
 

 

 

 

 

 

 

DEVELOPING AN ONCOLYTIC PRIME-BOOST VACCINE TARGETING THE 

TUMOUR ASSOCIATED ANTIGEN MESOTHELIN FOR THE TREATMENT OF 

PANCREATIC CANCER 

 

By 

Katherine Elizabeth Baxter 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of Doctor of 

Philosophy, Specialization Microbiology and Immunology 

 

University of Ottawa 

Faculty of Medicine 

December 7 2019 

 

Supervisor 

Dr Rebecca C Auer, MD 

Co-Supervisor 

Dr John Bell, PhD 

 

© Katherine Elizabeth Baxter, Ottawa Canada, 2019 



ii 

 

Abstract 

Pancreatic cancer (PDAC) affects 4400 Canadians each year and with 5year survival rates <8%, 

there is clearly an unmet need for new therapeutic approaches for treating this deadly disease. 

Herein I report the development of a surgical model of PDAC that recapitulates many of the 

hallmarks of human disease and has an immune infiltrate consisting of T cells and suppressive 

regulatory T cells and myeloid derived suppressor cells. This model allows the exploration of 

new therapeutics that can be used in combination with surgical resection of primary tumours. 

Furthermore, I propose that the use of neoadjuvant administration of a prime-boost oncolytic 

vaccine targeting a pancreatic tumour associated antigen (TAA) - mesothelin - could potentiate 

pancreatic tumour specific immune responses to improve patient prognosis. We demonstrate that 

immune tolerance to this self antigen can be broken by the complete depletion of circulating Tregs 

at the time of vaccination, which leads to the activation of a population of CD8+ T cells 

responsive to mesothelin. We demonstrate that these T cells respond to mesothelin expressing 

tumour cells ex vivo, and that CD8+ T cells are recruited to the site of tumour challenge. 

However, despite the generated CD8+ T cell response, oncolytic vaccine strategies targeting 

mesothelin provide no protection against Pan02 tumours, or against other mesothelin expressing 

murine tumour lines. I demonstrate that this is not through common tumour escape mechanisms, 

nor through the upregulation of suppressive immune populations. Any efficacy observed was 

found to be provided solely by depletion of Tregs, as the depletion of CD8+ T cells did not reduce 

protection from tumour outgrowth in vaccinated mice. While mesothelin represents a promising 

target, it is not an ideal target for oncolytic vaccine platforms, potentially due to its nature as a 

self antigen. 
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1 Introduction 

1.1 Cancer 

Cancer is the second leading cause of death worldwide, accounting for an approximated 9.6 

million deaths in 2018 [1]. In Canada, 1 in 2 people will be diagnosed with cancer in their 

lifetime [2], and while the survival rates for cancer are increasing it is estimated that 1 in 4 

Canadians will die from cancer of some form. Even with the improved rates of diagnosis and 

treatment across a variety of cancer types, with the aging population in Canada [2,3], the overall 

number of Canadians diagnosed with cancer is increasing each year. With numbers this high, the 

economic impact of cancer is massive, upwards of $1.16 trillion dollars each year [1]. There is 

an immediate need for therapies that can increase survival rates and patient outcomes across all 

cancer types, specifically in exploring and establishing platforms that can have wide-reaching 

implications for health care. 

Cancer is an overarching term used to describe and understand neoplastic diseases. There are six 

defined hallmarks of cancer that are acquired over time as normal cells progress into cancerous 

cells through the acquisition of a number of genetic mutations in key cellular systems [4,5]. 

These hallmarks are: the sustaining of proliferative potential, evading growth suppressors, 

resisting cell death, enabling replicative immortality, inducing angiogenesis and finally 

activating invasion and metastasis [6]. Further than the hallmarks of cancer as initially defined 

by Hanahan and Weinberg in 2000, the interactions with the tumour stroma and the hallmarks of 

the tumour microenvironment are just as important when defining, diagnosing, and treating 

cancer [4]. Specifically the cancer-associated fibroblasts (CAFs), pericytes, extracellular matrix, 

endothelial cells, myeloid cells and lymphocytes each play an important role in establishing the 

hallmarks of cancer and lead to therapeutic and immune evasion, eventually leading to 

https://paperpile.com/c/dSkfGu/UEpS
https://paperpile.com/c/dSkfGu/eJU3
https://paperpile.com/c/dSkfGu/fZLu+eJU3
https://paperpile.com/c/dSkfGu/UEpS
https://paperpile.com/c/dSkfGu/oeb3+b9Bm
https://paperpile.com/c/dSkfGu/IUxo
https://paperpile.com/c/dSkfGu/oeb3
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progression of disease and death [4]. CAFs are especially important in the case of the tumour 

stroma of breast and pancreatic carcinomas and have been associated with the initiation, growth 

and metastasis of these tumours as well as leading to resistance to tumour-directed therapies 

[4,7]. New therapeutics being developed therefore need to consider both the tumour itself, as 

well as the microenvironment in which the tumour is found and how they interact with the rest of 

the body. 

1.1.1 The role of the immune system in cancer progression 

The immune system plays a critical role in cancer surveillance as well as cancer progression. The 

importance of the immune system is such that in 2011, Hanahan and Weinberg wrote a next 

generation of “The Hallmarks of Cancer” that included two emerging hallmarks – 

reprogramming metabolism and evasion of immune destruction [5]. The first role of immune 

cells was identified through the invasion of bone-marrow derived cells including macrophages, 

neutrophils, mast cells and myeloid progenitor cells which infiltrated early into neoplastic lesions 

and inevitably helped to progress tumour development [5]. Its dual role in cancer was first 

identified in the late 70s, and was fully fleshed out by Dunn et al in the early 2000s [8]. This 

came after a long debate in which arguments for a promoting, suppressive or null role in cancer 

progression were rampant [9]. This theory – that of immunoediting [8] – can be divided into 

three stages, wherein the role of the immune system switches from one that actively controls 

cancer and eliminates cancer cells to one that is no longer able to target tumours and has actively 

become an essential component in the suppressive tumour microenvironment(TME) [9]. These 

three stages are: elimination, equilibrium and escape. 

 In elimination, the earliest stage of immunoediting, the immune system is fully competent and 

capable of eliminating tumour cells. The role of the immune system in the immunogenicity of 

https://paperpile.com/c/dSkfGu/oeb3
https://paperpile.com/c/dSkfGu/oeb3+iGou
https://paperpile.com/c/dSkfGu/b9Bm
https://paperpile.com/c/dSkfGu/b9Bm
https://paperpile.com/c/dSkfGu/Pi3b
https://paperpile.com/c/dSkfGu/sja3
https://paperpile.com/c/dSkfGu/Pi3b
https://paperpile.com/c/dSkfGu/sja3
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tumours was first fleshed out in a comparison between immunocompetent and immunodeficient 

mice [10]. In the immunocompetent mice, T cell editing of highly immunogenic antigens led to 

the development of tumours that were less immunogenic, whereas those that developed in the 

immunodeficient mice had tumours that grew out quickly but continued to express model 

antigens [11,12]. These studies also showed that the early anti-cancer immune response during 

the elimination phase relies on the expression of type I and type II interferons which play distinct 

roles in the activation and maintenance of CD4+ and CD8+ T cell responses [8,9,13] as well as 

the presentation of recognition molecules such as NKG2D which is essential for the innate NK 

cell response to tumours [9,14,15]. 

The equilibrium stage is characterized by a shift in the immune response from one of tumour 

elimination towards one of immune-mediated dormancy [9]. This stage has been less studied 

than the other two stages due to the paucity of models in which it can be fully explored [10]. 

Two landmarks studies in 2007 and 2011 using a mouse model of fibrosarcoma and p53 

mutations led to an understanding of the role of Th1-mediated immunity and demonstrated that 

tumour dormancy is a prolonged process [16,17]. The equilibrium phase is reliant on the balance 

between anti-tumour responses driven by IL-12 and IFNγ and tumour promoting cytokines 

including IL-23 and IL-10 [9,16]. This process can be further defined by the relative balance 

between immunosuppressive cells (i.e., Tregs, MDSCs, NKT cells) and tumour-targeting immune 

cells (CD8+ T cells, NK cells) [18].  

The final stage of immunoediting is that of escape – defined by the progressive outgrowth of 

immune-edited tumours and the establishment of the immunosuppressive TME [9]. In this stage 

the immune system is no longer capable of restricting tumour outgrowth due to immunoediting 

which enable the tumour cells to evade immune recognition through various mechanisms [9,19]. 

https://paperpile.com/c/dSkfGu/otP2
https://paperpile.com/c/dSkfGu/Hwhv+ydVp
https://paperpile.com/c/dSkfGu/XgpG+sja3+Pi3b
https://paperpile.com/c/dSkfGu/sja3+BRMW+vll6
https://paperpile.com/c/dSkfGu/sja3
https://paperpile.com/c/dSkfGu/otP2
https://paperpile.com/c/dSkfGu/hw2m+bW7x
https://paperpile.com/c/dSkfGu/sja3+hw2m
https://paperpile.com/c/dSkfGu/dxlt
https://paperpile.com/c/dSkfGu/sja3
https://paperpile.com/c/dSkfGu/sja3+QiWm
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This stage is the one in which most therapeutics would be delivered, and the reason many 

therapeutics, including immunotherapies fail as the tumours have been edited and evolved a 

plasticity allowing them to grow continuously. 

1.1.2 Pancreatic Cancer 

Pancreatic ductal adenocarcinoma (PDAC) is an invasive epithelial neoplasm with ductal and/or 

glandular differentiation [20]. It is also one of the most lethal solid malignancies worldwide 

[3,20]. Last year 5500 Canadians were diagnosed with pancreatic cancer, and 4800 died [2], 

resulting in one of the highest mortality rates, with a 5 year survival rate of only 8% [2,3,21]. 

