 

In Chapter 5, we considered addition of an oncolytic virus, VV-dd, to ACTIV therapy, to 

manipulate the tumour microenvironment to potentially increase T cell infiltration within AT3-

Her2 tumours. It has been reported previously that tumour cell infection and lysis by oncolytic 

virus could trigger PAMPs and DAMPs signalling and induce innate and adaptive immunity 

within the tumour microenvironment leading to increases in T cell trafficking and activation 

384–388. Also, a combination of CAR T cells and oncolytic viruses has been reported to induce 

a significant increase in T cell penetration within tumours and enhance cytotoxic activity 389,530–

533.  

Vaccinia virus VV-dd is an oncolytic virus that can replicate in tumour cells preferentially, and 

can help T cell priming, trafficking and infiltration 399,499,500. A previous study using a 

combination of VV-dd and an agonist 4-1BB antibody, in a mouse model system using AT3 

tumours, resulted in a significant increase in anti-tumour immunity, IFN secretion and 

reduction of AT3 tumour growth. Therefore, we sought to determine if addition of VV-dd to 

ACTIV therapy could help infiltration and cytotoxicity of CARaMEL T cells against AT3-

Her2 tumours. 

In our study, we first assessed the sensitivity of AT3-Her2 and E0771-Her2 tumours to VV-dd 

using a flow cytometric assay of cell death. Then, we investigated whether addition of VV-dd 

can increase CARaMEL T cell killing against AT3-Her2 using a 51Cr cytotoxicity assay. After 

confirming that VV-dd can significantly increase killing of AT3-Her2 tumour cell in vitro, we 

used VV-dd in combination with ACTIV therapy in vivo, which resulted in a significant 

increase in the efficacy of ACTIV therapy. 

To investigate each contributing factor in enhancing the efficacy of ACTIV therapy, we 

assessed the impact of VV-dd against AT3-Her2 using two types of administration (I.V and 

I.T) individually and in combination with ACTIV therapy. Our results demonstrated a 

significantly greater reduction in tumour size using the combination of ACTIV therapy with 
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I.T administration of VV-dd. The efficacy of I.T VV-dd administration could be due to better 

delivery and concentration of VV-dd within tumours using I.T administration. Further 

experiments reported significantly higher levels of apoptosis in AT3-Her2 tumours treated with 

combination of ACTIV+VV-dd therapy.  

Oncolytic virus infection may trigger cytokine and chemokine levels within the tumour 

microenvironment, leading into an increase in activation of antigen-presenting DCs, promotion 

of T cell activation and infiltration T lymphocytes into tumours 384–388. Thus next, we tested 

whether the combination of ACTIV therapy with VV-dd could increase CD8+ T cell infiltration 

and frequency within AT3-Her2 tumours using IHC and flow cytometry. Analysis of our 

results showed that the combination of ACTIV with VV-dd had a significant effect in 

improving CD8+ T cell infiltration into AT3-Her2 tumours, and there were significantly higher 

percentages of T cells in AT3-Her2 tumours treated with ACTIV+VV-dd compared to ACTIV-

treated tumours.  

Interestingly, phenotyping the differential activation of T lymphocytes in AT3-Her2 tumours 

using anti-CD44 and CD62L antibodies indicated that majority of T cells from ACTIV+VV-

dd treated tumours had a central memory T cell phonotype, while T cells from ACTIV-treated 

tumours were mainly effector memory cells.  Also, the expression of PD-1 on T lymphocytes 

were significantly lower in ACTIV+VV-dd treated tumours. These results suggested a higher 

T cell activity and a more sustained immune response using the combination of ACTIV with 

VV-dd. 

Since cytokines play an important role in T cell trafficking and activity 514, the contribution of 

IFN, TNF- and IL-10 were compared in ACTIV and ACTIV+VV-dd therapy, which 

revealed a significant increase in TNF- in ACTIV+VV-dd-treated tumours. The elevation of 

TNF- may have played a role in the higher cancer cell death and tumour growth inhibition in 

ACTIV+VV-dd therapy compared to ACTIV therapy. 

Next, we used neutralizing antibodies to assess the contribution of cytokines and chemokines, 

including IFN, IFN-AR1, CXCR3 and CD8+ T cells, in the efficacy of ACTIV+VV-dd 

therapy. Previously it was reported that the efficacy of ACTIV therapy against E0771-Her2 

was dependent on CD8+ T cells and CXCR3, but not IFN 394. Here, we showed in contrast to 

ACTIV therapy, the efficacy of ACTIV+VV-dd against AT3-Her2 tumours was significantly 
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dependent on both type I and type II interferons, as demonstrated by inhibition of responses 

when blocking IFN-AR1 and IFN respectively.  