Unfortunately due to a lack of effective screening techniques [22], and the fact that it is relatively 

hard for pathologists to differentiate early stage tumours from pancreatitis and non-malignant 

cysts[20], most patients are only identified in late stages of cancer. In fact, in Canada 56.7% of 

new PDAC cases were only identified in stage IV leading to very reduced treatment option s[2]. 

Current treatment options are limited to chemotherapy, radiation and surgery, though there has 

been a push towards developing and testing immunotherapies for treating pancreatic cancer. 

Historically 5-fluorouracil (5-FU) was the chemotherapy most used to treat PDAC, however in 

1997 gemcitabine became the standard treatment after a number of clinical trials showed 

increased survival time [23–25]. Recently gemcitabine combination therapies [25] including the 

addition of nab-paclitaxel [26,27] or capecitabine[28], as well as the combination therapy 

FOLFIRINOX – composed of 5-FU, leucovorin, oxaliplatin and irinotecan[26,29], are being 

employed in the clinic. Chemoradiation is also employed for locally advanced unresectable 

PDAC[29].  

Staging of cancer has become key in identifying which treatment option is available to patients. 

PDAC can be classified as stage 0-II being resectable, III locally advanced/unresectable or IV 

https://paperpile.com/c/dSkfGu/gEpE
https://paperpile.com/c/dSkfGu/fZLu+gEpE
https://paperpile.com/c/dSkfGu/eJU3
https://paperpile.com/c/dSkfGu/eJU3+fZLu+55F5
https://paperpile.com/c/dSkfGu/cbIh
https://paperpile.com/c/dSkfGu/gEpE
https://paperpile.com/c/dSkfGu/eJU3
https://paperpile.com/c/dSkfGu/8bGt+nCn8+hTUg
https://paperpile.com/c/dSkfGu/hTUg
https://paperpile.com/c/dSkfGu/Nyls+54Lg
https://paperpile.com/c/dSkfGu/QDHw
https://paperpile.com/c/dSkfGu/DNpT+Nyls
https://paperpile.com/c/dSkfGu/DNpT


 

5 

 

which is metastatic and unresectable [30]. Unfortunately only 20% of patients are eligible for 

surgery, which is the only known curative treatment [30,31]. This leaves the majority of patients 

facing chemotherapy or chemoradiation, which have thus far proven to be ineffective 

[26,27,29,30], as PDAC is known to be one of the most chemoresistant cancers[30]. This 

chemoresistance has been attributed to the innate tumour heterogeneity and plasticity associated 

with pancreatic cancer [30], as well as the dense stromal environment known as the desmoplasia 

surrounding the tumour[30,32]. 

There has recently been a push towards developing immunotherapies that can specifically target 

PDAC, however more research is required to understand the role of immune cells, and how they 

interact in the TME in order to better apply these therapeutics in the clinic. These therapies 

require a deeper understanding of the immune component in patients as well as the use of pre-

clinical models of PDAC. 

1.1.3 Surgical Resection of Pancreatic Cancer 

Surgical resection of PDAC currently remains the only potentially curative treatment option for 

patients; with 5 year survival rates increasing from 8% to 15% for patients who receive surgical 

resection[31]. However, even with the best possible treatment options – combining surgical 

resection with chemotherapy, as was done in a large phase III clinical trial combining surgery 

with adjuvant gemcitabine[33] – most patients recur in the form of metastatic disease and local 

recurrence[31,34,35].  

While in many cases a splenectomy is required in conjunction with a distal pancreatectomy to 

insure a negative margin resection and clearance of regional lymph nodes, spleen preserving 

operations are associated with better outcomes and decreased rates of mortality and morbidity 

following surgery[39–43]. No long term effect on overall survival or tumour progression has 

been observed[44]; however, the immediate postoperative complications are consistently lower, 

https://paperpile.com/c/dSkfGu/9nb7
https://paperpile.com/c/dSkfGu/0n1B+9nb7
https://paperpile.com/c/dSkfGu/Nyls+54Lg+DNpT+9nb7
https://paperpile.com/c/dSkfGu/9nb7
https://paperpile.com/c/dSkfGu/9nb7
https://paperpile.com/c/dSkfGu/9nb7+5ORS
https://paperpile.com/c/dSkfGu/0n1B
https://paperpile.com/c/dSkfGu/lbhd
https://paperpile.com/c/dSkfGu/0n1B+kbIV+qJZC
https://paperpile.com/c/dSkfGu/6JDq+dlrr+qDjr+DPQi+vDXC
https://paperpile.com/c/dSkfGu/n5qz
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and result in shorter hospital stays for patients[45,46]. This improved outcome has been 

associated with the maintenance of immune surveillance [39–41,47], and some groups have 

recommended that the spleen be preserved when possible[45,46].  

1.1.4 Preclinical Models of PDAC 

Pre-clinical models have been developed to understand PDAC and to explore therapeutics. These 

include xenograft models, genetic models and syngeneic models, each with their own benefits 

and disadvantages for studying the various aspects of PDAC. Xenograft models represent human 

tumours and can be divided into two categories: tumour-derived patient xenografts and 

transplantable tumour cell lines including MiaPaca and PANC-1 cells [48]. While these models 

do represent human tumours with the clinical tumour progression, they need to be injected into 

immunocompromised mice, either athymic nude mice lacking a thymus, or severe combined 

immunodeficient (SCID) mice lacking both B and T cells[48].In xenograft models the innate 

immune system is still intact, however they cannot be used to evaluate immunotherapies and in 

fact due to the differences in stroma and immune components of the TME, they do not closely 

resemble what occurs in the clinic[49]. Furthermore, while tumour derived xenografts have been 

found to more closely resemble results observed in the clinic [50], transplantable xenograft lines 

mimic clinical outcomes in less than one third of cytotoxic drugs evaluated [51]. In comparison, 

genetic models of PDAC are highly representative of clinical tumours [52]. KPC is a genetic 

model of PDAC which involves a constitutively active Kras and p53 point mutation murine 

model grows in immunocompetent mice, and represent naturally occurring tumours that model 

human tumour progression [52], however the variable timing of tumour development makes it 

difficult to study experimental therapies.  

Syngeneic models were developed in mice and are grown in immunocompetent mice meaning 

they can be used to study the interactions of the host immune system with the tumour [53]. This 
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allows for the study of multiple therapeutics including immunotherapies in a model where the 

timeline can be controlled. Depending on the site of injection, e.g. subcutaneous or orthotopic, 

different aspects of tumour growth can be studied. Subcutaneous injection of PDAC cells has 

less direct comparison with clinical disease; however it is easy to monitor [53]. Orthotopic 

injection of syngeneic cell lines in the head, body or tail of the pancreas has led to models that 

are capable of modelling human PDAC progression in the correct TME; however this poses the 

problem of developing an injection technique and monitoring tumour outgrowth [53]. Various 

groups have tried to overcome these problems through injection in Matrigel© to avoid 

spread[53], and monitoring tumour outgrowth with imaging systems like magnetic resonance 

imaging (MRI)[53] or transducing the cells with a luciferase reporter transgene[54].  

Currently Pan02 cells and 6606PDA cells represent the two best characterized syngeneic PDAC 

models that exist. 6606PDA cells were first isolated in 2006 by Tuveson from p48/Kras G12D 

mice [55], and develop into globular differentiated tumours that have pancreatic acinus and duct-

like structures. However this cell line is very slow growing, and relatively non- invasive [53]. 

Pan02 cells are the most commonly used murine model of PDAC, and were created by Corbett et 

al in the 1980s through the injection of 3-methyl cholanthrene into the pancreas of C57Bl/6 mice 

[56]. These cells formed more aggressive tumours that had a lobular growth pattern but overall 

were less differentiated than 6606PDA cells [53]. Pan02 cells have been used in many PDAC 

models and are used in the study of both primary tumours in addition to metastatic tumours. 

While mice injected with Pan02 cells orthotopically tend to die of primary tumour burden before 

the occurrence of visible metastases, several groups have developed models of metastatic PDAC 

using this cell line. Wang et al passaged Pan02 lines through the liver by injecting them 

orthotopically into the pancreas and collecting any hepatic metastases at endpoint, then reseeding 
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those tumour cells into the pancreas[57] resulting in a more aggressive and more metastatic line. 

Splenic injections of Pan02, followed by a hemi-splenectomy have also been used to model 

hepatic metastases [58,59]. Pre-clinical models of PDAC allow us to investigate therapeutics and 

understand disease progression, but the model needs to maintain the balance between measuring 

biological and immunological responses while still representing clinical significance. 

Several pre-clinical models exist to model pancreatic disease in mice, and to understand 

metastatic PDAC patterns. These models span from nude-mouse models using human cancer to 

syngeneic models that allow investigation into the immune system [36–38]. Ideally models that 

use an orthotopic technique would mostly closely model the tumour microenvironment present in 

the pancreas. In nude mice, Hwang et al optimized a technique for suturing tumours grown 

subcutaneously onto the tail of the pancreas, and then utilized this model to explore the effects of 

splenectomies without tumour resection on tumour growth. This model was repeated using the 

syngeneic Pan02 cell line in immunocompetent mice [36,37]. Hwang et al’s orthotopic Pan02 

and MiaPaca tumour models explored the importance of spleen preservation at the time of 

tumour engraftment, and tumour take-rates as well as growth rates were increased in the absence 

of the spleen [36,37]. Tepel et al developed a partial pancreatectomy model using human PDAC 

in the head of the pancreas [60] and Ni et al developed a partial pancreatectomy model in the tail 

of the pancreas of nude mice, however this model involves the total resection of the tail and 

spleen [61]. Both models allowed the exploration of combinations of chemical adjuvant therapy 

and the exploration of xenograft surgery models, but neither was performed in 

immunocompetent mice, nor did they investigate the importance of maintaining 

immunosurveillance. There is a lack of clinically-relevant models of PDAC in 
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immunocompetent mice that fully allow for the exploration of immunotherapies, in a conjunction 

with the only known curative therapy – surgical resection.  