To investigate the source of secreted IFN as well as evaluating the role of perforin in 

CARaMEL T cell-mediated cytotoxicity, AT3-Her2 tumours received ACTIV therapy that 

included CARaMEL T cells deficient in IFN or perforin. IFN as a pro-inflammatory cytokine 

has multiple functions including upregulation of MHCI, regulation of CD8+ T cell 

differentiation, proliferation, activity and trafficking to tumour sites, regulation of anti-

inflammatory cytokines including IL-10 and TGF-β, inhibition of angiogenesis and induction 

of tumour cell apoptosis 254. Results from this experiment indicated the significant importance 

of IFN secreted from T lymphocytes. However, residual anti-tumour activity in tumours 

treated with IFN-deficient CARaMEL T cells suggested that other endogenous immune cells 

were also involved in IFN secretion.  

 

Figure 6.2. The contributing factors in effective ACTIV+VV-dd therapy against AT3-Her2 

tumours 

Various factors contributed to effective ACTIV+VV-dd therapy against AT3-Her2 tumours. 

Secretion of chemokine and cytokines such as IFN and IFN, from a range of immune cell 

subtypes and cancer cells, facilitated CARaMEL T cell trafficking into the tumour site. In addition, 

vaccinia virus VV-dd, as an oncolytic virus, mediated tumour cell death, and as an inducer of 

PAMPs increased T cell infiltration into AT3-Her2 tumour tissues. CARaMEL T cells then 
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recognise AT3-Her2 tumour cells through CAR/Her2 interactions and clear cancer cells through 

secretion of TNF and elevation of TNF-mediated apoptosis of cancer cells. 

 
 

To this point, we demonstrated that the efficacy of ACTIV therapy in solid tumours could be 

significantly enhanced using ACTIV+VV-dd combination therapy. In this approach we 

addressed poor T cell penetration into AT3-Her2 tumours and increased apoptosis in cancer 

cells. Next, to address the relative resistance of AT3-Her2 tumours to CARaMEL T cell killing, 

we used a combination of the SMAC-mimetic, AZD5582, with ACTIV therapy.  

The combination of T cells with SMAC-mimetic agents, such as birinapant, has been 

previously reported to elevate T cell killing and inhibit tumour growth 455,498. In Chapter 3, we 

showed that the combination of AZD5582 with CARaMEL T cells could significantly increase 

T cell killing against AT3-Her2 tumour cells in vitro. Therefore, here we used 

ACTIV+AZD5582 combination therapy, in which we administered AZD5582 started one day 

after ACTIV therapy and continued twice a week for two weeks. The concentration and timing 

of AZD5582 administrations was based on previous studies using AZD5582 to treat mice 

bearing MDA-MB-231 tumours 534. The analysis of tumour growth and mouse survival showed 

significantly higher tumour inhibition and an increase in long-time survival of mice when 

treated with the ACTIV+AZD5582 combination therapy. Interestingly, further analysis 

showed that ACTIV+AZD5582 could significantly increase apoptosis of AT3-Her2 tumour 

cells in vivo. 

Both the quality and quantity of immune cell infiltration into the tumour microenvironment are 

critical in successful immunotherapy 535. Therefore, next we assessed the frequency of T 

lymphocytes and myeloid cells in ACTIV+AZD5582 and ACTIV therapies. Analysis of the 

frequency and infiltration of CD8+ T lymphocytes within AT3-Her2 tumour, using IHC and 

flow cytometry, indicated a significant increase in CD8+ T cell penetration and frequency in 

ACTIV+AZD5582 therapy compared to ACTIV therapy. Unlike the differential phenotypic 

activation of CARaMEL T cells in ACTIV+VV-dd therapy compared to ACTIV therapy, the 

frequency of central and effector memory T cell populations was similar in ACTIV and 

ACTIV+AZD5582 therapies. However, similar to ACTIV+VV-dd therapy, the penetration of 

CD8+ T lymphocytes into the cores of tumour islands was remarkably higher in 

ACTIV+AZD5582 therapy compared to ACTIV therapy. 
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Further experiments to assess the differential tumour microenvironment in ACTIV and 

ACTIV+AZD5582, showed significantly lower percentages of macrophages in 

ACTIV+AZD5582 compared to ACTIV-treated tumours. However, it was not clear at this 

stage whether lower percentages of macrophages indicated a less immunosuppressive 

microenvironment, or whether those macrophages were contributing to tumour destruction and 

clearance of dead tissue. Therefore, in future experiments it would be interesting to characterize 

the immunosuppressive or immune-activating phenotype of macrophages in these tumours 

using iNOS, Arginase-1 and CD206 markers 483. 

Cytokines and chemokines play a critical role in the recruitment and activity of immune cells 

in the tumour microenvironment 535. To assess the contribution of cytokines in effective 

ACTIV+AZD5582 therapy, the expression level of IFN, TNF- and IL-10 were compared in 

tumours treated with ACTIV and ACTIV+AZD5582 therapy using a CBA assay. Analysis of 

results showed a significant increase in TNF- in ACTIV+AZD5582-treated tumours. Since 

TNF- can mediated apoptosis in tumour cells 44, our results suggested a higher tumour cell 

death and tumour growth inhibition mediated by TNF-α in tumours treated with 

ACTIV+AZD5582 compared to ACTIV-treated tumours. 

Further experiments aimed to gain more insight into the mechanistic contribution of cytokines 

and chemokines, such as IFN, IFN-AR1, CXCR3, TNF- as well as role of CD8+ T cells, in 

the efficacy of ACTIV+AZD5582 using neutralizing antibodies as well as perforin- and IFN-

deficient CARaMEL T cells. We showed that the efficacy of ACTIV+AZD5582 involved a 

contribution from each of the indicated cytokines and CXCR3, as well as CD8+ T cells. A 

significant reduction in inhibition of AT3-Her2 tumour growth was observed in the presence 

of antibodies neutralizing IFN, IFN-AR1 and TNF-, emphasizing their importance in 

effective ACTIV+AZD5582 therapy. A summary depicting mechanistic contributors to 

ACTIV+AZD5582 therapy is presented in schematic form in Figure 6.3.  
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Figure 6.3. The contributing factors in effective ACTIV+AZD5582 therapy against AT3-Her2 

tumours 

We identified four factors that contributed to effective ACTIV+AZD5582 combination therapy: 

Firstly, the secretion of chemokines that facilitate CARaMEL T cell trafficking into tumours. 

Secondly, the killing of tumour cells by CARaMEL T cell lymphocytes through Her2/CAR 

interactions.  Thirdly, secretion of IFN and IFN / from different immune subtypes and cancer 

cells. Finally, secretion of TNF- from CARaMEL T cells together with inhibition of the anti-

apoptotic IAPs, using AZD5582 increased TNF-mediated apoptosis in cancer cells. 

 

Our study has demonstrated that the efficacy of ACTIV therapy in solid tumours can be 

significantly enhanced utilising an oncolytic virus, VV-dd, or by using the SMAC-mimetic 

AZD5582. To investigate why some tumours relapsed after an initial period of regression, we 

considered checking Her2 expression, and assessing the sensitivity of relapsing tumour cells to 

CARaMEL T cell cytotoxicity. Our results showed no significant difference in either the 

expression of the Her2 tumour antigen or the sensitivity to CARaMEL T cell killing of tumour 

cells isolated from relapsing tumours. Thus, the reasons behind tumour relapse in some mice 

was not clear, although it may be due to suboptimal dosing and scheduling of the components 

of therapy. Future studies, to achieve maximum potency of these therapies, may benefit from 

various dose schedules of VV-dd, AZD5582 and CARaMEL T cells, and consider repeating 

the therapy aiming for complete eradication of AT3-Her2 tumours. 

In summary, in this thesis we could identify poor T lymphocyte infiltration into AT3-Her2 

tumours, and the relative resistance of AT3-Her2 to CARaMEL T cell killing as two main 
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limitations of effective ACTIV therapy. We combined ACTIV therapy with an oncolytic virus 

VV-dd or with a SMAC-mimetic, AZD5582. Both of these approaches showed a significant 

improvement in CARaMEL T cell infiltration into AT3-Her2 tumours as well as an increase in 

AT3-Her2 cell death. The AT3-Her2 tumour model represented an aggressive and hard-to-treat 

tumour model, utilizing these two combinational therapies can be considered as potential 

approaches to improve CAR T therapy in broader range of solid tumours. Figure 6.4  has 

summarizes highlights and key results in various chapters of this thesis.  
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Figure 6.4. Workflow: Identification and addressing limitations of the effective adoptive cell 

transfer in solid tumours  
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 Future directions  

In my thesis, I demonstrated that CAR T cell efficacy in solid tumours can be remarkably 

enhanced utilising ACTIV+AZD5582/ACTIV+VV-dd combination therapy. Future studies are 

required with more variety of the metastatic tumour models to assess our findings in other 

ACTIV- resistance tumours and for optimisation and characterisation of the most effective 

combination strategies.  