1.2 The Immune Response to Pancreatic Cancer 

The immune response to cancer is an integral part of both cancer development, and any 

immunotherapy aimed at developing an anti-tumour response. During the elimination, 

equilibrium and escape phases of cancer development, various components of the immune 

system are involved in the pro- and anti- tumour responses. Pancreatic cancer is no exception, 

and therefore has a well defined innate and adaptive response against the tumour as well as a 

strong immunosuppressive component that allows the tumour to escape immune control, and in 

many cases evade cancer therapies. 

1.2.1 Innate Response 

While a strong emphasis is placed on the adaptive immune response to PDAC, the innate 

response - specifically that of mature dendritic cells (DCs), activated pro-inflammatory 

macrophages of the M1 phenotype and natural killer (NK) cells - is an essential component to an 

effective anti-tumour immune response [62]. NK cells in particular play an important role in 

anti-tumour immunity in PDAC patients, and higher numbers of circulating NK cells have been 

associated with prolonged survival in patients [63]. One of the key mechanisms of acquired 

tumour resistance to an elevated immune response is the down regulation of MHC I [19], 

however this adaptation makes them vulnerable to recognition and elimination by NK cells[62]. 

In 2007, Pandha et al collected a number of resected PDAC tissues and identified that many 

samples had reduced HLA I and transporter for antigen presentation (TAP), both mutations 

making the tumours vulnerable to NK cells [64]. Furthermore, it was found that NK activating 

receptors, particularly NKG2D, was reduced in pancreatic tumour tissues indicating that tumour-
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infiltrating NK cells had impaired functionality within the tumour [65]. Therapies targeting these 

cells may prove to be essential to developing an effective treatment for PDAC patients. 

1.2.2 Adaptive Immune Response 

The adaptive immune response is an essential component of anti-tumour immunity, and effective 

anti-cancer immune responses require cytotoxic CD8+ T cells, Th1 helper T cells and the 

presence of tumour-targeting B cells. During the elimination and equilibrium stages of tumour 

development, inflammatory cytokines and the recruitment of these populations along with the 

innate component lead to an immune stimulatory environment that favours the elimination of 

tumour cells[62], however as the equilibrium phase progresses into the escape phase many of 

these populations become suppressed and non-functional[19,62]. These cells are not eliminated, 

and can still be found both within the tumour, draining lymph nodes and in circulation. In 

PDAC, which is defined by the overexpression of multiple well known antigens, a positive 

correlation has been found between humoral responses to these antigens and a favourable 

prognosis[62]. A number of studies on PDAC patients have found tumour-reactive adaptive cell 

subsets in the peripheral blood mononuclear cells (PBMCs) of patients including IgG Muc-1 

specific antibodies[66], both antibodies and T cells reactive to alpha enolase[67,68] and even 

ENO-1 specific TH17 helper cells[69]. In most cases, the presence of these cells in the periphery 

were correlated with better survival [62,66]. 

Circulating levels of anti-tumour cells can have correlative value, but do not represent the 

subsets that have infiltrated into tumours. While getting PDAC samples is not always easy, as the 

majority of patients do not undergo surgical resection, many groups have investigated how levels 

of infiltrating lymphocytes may have better prognostic value than merely investigating 

circulating and humoral responses. Fukunaga et al found that in most cases PDAC tumours were 
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more highly infiltrated with CD4+ T cells than with CD8+ cells, however when both subsets 

were infiltrated into the tumours the patients had better survival rates[70]. Tewari et al evaluated 

the prognostic value of tumour infiltrating lymphocytes using tumour microarrays of 81 PDAC 

patients undergoing surgical resection and consistently found that higher numbers of CD3+, 

CD8+ and CD20+ cells positively correlated with improved survival [71]. As CD4+ T cell 

intratumoral infiltration can represent two very different subsets of T cells - both helper cells and 

regulatory cells which have opposing anti- and pro-tumour effects respectively - further 

investigation was needed into the nature of the T cells infiltrating into PDAC tumours. Tang et al 

investigated both the circulating and tumour/tissue infiltrating levels of CD8+ T cells, CD4+ T 

cells and specifically Tregs in PDAC patients as well as in healthy individuals. They found that 

while there were no significant differences in circulating levels of all three types of T cells, there 

was a significant increase in all three T cell subsets in tumours samples over healthy pancreatic 

tissues[72]. They found a positive correlation between CD4+ infiltration and Treg infiltration, and 

a negative correlation between the number of CD8+ infiltration and Treg infiltration indicating 

potentially an increasing regulatory role within the tumour. Their data also agreed with the 

previous data indicating that high CD8+ infiltration within the PDAC tumours was associated 

with a better prognosis, but further added that if the Treg numbers were equivalently increased, 

there was a worse prognosis[72]. 

The presence of an anti-tumour adaptive immune response represents both a better prognosis, as 

seen by clinical data, as well as a potential target for therapeutic strategies. It also indicates that 

this tumour must have a strong immunosuppressive compartment within the TME that allows the 

tumour to escape immunosurveillance and tumour targeting lymphocytes. 
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1.3 Immunosuppression 

In order to escape immunosurveillance, tumours create an environment that limits the efficacy of 

the immune response. This includes both intrinsic factors, including the upregulation of 

inhibitory immune ligands such as PD-L1 and downregulation of activating ones[64], the 

secretion of cytokines and factors that inhibit immune function and recruitment as well as a 

physical blockade against immune infiltration[19,62]. Furthermore, tumours can induce both a 

local and systemic immunosuppressive environment characterized by the recruitment and 

activation of immunosuppressive or “pro-tumour” immune cells, which further limit 

immunotargeting of the tumour cells by activated effector cells[19,62]. These cells are included 

in the tumour extrinsic component of immune evasion and lead to tumour escape as well as the 

inefficacy of many therapeutic strategies. 

1.3.1 Immunosuppressive Cell Subsets 

The key immunosuppressive cell subsets involved in promoting tumour outgrowth are regulatory 

T cells (Tregs), myeloid derived suppressor cells (MDSCs), tumour associated macrophages 

(TAMs) and regulatory B cells (Bregs) [19]. Tregs are CD4+ T cells that are defined by the 

expression of the IL-2 receptor alpha (CD25) and the transcription factor Forkhead box P3 

(Foxp3). They have a role in self tolerance, and in healthy individuals promote the suppression 

of autoimmunity[62,73] through the secretion of the cytokines IL-10, IL-35 and TGF-β as well 

as through direct cell-to-cell contact[19,62,73]. Tregs have increased expression across many 

tumour types [74], and help to produce a TME that favours the progression of tumours [62]. 

When they were investigated in murine models of cancer, it was found that Tregs contribute to the 

early establishment and progression of tumours [75–77], and depletion of this subset of T cells 

was able to restore and even enhance anti-tumour immunity [19]. In human studies, the ratio of 
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effector T cells to regulatory T cells is highly correlated to patient outcomes, and an increase in 

the number of regulatory T cells is indicative of a poor prognosis [78].  

MDSCs are immature myeloid cells that are released from the bone marrow during the course of 

chronic inflammation [79]. These cells not only promote the development of Tregs and the 

polarization of macrophages [79], but also work to directly suppress both innate and adaptive 

arms of the anti-tumour immune response [62]. MDSCs secrete inhibitory cytokines specifically 

TGF-β and IL-10, sequester cysteine, express arginase-1 which depletes systemic arginine - an 

amino acid essential for T cell and NK cell protein synthesis, increase reactive oxygen species 

(ROS) and impair T cell homing to the site of tumour[62,79], thereby limiting immune responses 

through multiple mechanisms.  

TAMs, which are promoted within the TME by MDSCs [79], have pro-tumorigenic properties 

and higher frequencies of these cells have been associated with a poorer prognosis in patients 

across a wide variety of tumour types [19,62]. Macrophages display two distinct phenotypes: M1 

which are pro-inflammatory in nature, and M2 which tend towards an anti-inflammatory 

phenotype. In tumours, the TAMs are polarized towards the M2 phenotype due to secreted 

factors in the TME, specifically the IL-10 and TGF-β, and further contribute to the 

immunosuppressive environment with the secretion of anti-inflammatory cytokines and 

upregulation of surface-expressed inhibitory ligands [62].  

A new player in the immunosuppressive field is that of Bregs. Similar to Tregs, these regulatory 

adaptive immune cells were identified by the role that they play in limiting autoimmunity in 

inflammatory bowel disease, rheumatoid arthritis and autoimmune encephalomyelitis [80]. 

Unlike Tregs, they are not defined by any particular CD or transcription factor expression but 

rather solely by their ability to produce IL-10 and TGF-β[80]. While their role in cancer is not 
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fully defined[81], they have begun to be investigated in murine models of melanoma and breast 

cancer. In these murine models, Bregs induce the conversion of non-regulatory CD4+ T cells to 

Tregs through the secretion of TGF-β, and elimination of this subset blocked the development of 

lung metastases in a melanoma metastasis model [81]. While their role in human cancer remains 

to be defined, they invariably play a role in creating an immunosuppressive environment. The 

presence or absence of any of these subsets within the local TME, as well as systemically in 

cancer patients have prognostic value in determining patient outcomes, as well as stage and the 

presence of metastases. Each plays an essential role in tumours evading immune detection, and 

in tumour progression which need to be investigated in tumour types and when evaluating 

potential cancer therapeutic strategies. 

1.3.2 Immunosuppression in PDAC 

Measuring the circulating and tumour infiltrating immunosuppressive subsets in PDAC patients 

has revealed how important a role each plays in the progression of primary tumours and the rate 

at which PDAC tumours metastasize in patients. Starting with the circulating levels of cytokines, 

immunosuppressive biomarkers and suppressive immune cells, many studies have been able to 

use these levels for prognostic value, both alone and in association with other immune subsets. In 

2016, a number of PDAC patient blood samples were collected and high levels of baseline IL-6 

and IL-10, as well as an increase in the amount of CTLA-4 positive cells were both associated 

with a shortened overall survival rate [82]. Both Tregs and MDSCs - which are the main 

producers of these cytokines, and which express inhibitory biomarkers - were found to be 

increased in circulation [62,83,84], and were markers of a poor prognosis. In fact, the levels of 

MDSCs were found to be directly correlated to an increased level of Tregs, as well as increased 

levels of Arg-1 [83]. Furthermore, the correlation to poor prognosis and increased MDSC 
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expression was not limited to patient studies, but has also been observed in murine studies [85]. 