In addition, several important aspects of therapy required further investigation for potential 

transition into clinical therapies. These include strategies to investigate the safety of therapy, 

transduction of T cells to express CAR, the optimisation of dosage and delivery of oncolytic 

virus VV-dd, the optimisation of the dosages of SMAC-mimetic AZD5582 and the potential 

use of immune checkpoints in these combination therapies. These matters are discussed in the 

following sections. 

 

 Optimisation of CARaMEL T cell generation 

The adoptive transfer of gene engineered T cells can mediate tumour regression in cancer 

patients 536. Various approaches in clinical trials target tumour associated antigens with 

genetically engineered T cells. For instance, TCRs from isolated T cells in cancer patients can 

be cloned and inserted into retroviruses and lentiviruses to be used for the transduction of 

autologous T cells. Similarly, isolated T lymphocytes can be transduced to express CARs 

against tumour antigens 536. 

CAR T cell therapy involves the isolation of T cells from cancer patients and ex vivo 

transduction and expansion of effector cells prior to reinfusion to patients with metastatic 

cancer 537. Depending on the ex vivo activation and proliferation strategy, various phenotypes 

and functional types can be achieved. There could be a spectrum of diverse polyclonal effector 

cells to T lymphocytes with a selected phenotype and function 538. 

In my study, I used T lymphocytes from transgenic mice as a convenient source of providing 

CAR T cells with a consistent frequency and level of CAR and gp100-TCR expression. 

Therefore, gene transduction was not required for expression of CAR and specific TCR on T 

cells. However, the feasibility of transducing autologous T lymphocytes and manipulating their 

phenotype for adoptive transfer has been reported previously 539–541, which supports the 
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translational potential of our treatment strategy. In addition, we have previously demonstrated 

that transduced CAR T cells could be as effective as transgenic CAR T cells when used in the 

ACTIV therapy regimen, which supports the feasibility of clinical translation of ACTIV 

therapy. 

In addition, in this study for modelling purposes, we used a TCR specific for human gp100, an 

immunogenic antigen for which TCR-transgenic mice were available. However, this antigen is 

expressed in normal human tissues including melanocytes, the substantia nigra, and retina 542. 

Therefore, employing this TCR in clinical studies would not be feasible due to potential toxicity 

against normal human tissues. A safer TCR option would be to isolate specific TCRs against 

foreign antigens such as a viral antigen, and use that TCR to transduce human T cells with a 

specific TCR. Alternatively, virus-specific T cells could be isolated and transduced with a 

tumour-specific CAR. In addition, in regards to ACTIV+VV-dd combination therapy, it would 

be interesting to encode the gp-100 antigen within the VV-dd genome, so that only one virus 

may need to be administered. 

 

 Optimisation of dosage and delivery of oncolytic virus VV-dd 

Oncolytic virotherapy is a new promising approach for the treatment of cancer patients. Several 

clinical trials, have evaluated various oncolytic viruses such as reovirus (Reolysin), and 

vaccinia virus (JX-594) in phase II/III clinical trials 543. The successful phase III clinical trial 

of T-VEC (Imlygic) for the treatment of melanoma patients, and its FDA approval, suggests a 

promising future for employing this class of drugs in the treatment of cancer patients 544.  

The activation of T lymphocytes needs three classical signals including TCR engagement, co-

stimulation and inflammatory signals driven by cytokines, such as interleukins or interferons 

545. Oncolytic viruses such as vaccinia viruses can be manipulated to express a diversity of 

transgenes such as costimulatory molecules or cytokines, to stimulate strong anti-tumour 

immune responses 546. It is now recognised that oncolytic viruses can induce an enhanced type 

I IFN signature in the tumour microenvironment 547. Therefore, the combination of CAR T cell 

therapy with oncolytic viruses supports all three classical signals required for CAR T cell 

activation, proliferation and function.  