In murine models of spontaneous PDAC, MDSCs were increased in pre-cancerous lesions, and 

the levels increased in circulation, in draining lymph nodes and within the tumours themselves as 

they progressed [85]. Tregs, which demonstrate increased levels in the blood of PDAC patients - 

up to 8.1% from healthy levels of 2.47% - have been identified as a marker for increased 

metastasis [84], and have been identified within tumour samples and their draining lymph nodes 

in patient samples [86]. Finally, while Tregs and MDSCs appear to be the key suppressive subsets 

involved in PDAC progression and metastasis, TAMs also play a role in tumour progressions 

and an increase in M2 polarized TAMS has been associated with a poor prognosis, and a marker 

of lymph node metastases in PDAC patients[87]. PDAC represents a highly complex tumour 

type, with a strongly immunosuppressive local environment which expands to a systemic 

immunosuppression as the cancer progresses. This immunosuppression may play a key role in 

determining which therapies should be pursued as research in this field progresses. 

1.4 Cancer Immunotherapy 

Immunotherapy is an emerging therapeutic in the cancer field that aims to take advantage of the 

host’s own immune system to target primary tumours as well as metastases. The concept of 

immunotherapy is not a new one, and was in fact first pioneered by Dr William B. Coley in 1910 

with the use of bacterial toxins injected into sarcoma tumours [88]. The next big advancement in 

immunotherapy came with the characterization of cancer immunosurveillance, first identified in 

the 1950s by Ehrlich and expanded upon by Burnet and Thomas, wherein it was understood that 

cancer cells develop quite frequently but are recognized and killed by the host’s natural 

immunity [89,90]. Cancer itself only develops when this process is weakened or when cancer 

evades the immune system. The final piece of the puzzle came into play in the early 2000s with 
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the concept of cancer immunoediting[8,19] in which the dual role of the immune system – as 

both a suppressor of tumour outgrowth as well as the role of immunosuppressive cells in 

facilitating tumour progression – was fully recognized.  

All of these breakthroughs led to the theory that both tumour associated antigens (TAAs), as well 

as neoantigens present within the tumour, may shape the immune response[91], but recognizes 

that the natural host immune responses may prove to be ineffective against cancer due to the 

heterogeneity, constant evolution and complexity of the TME[19]. Immunotherapy aims to 

increase or take advantage of this natural immunity and improve it to achieve durable responses 

that display memory, thereby treating both the primary tumour as well as limiting recurrence. A 

number of different therapies have been developed to harness the immune potential, each with 

their own limitations and with the possibility of improvement through combination therapy as 

well as a deeper understanding of the mechanisms behind positive responses. 

1.4.1 Checkpoint blockade 

T cell activation is a tightly controlled process with many regulatory processes involved. In order 

to avoid collateral damage from over activation, as well as to limit autoimmunity, a number of 

so-called inhibitory checkpoints are in place during the activation process[19]. Cancer takes 

advantage of these checkpoints to limit T cell activation within the TME, and this inhibitory 

pathway has become a leading target for cancer immunotherapy - checkpoint blockade. The first 

identified checkpoint was cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) which was 

identified in the 1980s [92]. This protein, which is found both on activated effector T cells and 

Tregs competes with CD28 for binding of B7 ligands. Once bound it inhibits T cell proliferation 

and IL-2 secretion [93]. This protein became the first target of checkpoint blockade and 

ipilimumab – the antibody targeting CTLA-4 -  became the first in class checkpoint inhibitor that 
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received FDA approval in 2011[19]. While it was found to be effective in the treatment of 

multiple cancer types, specifically melanoma, head and neck cancers and non-small cell lung 

cancer, treatment with ipilimumab caused significant immune related toxicities that could only 

be managed with systemic steroid therapy [19]. The next two checkpoints discovered were 

programmed death receptor (PD-1) which was cloned in 1992[94] and its ligand PD-L1 which 

was identified shortly after. In fact, the ligand PD-L1 was found to be constitutively expressed 

by many tumours, and its expression on tumours is further induced and upregulated by IFNγ 

[19]. Targeting this pathway has the potential to unleash activated tumour reactive T cells, and 

thus began the development of pembrolizumab and nivolumab which target PD-1 as well as 

atezolizumab which targets the ligand PD-L1. Furthermore, as this checkpoint occurs later in the 

T cell activation response than CTLA-4 it has been tolerated better in patients[95,96], and due to 

their non-overlapping mechanisms has also been used in combination with anti-CTLA-4 

blockade[19]. Checkpoint blockade represented a massive leap forward in cancer 

immunotherapy, but due to the reliance on pre-existing tumour reactive T cells has not had the 

same widespread effectiveness in all cancer types. In PDAC, which is known to be a non-

immunogenic tumour that boasts a strongly immunosuppressive TME, checkpoint blockade has 

had limited efficacy [97]. In fact, rather than being used as a monotherapy, combination therapy 

with other immunotherapies such as vaccination, or even combination with traditional therapies 

like chemotherapy and radiation, is potentially a leading route forward to increase the efficacy of 

therapy and overcome resistance in PDAC [97]. 

1.4.2 Whole Cell Vaccines 

Cancer vaccines goes beyond checkpoint blockade in that rather than simply trying to unleash a 

pre-existing immune response to cancer, cancer vaccines work to stimulate a specific anti-
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tumour immune response, through eliciting novel responses or boosting the pre-existing 

lymphocytes[62,98]. They aim to activate T and B cells against TAAs through the engagement 

of both the innate and adaptive arms of the immune system [98]. Cancer vaccines can take many 

forms including DNA or peptides of the specific antigen [62] as well as whole tumour cells or 

antigen pulsed/transduced DCs [62,98]. The issue with cancer vaccines lies in identifying novel 

or effective TAAs as the target of vaccination. Whole cell vaccines, in all their various forms, 

overcome this problem by presenting irradiated tumour cells directly to the immune system 

allowing all TAAs to be presented equally and allowing the host immune system to select the 

most immunogenic antigen(s) [62]. The two subsets of whole cell vaccines are autologous 

vaccine, or those derived from a patient’s own tumour, and allogeneic vaccines which are 

derived from tumour cell lines [62]. Autologous tumour cells represent the exact tumour cells in 

a patient’s specific cancer, however they present multiple difficulties in applying them in the 

clinic including low numbers, risk of contamination and the fact that many cancer patients are 

not eligible for surgical resection meaning that in many cases, especially with PDAC, there is no 

source of cells to prepare the vaccine [62,99]. This is where allogeneic based vaccines come in: 

like autologous whole cell vaccines, TAAs do not need to be identified, the cells grow well in 

vitro, haplotype matching does not need to be performed as the host’s immune cells will still be 

performing the antigen presentation [100] and finally allogeneic cells can be easily modified to 

express helper cytokines or antibodies to further stimulate an anti-tumour immune response 

[62,101]. Two allogeneic whole cell vaccines are being investigated in the clinic for the 

treatment of PDAC - GVAX and Algenpantucel-L[62,98,102]. Algenpantucel-L is a vaccine that 

consists of two live, irradiated human allogeneic pancreatic cancer lines, both of which express 

murine α-1,3-galactosyltransferase[62,103]. This transduced protein results in the synthesis of α-
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galactosyl surface proteins which trigger antibody-dependent cell toxicity which results in the 

rejection of cancer cells [62,102]. This vaccine achieved a one year survival rate of 86% in 

resected PDAC patients when used in combination with radiation [62,104], and patients with a 

positive response were found to have demonstrated a humoral immune response[103]. This 

vaccine has since gone into Phase II clinical trials [102]. GVAX is another whole cell vaccine 

composed of two allogeneic human cancer lines that both express GM-CSF [62,102,105]. This 

vaccine is able to recruit lymphocytes, eosinophils and monocytes to the site of vaccination, and 

to the site of the tumour [105]. The vaccine is able to efficiently prime the immune response 

against TAAs as the secreted GM-CSF allows DCs to more efficiently present the antigen to T 

cells, resulting in their activation [62,105]. In the clinic, GVAX has been found to be safe and 

induce potent immune responses in a Phase I/II clinical trial [62,102,105], however in an 

expanded Phase II trial, no survival benefit was observed after 2 years [106]. Future studies have 

looked into combining GVAX with other immunotherapies including checkpoint blockade [107] 

and antigen-specific boosting of the immune response stimulated with GVAX [107,108]. Whole 

cell vaccines represent a novel form of cancer immunotherapy that does not rely on pre-existing 

anti-tumour immunity, and which has shown some promise in treating patients with PDAC. 

1.4.3 Oncolytic Viruses 

Oncolytic viruses (OV) are replication competent viruses that selectively replicate in and lyse 

cancer cells, but do not replicate in healthy cells [109,110]. The hallmarks of cancer, which 

allow cancer cells to grow undetected, or in an immunosuppressed environment lead to a 

permissive environment for viral replication of viruses that would otherwise be eliminated by the 

immune system [110]. The introduction of OVs into the tumour microenvironment causes 

cellular damage of the cancer cells and a pro-inflammatory environment defined by an 
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abundance of pathogen associated molecular patterns (PAMPs) and damage associated molecular 

patterns (DAMPs) that promotes the phagocytosis of dead or dying virally infected cells, and can 

lead to both the breaking of tolerance towards cancer cells and the direct elimination of cancer 

cells[109]. The selection and efficiency of OVs is linked to specific viral biology as well as host-

virus interactions, and therefore each virus can have a different mechanism of action within the 

TME [110]. The nature of the TME as well as the immunogenicity, genomic complexity, speed 

of intratumoral propagation of the virus, and viral capacity of controlling immune responses 

should be considered prior to the selection of a specific virus [109].  

OV therapies have multiple advantages over other therapies. Due to the multiple pathways 

targeted there is a lower likelihood of developing resistance, their inherent nature of replicating 

in tumours and tumour-associated tissues, but not healthy tissues, makes them less toxic than 

other therapies, and finally safety features can be built in[110]. The disadvantage of using OVs 

for cancer therapy include the suboptimal delivery methods and inefficient viral infection due to 

heterogeneous phenotypes / variable permissiveness of different cancers[110]. 

OVs can be divided into two large classes: 1) viruses that naturally prefer replication in cancer 

cells and are generally non-pathogenic to humans including parvovirus, myxoma virus, 

Newcastle Disease virus, reovirus and Seneca valley virus; and 2) viruses that are genetically 

manipulated to limit replication in normal cells which included measles virus, poliovirus, 

Vaccinia virus, adenovirus, Herpes Simplex virus and rhabdoviruses (including vesicular 

stomatis virus (VSVΔ51) and Maraba MG1 virus (MG1)) [110]. These viruses can be further 

modified with the inclusion of transgenes such as GM-CSF, interleukins, interferons, 4-1BB and 

CD40L[111]. The first OV to be approved for use in the United States was Talimogene 

laherparepvec(T-VEC) which was approved for use in stage III and IV melanoma in 2015. T-
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VEC is a type I herpes simplex virus that has been modified to replicate only in tumour cells, 

have enhanced MHC I loading and finally to secrete GM-CSF [112]. This virus has a dual 

mechanism of action which includes the direct lysis of tumour cells as well as inducing local 

immunity against the tumour cells with the increased accumulation of dendritic cells in the TME 

[112]. An initial phase II clinical trial in patients with advanced melanoma demonstrated low 

toxicity, and had an objective response rate of 26% [113] and led to further clinical trials which 

eventually led to the approval of the virus in melanoma patients, but was found to be better at 

controlling locoregional tumours rather than having systemic effects when used as a 

monotherapy [112]. However the response rate observed between different lesions, without 

observed viral spreading between the lesions indicated a reliance on an induced anti-tumour 

immunity [109]. As such T-VEC was then combined with other immunotherapies - specifically 

the checkpoint blockade of CTLA-4 and PD-1. When combined with ipilimumab response rates 

in melanoma patients rose to 39%, and when combined with pembrolizumab response rates were 

even higher at 68%, with 33% of patients achieving full remission[109,114,115]. 

1.4.3.1 Oncolytic Viruses as immunotherapeutic agents 

The viral immunotherapy component of OVs became more relevant as more and more clinical 

trials indicated that positive responses relied on developing an anti-tumour immune response 

[109,110]. Anti-viral immunity - including the strong inflammatory response - were initially seen 

as being a potential issue to be overcome due to the implications in limiting efficacy of virus 

spread, entry and replication in tumours [110], however the use of syngeneic models and clinical 

evidence emphasized that these viruses were inducing an anti-tumour immune response in 

addition to the anti-viral response. Vaccination and injection of viruses exploits both innate and 

adaptive immunity, and the cytokines and chemokines stimulated during viral infection mirror 
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those required for an anti-tumour response, and when they are used effectively to redirect the 

response against tumours, they act as in situ vaccines against tumours [110]. Viral 

immunotherapy relies on the inflammatory cascade, induction of immunogenic cell death (ICD) 

through the release of DAMPs (calreticulin, HMGB1 and ATP) and TAAs to stimulate an 

adaptive immune response. At the same time, intratumoral administration of OVs rather than 

systemic administration can lead to complement and antibody mediated destruction of tumour 

cells [110]. In multiple pre-clinical models, OVs have been shown to induce both NK cell and 

CD8+ T cell mediated immunity [116]. In syngeneic B16 melanoma murine models, both Diaz et 

al and Miller et al demonstrated tumour regression following intratumoral (i.t.) injection of VSV 

and HSV respectively which was dependent on the recruitment and activation of cytotoxic CD8+ 

T cells and NK cells [117,118]. Reovirus efficacy in prostate cancer was also found to be T cell 

and NK cell dependent [119,120], leading to the conclusion that therapeutic efficacy of OVs is 

based on NK cell activation and cytotoxicity as well as the stimulation of CD8+T cells to 

develop an anti-tumour immune response [121]. 

OVs are an emerging immunotherapy with multiple modes of action at inducing anti-tumour 

immunity. Their use in the clinic has revealed beneficial effects both as a monotherapy, and with 

combination therapies. 

1.4.3.2 Prime-Boost Platform 

Oncolytic Vaccines (OVax) expand on the use of OVs as a cancer therapy and further push the 

use of them as an emerging immunotherapy. They involve the expression of TAAs within the 

virus to drive the immune response against the tumour. In this case, to block viral replication 

within the tumour, anti-TAA specific CD8+ T cells as well as anti-viral T cells would be 

recruited to the tumour and would drive tumour-specific killing [122]. Certain viruses were 
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found to be better at priming such an immune response. In the case of VSV and adenoviruses, 

Adenovirus encoding a TAA was found to extend the survival of mice challenged with 

melanoma, whereas VSV encoding the same antigen was not [122]. The development of the 

heterologous prime-boost platform, which utilizes two different viruses each expressing the 

TAA, drives the immune response against the tumour, rather than towards an anti-viral response 

[122,123]. In this case when adenovirus was used to prime the response and VSV was introduced 

to boost the response an increase in median and long term survival in mouse models was 

observed [122,123]. An adenovirus has been consistently chosen as an ideal priming vector due 

to its ability to induce strong CD8+ T cell responses [123]. However the CD8+ T cells induced 

by adenovirus vaccination tend to be those of effector and effector memory subsets rather than 

central memory T cells [124]. This means that in order to not compromise the effector response, 

there needs to be prolonged intervals before boosting this response. Rhabdoviruses, which are 

unable to prime immune responses potentially due to their sensitivity to type I interferons [123] 

were found to be excellent at boosting responses, and could in fact boost the adenovirus-primed 

T cell responses at their peak levels without compromising the effector response [124]. This 

boost was defined by T cells that displayed increased functionality through increased cytokine 

and granzyme B release as well as an increase in the amount of CD127+CD62L+ central 

memory T cells [124]. This increase in boosting functionality has been attributed by Bridle and 

Wan to the cross-presentation of antigen by DCs as well as the ability of VSV to directly infect B 

follicular cells in the spleen which leads to antigen presentation by both the B cells and 

neighbouring DCs within the B cell follicle, where central memory T cells are known to reside 

[124]. Maraba MG1 rhabdovirus has been shown to have a similar phenotype to its related 

rhabdovirus VSV, but has consistently outperformed VSV in in vitro and in vivo experiments. 
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Therefore Pol et al postulated that a heterologous prime-boost vaccine utilizing an adenovirus 

prime and a Maraba MG1 boost would provide an improved OVax [123]. They targeted a 

melanoma TAA and found that the prime-boost platform led to T cell specific responses above 

30% in circulating blood and resulted in 20% cured mice in a B16 lung metastases model [123]. 

To translate this into the clinic, human MAGE-A3, a cancer testis antigen, was encoded into the 

platform and resulted in the expansion of antigen specific CD4+ and CD8+ T cells in macaques, 

with no adverse effects observed [125]. This TAA has since moved into first-in human clinical 

trials targeting solid human malignancies that express MAGE-A3 [126,127]. Therefore, the 

heterologous prime-boost OVax platform utilizing an adenovirus prime and a Maraba MG1 

boost represents an ideal immunotherapy capable of inducing strong and long-lasting T cell 

responses against the TAA without stimulating strong anti-viral responses. The next step 

involved is identifying the ideal TAA that can be applied to multiple cancer types in both murine 

models and which can be translated to the clinic. 

1.4.3.3 Dopachrome Tautomerase 

Dopachrome Tautomerase (DCT) or tyrosinase-related protein 2 (Trp2) is a pigmentation protein 

found in melanocytes [128]. Its function is to reduce the oxidative stress produced during 

melanogenesis, and it has been found to have high expression in melanoma [129,130].As such, 

DCT has been used as a proof-of-concept target antigen for immunotherapy. The human form of 

DCT has been encoded into the Maraba MG1 platform (MG1hDCT) and used in the 

heterologous OVax model to therapeutically treat B16 – a murine melanoma line expressing 

murine Trp2 [122,129]. This model took advantage of the xenoantigen hDCT to break immune 

tolerance and demonstrated efficacy in stimulating an anti-DCT immune response >40%, and 

extended survival [123]. However, Zhang and colleagues hypothesized that using the murine 
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form Trp2 in mice may result in reduced or absent efficacy due to the peripheral tolerance that 

would limit the stimulation of high affinity CD8+ T cells [131,132]. They found that the fusion 

of GFP to the Trp2 protein was able to break immune tolerance through the ubiquitin-proteasome 

pathway which resulted in better MHC I binding, presentation to CD8+ T cells and recruitment 

of helper CD4+ T cells [131,132]. 

1.4.3.4 Mesothelin 

Mesothelin is a 40kDa cell surface glycoprotein differentiation antigen that is present on 

mesothelial cells lining the pericardium, the pleura and the peritoneum in both humans and 

mice[133]. The mesothelin gene encodes a 69kDa precursor protein that is processed into the 

membrane-bound mesothelin and the secreted megakaryocyte-potentiating factor (MPF) [133]. 

The protein is anchored to the membrane by a glycosylphosphatidyl inositol linkage [134]. While 

it is not a mutant antigen that is specific to cancer, mesothelin is known to be highly upregulated 

in many types of cancers including mesothelioma, ovarian, and pancreatic cancers [133–135]. In 

fact in PDAC, mesothelin expression is increased in up to 95% of all tumours tested [20], 

potentially making it an ideal target for immunotherapies. 