In this study, I demonstrated the therapeutic efficacy of using the vaccinia virus VV-dd in 

combination with adoptive T cell transfer in a pre-clinical setting. Results from phase I clinical 
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trial studies using intravenous delivery of VV-dd in colorectal or other solid cancer patients, 

showed no toxicities or significant related adverse events 548, which supports the translational 

potential of our treatment approach.  

With the development of oncolytic viruses in clinical studies, the dose and route of virus 

delivery has become a critical issue in obtaining optimal therapeutic benefit. Various 

parameters including host immunity, tumour microenvironment and angiogenesis contribute to 

the efficiency of oncolytic virus delivery 549. The intravenous delivery of oncolytic reovirus in 

combination with PD-1 blockade in mice with brain tumours resulted in significant infiltration 

of T cells into tumour tissues 509.    

Previous results using other tumour models in our lab indicated a remarkable proliferation of 

CD8+ T lymphocytes and their penetration into E0771-Her2 tumours using intravenous 

administration of VV-gp100 in ACTIV therapy 394. In this study, we assessed both intravenous 

and intratumoral delivery of VV-dd, however, significant regression of AT3-Her2 tumours was 

only observed in the intratumoral approach. The restriction of intratumoral administration of 

VV-dd to obtain maximum therapeutic efficacy, may complicate application of this oncolytic 

virus for a broad range of cancer treatment due to the limited accessibility to tumours in some 

cancers. Future developments of oncolytic viruses able to be administered systemically may 

broaden the application of this approach. Future advanced bioengineering strategies such as 

using complex nanoparticles and magnetic viral complexes may improve oncolytic viral 

delivery and increase its therapeutic potential 549.  

 

 Optimisation of the dosage and timing of SMAC-mimetic AZD5582 

administration 

It has been reported previously that IAP antagonists promote cancer cell death by sensitizing 

them to apoptosis mediated through the extrinsic pathway 550,551. SMAC-mimetic agents 

antagonize cIAP1, which leads to sensitization to TNF-α and tumour cell apoptosis 551–553. Most 

of the studies of this phenomenon have been conducted in vitro with cell lines 551–553, however, 

the details of the anti-tumour mechanisms of SMAC-mimetics in vivo is complex. Multiple 

immune subsets including cytotoxic effector cells, monocytes and macrophages can produce 

TNF-α in vivo. Also, IAP antagonists could synergize with inflammatory adjuvants and induce 

a systemic increase of TNF-α release from the innate immune system 554.  
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The combination of the SMAC-mimetic, birinapant, with CAR T cells has been reported to 

induce a significant enhancement of CAR T cell cytotoxicity against MC38-Her2 tumours, in 

a TNF-dependent manner 455. In addition, a remarkable inhibition of MC38-Her2 tumour 

growth has been reported using CAR T cells in combination with a vaccine in  ACTIV therapy 

394. In this study we used AT3-Her2 as a difficult-to-treat solid tumour model, and achieved 

significant tumour regression and survival advantage when using the combination of ACTIV 

therapy with the SMAC-mimetic AZD5582. Future studies would be required to evaluate 

various doses and timing of AZD5582 administration for the optimisation and characterisation 

of the most effective strategies. Given the lack of robust responses to ACTIV therapy in the 

AT3-Her2 model, our study supports further evaluation of these approaches for the treatment 

of a diverse range of difficult-to-treat cancer types.  

 

 Toxicity of CAR T cell Therapy 

There are two main categories of toxicity associated with CAR T cell therapy, which can limit 

its application: responses against TAAs expressed on normal tissues, and toxicity resulting 

from cytokine storm 327. For instance, serious adverse events such as a patient death in a clinical 

trial using Her2-CAR T cell therapy 331, or neurologic toxicity in a study using a modified T 

cells with HLA-A2–restricted MAGE-A3–specific TCR 555, are examples of on-target off-

tumour toxicities. 

In this study, we used immunocompetent Her2 transgenic mice expressing Her2 as a self-

antigen in lactating breast and in the cerebellum. Previous studies have demonstrated that 

ACTIV therapy in these mice is associated with transient toxicity due to T cell infiltration into 

Her2-expressing regions of the cerebellum 556. The limited neurologic toxicity was manifested 

by reduced coordination and unsteady gait, but was transient, beginning on Day 5 after 

treatment and lasting approximately 3 days. A similar level of toxicity was observed in the 

current study. However, caution needs to be exercised if changing the doses or timing to 

intensify the regimen. 

In clinical studies, multiple strategies are under investigation to increase the specificity of CAR 

T cell therapy. One of these approaches involves equipping CAR T cells with suicide genes. 