While the function of mesothelin is relatively unknown, a number of studies have been 

performed to understand the protein. The first such study, by Bera and Pastan in 2000 used 

mutant mice where the mesothelin gene was inactivated through replacement with a neomycin 

resistance gene [136]. Despite the fact that non-mutant mice demonstrated tissue-specific 

mesothelin expression at various points during development and adult life, the mesothelin null 

mice which expressed no mesothelin mRNA or protein demonstrated normal development and 

reproduction n[136]. Therefore, mesothelin was deemed a non-essential protein for normal 

development. However, research into ovarian cancer has led to an understanding of one of the 

https://paperpile.com/c/dSkfGu/Dt4q+pHib
https://paperpile.com/c/dSkfGu/Dt4q+pHib
https://paperpile.com/c/dSkfGu/ZV5R
https://paperpile.com/c/dSkfGu/ZV5R
https://paperpile.com/c/dSkfGu/UmjZ
https://paperpile.com/c/dSkfGu/UmjZ+ZV5R+oXpI
https://paperpile.com/c/dSkfGu/gEpE
https://paperpile.com/c/dSkfGu/A6XE
https://paperpile.com/c/dSkfGu/A6XE


 

26 

 

roles mesothelin plays in cancer and tumour development. MUC16/CA125 is a very large cell 

surface mucin that is shed and has been used to monitor response to therapy in ovarian 

cancer[137]. Initially demonstrated by Rump et al, CA125 was found to bind to surface 

mesothelin on mesothelial cells of the peritoneum with very high affinity [138]. Furthermore, in 

other studies using MUC16-expressing ovarian cancer lines, mesothelin was found to bind with 

both the soluble and surface bound forms of MUC16 with a binding affinity (Kd) of 5nm[139]. 

These studies into the interaction of mesothelin with MUC16/CA125 have shed light on a 

potential adhesion role for mesothelin and indicate that this protein may be essential for tumours 

spreading throughout the peritoneum leading to peritoneal carcinomatosis.  

Taken together, mesothelin’s non-essential role in normal development but important role in 

tumour development, as well as its limited expression on healthy cells have opened up the 

possibility that it may be an ideal tumour associated antigen for targeted immunotherapies. It has 

been used as a target in a number of strategies both pre-clinically and within clinical trials. These 

include immunotoxins [140–142], vaccines [105,143], chimeric monoclonal antibodies, 

antibody-drug conjugates and chimeric antigen receptor T cells. The GVAX vaccine, described 

above, has since been boosted in the clinic with CRS-207 - a Listeria monocytogenes developed 

by Aduro Biotech that expresses mesothelin and secretes mesothelin into the cytosol of antigen 

presenting cells while stimulating both the innate and adaptive immune system [140,144]. This 

combination has been demonstrated to be well tolerated in the clinic and has induced immune 

activation as well as mesothelin-specific T cell responses in patients [144,145]. However, when 

this combination was investigated in a phase 2b clinical trial, no survival benefit was observed 

compared to patients receiving traditional chemotherapy [146]. This result is similar to that 

observed with CAR-T therapies targeting mesothelin, in which disease stability has been 
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achieved in patients for up to 5 months, but no overall reduction in tumour size has been 

occurred[147]. Mesothelin represents a TAA which shows a lot of potential promise as a target 

for immunotherapy, where the use of the OVax which combines oncolytic potential with T cell 

targeting may provide the necessary push towards an effective therapy. 

1.4.3.5 Oncolytic viruses in the surgical setting 

On top of their role in cancer immunotherapy as either a monotherapy or combination therapy, 

oncolytic viruses have been identified by Tai et al as the ideal therapy for use in the perioperative 

setting surrounding cancer surgery [148]. While surgical resection of primary solid tumours is a 

mainstay of cancer therapeutics, it has been shown to induce an immunosuppressive period that 

contributes to cancer outgrowth and metastases [149–151]. This perioperative period is a critical 

time for therapeutic intervention. OVs have been identified as a potential therapeutic due to the 

physiological immune stimulus that they present - one which could not be mimicked without the 

use of multiple cytokines in vivo [148]. The immunosuppressive environment induced by 

surgical stress is defined by specifically a decrease in the activation and cytotoxicity of both NK 

cells [116,148–151] and CD8+ cytotoxic T cells [152], both of which are stimulated by OV 

therapy, as described above. Tai et al explored the use of two OVs - both pre-clinical parapox 

virus (ORFV) and clinical JX-594 - in two models of surgical stress [151]. In a B16 melanoma 

lung metastases model, surgically stressed mice display increased lung metastases 3 days post 

surgery. Mice treated with either OV prior to surgery displayed reduced lung metastases 

following surgical stress, a phenomenon which was further demonstrated in a 4T1 spontaneous 

lung metastases model [151]. Furthermore, through the use of NK cell depletion, it was found 

that the decrease in lung metastases was reliant on both direct oncolysis of tumours as well as 

through NK cell mediated lysis of tumours. This NK cell activation in surgically stressed mice 
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was characterized both by increased cytotoxicity, measure via an ex vivo Cr-51 release assay and 

through IFNγ release[151]. Maraba MG1, the oncolytic rhabdovirus being investigated in the 

prime-boost setting[123], demonstrates a similar mechanism of action of overcoming surgery-

induced NK cell suppression, and is able to attenuate the development of lung metastases 

following surgery in both the 4T1 and B16 metastases models[153]. In the case of MG1, the 

activation of NK cells relied on activating conventional dendritic cells[153]. OVax have the 

addition of targeting the CD8+ T cells response against the TAA, leading to the possibility of 

their use in the perioperative setting to overcome both NK cell and CD8+ T cell suppression 

[116,148]. As PDAC surgery is currently the best treatment option when possible, combination 

therapies need to be developed during this period to improve survival rates beyond 20% [33]. 

Combining the OVax heterologous prime-boost platform targeting mesothelin, which is highly 

upregulated in most PDAC, could represent a feasible approach to further improve survival rates 

for patients facing this diagnosis. 

1.5 Rationale and Hypothesis 

1.5.1 Rationale 

Oncolytic vaccines are an ideal therapy that combines the oncolytic potential of viruses with 

their ability to elicit adaptive immune responses against tumour antigens, and to stimulate large 

inflammatory responses. The heterologous prime-boost approach has shown a great deal of 

promise in pre-clinical models but remains to be targeted specifically to PDAC, and has not been 

evaluated in the setting of a self antigen. The use of mesothelin, a self-antigen that is highly 

upregulated on multiple forms of cancer and specifically on >90% of PDAC tumours, makes it 

an ideal antigen to target with this platform. Furthermore, the success of OVs in the surgical 
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setting and in combination therapies allows this platform to potentially have far reaching 

implications for single immunotherapy, or combination therapies in the treatment of PDAC. 

1.5.2 Hypothesis 

A prime-boost vaccine platform can be utilized to generate an anti-mesothelin immune response 

for the treatment of pancreatic ductal adenocarcinoma (PDAC). 

1.5.3 Aims 

1. To develop a surgical model of pancreatic cancer that recapitulates clinical PDAC 

wherein the effect of an immunotherapy on tumour-specific immune responses, 

metastatic disease and survival can be investigated. 

2. To identify the factors required for generating a robust immune response following 

vaccination with an Adenovirus prime and Maraba MG1 boost targeting the TAA 

mesothelin. 

3. To investigate the efficacy of the prime-boost vaccine platform targeting mesothelin in 

the treatment of a murine PDAC model and understand how it relates to the anti-tumour 

immune response. 

1.5.4 Significance 

My proposed project addresses a serious gap in the knowledge of therapeutics for pancreatic 

cancer and explores the mechanisms of and barriers to efficacy of cancer vaccines in the context 

of a pancreatic cancer model. 

2 Material and Methods 

2.1 Cell lines and viruses 

B16F10 (murine melanoma), HEK293T (human embryonic kidney) and Vero (monkey kidney) 

cell lines were obtained from American Type Culture Collection (ATCC: Manassas, VA). Pan02 
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(murine pancreatic adenocarcinoma - PDAC), TH04 (murine PDAC), and MC38 (murine colon 

adenocarcinoma) were obtained from Drs Carolina Ilkow and John Bell (Ottawa Hospital 

Research Institute, Ottawa). STOSE (murine spontaneously transformed ovarian surface 

epithelial) and ID8 (murine ovarian cancer) were obtained from Dr Barbara Vanderhyden 

(Ottawa Hospital Research Institute, Ottawa). Cell lines were maintained in Dulbecco’s modified 

Eagle’s Medium (DMEM, Corning Cellgro) supplemented with 10%fetal bovine serum (FBS, 

Seradigm). B78H1GM (murine melanoma) cells were obtained from Dr Elizabeth Jaffee (John 

Hopkins Institute, Baltimore MD) and were maintained in Hyclone
TM

 Roswell Park Institute 

Memorial Institute (RPMI) Medium (GE healthcare) supplemented with 10%FBS, 1% L-

glutamine and 0.1% β-mercaptoethanol. All cells were regularly confirmed to be free of 

mycoplasma contamination by Hoescht staining (Thermofisher) as per manufacturer’s protocol 

and/or by e-Myco
TM 

VALiD Mycoplasma PCR Kit (iNtRON Biotechnology, Sangdaewon-Dong, 

South Korea). 

Rhabdoviruses (MG1, MG1-IL12) were propagated from seed stocks in Vero cells and viral 

titers were obtained via plaque assays as previously described [154]. The engineered MG1-meso 

virus once developed was maintained in a similar manner. Adenoviruses (AdhDCT, 

AdmesoGFP) were propagated and quantified by Dr Kyle Stephenson (McMaster University, 

Hamilton, ON) and shipped to the lab on dry ice. The Adenovirus - Maraba MG1 prime boost 

platform is a patented product of Turnstone Biologics (New York, NY). GM-CSF secreting 

vaccinia virus (JX-594) was provided to the lab by Dr John Bell (Ottawa Hospital Research 

Institute, Ottawa ON). 
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2.2 Engineering Maraba viruses 

A codon optimized plasmid containing murine mesothelin (pAdShuttle Mesothelin) was created 

by Dr Kyle Stephenson at McMaster University. Murine mesothelin was PCR amplified to add 

Mlu1 (Primers listed in Appendix 8.2) and cloned into the rhabdovirus Maraba MG1 backbone. 

The recombinant Maraba MG1 mesothelin was rescued as described elsewhere [129,153]. The 

AdmesoGFP and MG1-meso sequences are provided in Appendix 8.3, and were codon 

optimized from the published sequence (NCBI Gene ID: 56047). 

2.3 Western Blot 

Proteins were collected using NP-40 lysis buffer supplemented with 1X complete protease 

inhibitor. Subsequent lysate was measured for protein concentration by Bradford Colorimetric 

Assay (Pierce
TM 

BCA Protein Assay Kit 23225). Proteins were then run on a Western blot and 

transferred to a PVDF membrane. Membranes were blocked with 5% milk for 1 hr, followed by 

incubation with primary antibody for 1 hr (β-Actin, anti-VSV, Cas-9) or overnight (C-

ERC/Mesothelin and anti-GFP). Appropriate secondary was then added for 1 hr, and the blots 

were visualized with Pierce ECL (Thermofisher 32209). Antibodies and dilutions are listed in 

Appendix 1. 

2.4 Single- and Multi- Growth Curves 

Single- and multi- step growth curves were performed as previously described[129] to assess the 

in vitro ability of the virus to grow and spread, respectively. Briefly, Vero cells were plated and 

were infected at an MOI of 10 (single-step) or 0.01 (multi-step). Supernatant were collected from 

individual wells at 4, 6, 8 ,10, 12, 24, 48 and 72 hrs respectively. The supernatants were 

subsequently titered to reveal viral replication and viral spreading. All curves were run in 

duplicate with both MG1-meso and the parental MG1 virus. 

https://paperpile.com/c/dSkfGu/agxK+mCju
https://paperpile.com/c/dSkfGu/agxK
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2.5 Viability Assays 

Viability of cells was measured by two methods. The viability of cells for injection, or of 

collected tissues was determined by enumerating the proportion of Trypan-blue (Sigma T8154) 

excluding cells as a percentage of the total number of cells. Cytotoxicity assays were performed 

on the indicated cell lines at multiplicity of infection (MOI) as indicated and measured by 

resazurin-metabolism assay (alamarBlue™ Thermofisher), with non-infected cells as controls for 

viable cells. 

2.6 ELISAs 

Cytokine secretion was measured in the supernatants of cells by ELISA. For GM-CSF ELISAs 

(R&D MGM00), cells were cultured for 24hrs with or without an infection of MOI 10, 

supernatants were collected, and overall GM-CSF was measured. For IFNγ secretion, 

supernatants were collected after incubation of splenocytes with target peptides, tumour cells or 

CD3/CD28 stimulation for 18hrs. 

2.7 Animals 

Female C57BL/6 mice 6 weeks of age were purchased from Charles River Laboratories. Animals 

were housed in pathogen-free conditions and all studies performed were in accordance with 

institutional guidelines at the Animal Care Veterinary Service facility of the University of 

Ottawa (Ontario). The Animal Care Committee of the University of Ottawa approved this study. 

Mice were euthanized by intraperitoneal (IP) injection of Pentabarbital Sodium (65mg/kg). 

2.7.1 Depletions 

In vivo depletions of immune subsets were performed on C57Bl/6 mice. Depletion of regulatory 

T cells was achieved with a single dose of 50µg anti-CD25 (Clone PC61.5, Biolegend) with low 

dose cyclophosphamide (100mg/kg, The Ottawa Hospital, Ottawa, ON) delivered in a 200μl 
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volume i.p. one day before further vaccination. The depletion of CD8α T cells was achieved with 

100µg of antibody (Clone 2.43, BioXcell, West Lebanon, NH) injected i.p. at days -2, -1 and +1 

surrounding tumour cell challenge, and was continued at 100µg i.p. twice a week thereafter. The 

depletion of MDSCs was achieved with 100µg of anti-GR1 antibody (Clone RB6-8C5, BioXcell, 

West Lebanon, NH) injected i.p. at days -1 and +1 surrounding tumour challenge and was 

continued at 100µg twice weekly thereafter. The depletion of B cells was achieved with 200µg 

of anti-CD20 antibody (Clone SA271G2, Biolegend) injected i.v. 1 day before tumour 

challenged and continued every 20 days at the same dose. All depletions were confirmed through 

flow cytometry of saphenous blood. 

2.8 Vaccination Platform 

Mice were vaccinated according to the established regimen [123], receiving 2e8pfu AdmesoGFP 

i.m., followed by a boost of 1e8pfu MG1-meso i.v. seven days after the prime. When other 

viruses were used (AdhDCT, MG1EGFP) they were used at similar dosing levels. As per Leao et 

al, regulatory T cells were depleted one day prior to vaccination [59]. GVAX, consisting of 2e6 

B78H1GM and 2e6 Pan02 (irradiated at 60Gy) combined 1:1, was injected subcutaneously into 

both hind limbs at day 0, followed by either a GVAX boost at day 7 prepared similarly, or an i.v. 

MG1-meso boost. Prophylactic vaccination was performed 7 days prior to tumour challenge; 

whereas therapeutic vaccination was started 14 days post intrapancreatic injection. 

2.9 Collecting murine tissues 

At endpoint, murine tissues were collected and processed. Spleens were collected, manually 

dissociated and passed through a 70μm filter. Blood was collected from living mice through 

saphenous bleeds or at endpoint through a cardiac puncture into heparinized tubes. Tumours 

(both pancreatic and subcutaneous) were collected and were placed in dissociation media 

https://paperpile.com/c/dSkfGu/qlYh
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consisting of RPMI supplemented with 10% FBS, Collagenase I (Sigma) and DNase I (Sigma). 

Following manual dissociation and incubation for 1 hr, the resulting mixture was passed through 

a 70μm filter. All tissues were subsequently incubated in ammonium chloride-potassium (ACK) 

lysis buffer to lyse red blood cells, before processing for analysis. 

A section of tumours, both pancreatic and subcutaneous, were fixed in formalin (Fisher 

Chemical, SF100-20) for 48 hrs prior to paraffin embedding and sectioning by the University of 

Ottawa Histology Core Facility.  

2.10 T cell stimulation 

2.10.1 Peptide stimulations 

Processed splenocytes and saphenous blood were incubated with viral and tumour associated 

peptides(listed below) for 5 hours in RPMI supplemented with 10% FBS and with β-

mercaptoethanol in the case of saphenous blood at a concentration of 1x10
6
 splenocytes or 75ul 

of blood to 5ug of peptide. After 1 hour of incubation 1ug/ml brefeldin A (GolgiPlug
TM

 BD 

Pharmingen, 555029) was added to the wells, as previously described (Ananth 2016). As a 

positive control, 0.1μg/ml of phorbol 12-myristate 13-acetate (PMA, Sigma P8139) and 1μg/ml 

of Ionomycin (Sigma I0634) was used in the place of peptide stimulation. The following 

peptides were used: VSVn – RGYVYQGL H2-Kb restricted (MBL International)[155], Meso 1 

– LSIFKHKLD H2-Kb restricted[59], Meso 2 – LIWIPALL H2-Kb restricted[59], and Meso 3 – 

GQKMNAQAI H2-Db restricted[134] (all from BiomerTech). 

2.10.2 Tumour cell stimulations  

Target Pan02 tumour cells were incubated with 100U of recombinant murine IFNγ for 18hrs. 

These cells were subsequently collected with Trypsin, washed twice in RPMI supplemented with 

10% FBS (cRPMI) and plated in V-bottom dishes at 3x10
5
 cells/well. Processed splenocytes or 

https://paperpile.com/c/dSkfGu/oBq2
https://paperpile.com/c/dSkfGu/AJwa
https://paperpile.com/c/dSkfGu/AJwa
https://paperpile.com/c/dSkfGu/UmjZ
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saphenous blood was added to the wells, and the resulting target-effector cells were incubated for 

5hrs in either cRPMI or cRPMI supplemented with β-mercaptoethanol in the presence of 1ug/ml 

brefeldin A (GolgiPlug
TM

 BD Pharmingen, 555029).  

2.11 Flow cytometry staining and analysis 

Tissues were processed as described above and resuspended in FACS buffer in single cell 

suspension. Staining was performed in round bottomed tubes, or in V-bottom plates for large 

sample sizes. Cells were treated with Purified Rat Anti-Mouse CD16/CD32 (Mouse BF Fc 

Block™) to block Fc receptors and were subsequently stained with Fixable Viability Stain 510 

(BD). They were then stained with extracellular markers, as indicated by experiment and 

outlined in Appendix 8.1. For intracellular staining of IFNγ and TNFα cytokines, cells were 

subsequently permeabilized and fixed in BD Cytofix/Cytoperm™ (BD) following the 

manufacturer’s protocol prior to staining with intracellular markers. In the case of Tregs, 

intranuclear Foxp3 staining was performed following fixation and permeabilization of the 

nucleus using the eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (00-5523-00) 

according to the manufacturer’s protocol. Samples were subsequently analyzed by flow 

cytometry on a BD LSR Fortessa™ or BD Celesta™ cytometer. Data analysis was performed on 

FlowJo v10 (FlowJo, LLC, Ashland, OR). 

2.12 Immunohistochemistry and H&E  

Murine tissues were collected and fixed as described above. Sample sections were stained by 

hematoxylin and eosin (H&E) for histological analysis or were stained by immunohistochemistry 

for CD3 (Rabbit Anti-CD3,Abcam ab5690), CD4 (Rabbit Anti-CD4, Abcam ab183685) using 

the Dako EnVision+ System (K4000), CD8 (eBioscience 14-0808-80) using biotinylated Rabbit 

Anti-Rat IgG (ab6733). Both systems were visualized with ImmPACT™ DAB (SK-4105) and 
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counterstained with hematoxylin. All samples were analyzed by a certified pathologist for tissue 

identification, analysis and validation. 