For instance, expression of a gene encoding  an inducible Casp9 able to induce apoptosis in 

presence of a synthetic dimerizing molecule, AP1903, can be used to eliminate CAR T cells in 
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the event of toxicity 367. Targeting the AML-associated antigen CD33, with CAR T cells using 

this strategy resulted in 76% elimination of leukemia cells in preclinical studies 368.  

Another strategy involves using Boolean logic gated CAR T cells, in which targeting two or 

more antigen acts as an on-switch for CAR T cells. Targeting multiple antigens in CAR T cell 

therapy is a promising strategy to prevent severe toxicity and increase CAR T cell precision. 

However, further clinical studies are required to confirm these results. 

The use of an “off switch” in CAR T cells could be another promising approach to overcome 

the potential toxicity of CAR T cell therapy. An example of this strategy involves the use of  

inhibitory CARs (iCARs) that are designed on the basis of immune inhibitory receptors such 

as CTLA-4 or PD-1 376. A previous study using these type of CAR T cells has reported selective 

cytotoxicity and cytokine secretion to protect off-target  tissues and limit unwanted immune 

responses 376. 

 

 Potential use of immune checkpoints 

Remarkable results from clinical trials of immune checkpoint inhibitors such as α-CTLA-4 and 

α-PD-1 antibodies in cancer therapy and their FDA approval 557–559, has made them ideal 

partners to boost T cell therapies. A combination of oncolytic vaccinia virus with PD-L1 

blockade has been reported to lead to prolonged survival in mice, and an induction of 

intratumoral CD8+ T lymphocytes and an increase in IFN expression in colon and ovarian 

cancer models 560. Similarly, Fend et al reported similar results using a combination of 

oncolytic vaccinia virus with anti-PD-1 and anti-CTLA-4 antibodies for the treatment of 

murine sarcoma 561. 

The combination of immune checkpoint blockade with IAP antagonists has also been reported 

to induce anti-tumour immunity for the treatment of a murine model of brain cancer 562. In 

addition, there are several ongoing clinical trials, in which the combination of a SMAC-

mimetic with immune checkpoint blockade are being evaluated. (ClinicalTrials.gov: 

NCT02587962, NCT02890069).  

In our study, we compared the expression of immune checkpoints in two tumour models to 

identify mechanisms behind AT3-Her2 resistance to ACTIV therapy. Given the promising 

reports from the combination of immune checkpoint blockade with a SMAC-mimetic or 
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oncolytic virus, it would be interesting to explore such a combination with ACTIV therapy and 

evaluate CAR T cell efficacy using that strategy. 

 

 Concluding remarks 

Cancer is a complex disease and it is clear that most cancers cannot be successfully addressed 

solely with single-targeted therapies. In this study, we explored potential approaches to 

improve CAR T cell therapy of solid tumours. We could significantly improve CAR T cell 

cytotoxicity and their tumour infiltration in a hard-to-treat tumour model. Insights provided in 

this thesis will contribute to a broader understanding of factors limiting the effective treatment 

of solid cancer and help to realize potential combinational therapies for the treatment of cancer 

patients. 
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8 Appendices 
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Appendix 1.  AT3-Her2 tumours express greater levels of anti-apoptotic genes 

Groups of mice (n= 5 mice per group) were subcutaneously injected with (1 x 106) AT3-Her2 or 

(4 x 105) E0771-Her2 tumour cells. After 3 weeks of allowing tumours to established, tumours 

were harvested from mice and their RNA extracted for RNA-seq analysis. Presented data is a Kegg 

graph of molecules involved in apoptosis pathways. The E0771-Her2 tumour was used as baseline 

for analysis. Blue molecules are downregulated and red molecules are upregulated. The intensity 

of each color indicates its relative fold change. 
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Appendix 2.  Genes involved in oxidative phosphorylation are upregulated in AT3-Her2 

tumours  

Groups of mice (n= 5 mice per group) were subcutaneously injected with (1 x 106) AT3-Her2 and 

(4 x105) E0771-Her2 tumour cells. After 3 weeks of allowing tumours to established, tumours were 

harvested from mice and their RNA extracted for RNA-seq analysis. Presented data is a Kegg graph 

depicting expression of genes involved in oxidative phosphorylation. E0771-Her2 tumours were 

used as baseline for analysis. Blue molecules are upregulated and red molecules are downregulated. 

The intensity of each color indicates its relative fold change. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 