2.13 Tumour Implantations 

2.13.1 Subcutaneous Tumours 

Mice were subjected to 2.5% isofluorane (Baxter Corp.) for induction of anesthesia. Briefly their 

right flank was shaved, and 2.5e5 Panc02 cells in a volume of 100µl PBS was injected 

subcutaneously into the exposed flank. Mice were followed until endpoint, with tumour 

measurements using calipers occurring every other day. Endpoint was declared when tumours 

reached a size >15mm by 15mm. Volume was calculated as [length X width
2
]/2. 

2.13.2 Orthotopic Pancreatic Tumours 

Routine perioperative care (including anesthesia and pain management) was performed as 

previously described [116]. Briefly, mice were subjected to 2.5% isofluorane (Baxter Corp.) for 

induction and maintenance of anesthesia. Hair was removed from the surgical site with Nair
TM

 or 

by shaving. For all surgical procedures, the surgical site and surrounding area are prepared with 

Betadine   surgical scrub, 70% alcohol, and Betadine   surgical paint. Following a mid-line 

incision (1-3 cm) the tail of the pancreas was identified and isolated using a cotton swab 

moistened with saline. A 30G ½ inch needle (Hamilton, Reno 7655-07, Model 1705RN syringe, 

Hamilton 7803-07, length 0.625” needle) was used to inject Panc02 cells in a total volume of 

10μl of PBS into the tail of the pancreas. Following removal of the needle the injection site was 

inspected to ensure no leakage prior to cleaning the injection site with saline and returning the 

pancreas to the abdominal cavity. The underlying muscle and skin are then sutured using 5.0 

Polysorb™ absorbable suture (Covidien) or 9mm stainless steel wound clips (BrainTree 

Scientific) respectively. The clips were removed 7 days following tumour injection.  

https://paperpile.com/c/dSkfGu/BG4a
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2.14 Tumour immune infiltrate analysis 

2.14.1 Cultrex Plugs 

Pan02 cells were collected and injected subcutaneously into the left flank of vaccinated mice in 

100μl PBS and 100ul Cultrex (R&D Systems 3447-020-01). After three days, the plugs were 

surgically excised from the subcutaneous layer and placed in dissociation media comprised of 

RPMI supplemented with 10% FBS, Collagenase I and DNase I. Following a 1hr incubation, the 

resulting cell dissociate was passed through a 70μm strainer and analyzed using FACS staining 

and flow cytometry. 

2.14.2 Tumours at endpoint  

Tumours at endpoint (>15x15 mm) were collected, weighed and divided into two sections. Half 

was formalin fixed as described above, and the other half was dissociated and analyzed by flow 

cytometry. Formalin fixed tumours were subsequently paraffin embedded and immune infiltrate 

was analyzed by IHC. RNA was isolated by FFPE extraction (Qiagen), and qPCR was performed 

to measure mesothelin expression. 

2.15 In vivo cytotoxicity assay 

Splenocytes from naive mice were isolated, stained with CFSE (5μm) or CellTrace Violet™ 

(Thermofisher C34557). CFSE-labelled splenocytes remained unpulsed, and CTV labelled 

splenocytes were subsequently pulsed with Meso 1 peptide. Labelled splenocytes were then 

combined in a 1:1 ratio and were injected i.v. into naive and vaccinated mice. Injected mice were 

sacrificed 18hrs post injection and percent specific lysis was calculated using as [1-(Average of 

Naive mice ratio/Experimental mouse ratio) x100]. 
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2.16 RNA analysis 

Messenger RNA was collected from cells in culture using the RNeasy Plus Mini Kit (Qiagen 

74134), and from paraffin embedded samples using the RNeasy FFPE kit (Qiagen 73504). 

mRNA was subsequently reverse transcribed into cDNA using the High Capacity Reverse 

Transcription Kit (Applied Biosystems 4374967). All cDNA was analyzed by qPCR using the 

SsoAdvanced
TM

 Universal SYBR (BioRad 1725271) and primers for the genes listed in 

Appendix 8.2. All tested genes were normalized to the housekeeping genes β-Actin and GAPDH, 

and ΔΔCT was calculated and plotted as fold change over experimental controls.  

2.17 Surgical Models 

Primary tumours were resected by laparotomy on day 15 (1x10
5
 cells implanted cells) or day 20 

(1x10
3
 and 1x10

4
 implanted cells). Briefly, mice are anesthetized and prepared as described 

above prior to making a 1-1.5cm mid-line incision starting at the umbilicus and cutting upward 

towards the sternum. A 1-1.5 cm midline incision is then made through the muscle along the 

linea alba to ensure minimal bleeding. The tail of the pancreas and adjacent area is then located 

and isolated with sterile saline soaked cotton swab. The tumour along the splenic portion of the 

pancreas is isolated from the splenic artery using sutures and removed, keeping the mesenteric 

pancreas intact using sutures (5.0 Polysorb™ absorbable sutures (Covidien) or PDS II suture 

(Ethicon Z423)). Any bleeding observed in the abdomen was located and sutured (arteries) or 

cauterized to limit mortality post-surgery. The surgical incision was closed as described above 

using vicryl sutures and staples. All mice undergoing surgery received pre- and post-operative 

care including daily wellness and injections of buprenorphine (0.05mg/kg) subcutaneously (SC) 

1hr pre-op and every 8 hours for 2 days following surgery. 
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2.18 Peritoneal Weight 

The entire contents of the peritoneal cavity including tumour tissue was removed and weighed 

and normalized to body weight (peritoneal weight / total body mass x 100%) to determine the 

overall tumour burden present. 

2.19 Statistical Analysis 

One-way analysis of variance (ANOVA) with Tukey post hoc tests or Student’s T test were 

performed for all data. A P-value of <0.05 was considered significant. Survival was plotted as a 

Kaplan-Meier survival curve and statistical differences assessed by log-rank tests. 

 

3 Results 

3.1 Spleen preserving distal pancreatectomy maintains immune function in a surgical 

model of pancreatic adenocarcinoma  

The surgical resection of pancreatic tumours remains one of the most effective strategies for 

PDAC, [31]. However, the paucity of easily adopted murine models with surgically resectable 

pancreatic disease which recapitulates PDAC pathology is limiting the investigation of strategies 

which may improve surgical interventions, as all current models requires transfected or 

xenogenic cell lines[34,36,37,54].  Therefore, we sought to develop a model that represents 

clinical aspects of PDAC and also maintains immune function and immune surveillance to better 

understand the impact of potential immunotherapies. 

3.1.1 Orthotopic injection of Pan02 cells into the tail of the pancreas results in a localized 

pancreatic tumour that demonstrates many hallmarks of clinical PDAC 

The well characterized Pan02 cells which display many hallmarks of PDAC disease and can be 

used in immunocompetent mice were chosen for model development. As a first step, various 

https://paperpile.com/c/dSkfGu/0n1B
https://paperpile.com/c/dSkfGu/kbIV+wM38+qmtn+bKor
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concentrations of Pan02 cells were injected into the surgically exposed pancreatic tail (Figure 

1A). A visual examination of tumour revealed the consistent development of a resectable tumour 

burden at 15- and 20-days post seeding (Figure 1B, Table 1). The tumour burden assessed 

(Figure 1C) by weighing the peritoneal contents further confirmed a cell concentration dependent 

increase in tumour burden (Figure 1D), demonstrating both the outgrowth of primary pancreatic 

tissue as well as the development of metastases within the peritoneal cavity. Histological 

examination of formalin fixed/paraffin embedded (FFPE) tumours confirmed a dose related 

increase in tumour burden, as small tumours were observed in mice injected with 1x10
3
 Pan02 

cells (Figure 2A), but established tumours were present in mice injected with 1x10
4
 and 1x10

5
 

Pan02 cells (Figure 2B and C). The development of peritoneal disease was not a result of leakage 

from the injection site as 0/5 mice developed disease when the pancreatic tail was resected 

immediately following tumour cell injection suggesting the metastatic disease is a natural 

progression of the implanted orthotopic tumours (Table 1 “Immediate Resection”). 

Histological examination of resected tumours revealed 5 of the 9 established histological features 

associated with invasive carcinoma as described by Hruban and Fukushima[20] were present in 9 

of 10 animals examined. In particular we consistently observed disruption of the lobular structure 

of the pancreas, a haphazard growth pattern and the development of glands adjacent to vessels in 

the tumour sections (Figure 3A) where as additional hallmarks such as intravascular invasion and 

glands touching fat were only present in selected tumour sections (Figure 3B). Taken together, 

these results suggest that orthotopic injection of Pan02 cells into the tail of the pancreas results in 

a pancreatic disease which accurately and consistently recapitulates human pathology (Figure 

3C).  

https://paperpile.com/c/dSkfGu/gEpE
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Figure 1: Injection of Pan02 cells into the tail of the pancreas. (A) A single cell suspension of 

Pan02 cells (10μl) was injected into the tail of the pancreas using a Hamilton syringe. (B) 

Representative images of pancreatic tumour burden (indicated by forceps) at time of surgical 

resection. (C) Timeline of injection of Pan02 cells and quantification of tumour burden. (D) 

Tumour burden was quantified as an increase in peritoneal weight relative to total body weight 

of mice receiving 1x10
3 

(n=5) or 1x10
4
 (n=4) as compared to naïve mice(n=2) 40 days post 

injection. 
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Figure 2: Orthotopic injections of Pan02 cells result in tumour burden. The tail of the 

pancreas was excised as described in the methods, fixed in paraffin and stained with H&E to 

reveal tumour burden after injection of (A)1x10
3
 (B)1x10

4
, and (C)1x10

5 
Pan02 cells (30X 

magnification scale bar = 2mm, inset 200X magnification, scale bar = 200µM). Representative 

images from mice measured in two separate experiments, n=5 per group. 
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Figure 3: Clinical hallmarks of PDAC are evident in orthotopic Pan02 tumours. Primary 

pancreatic tumours of Pan02 (A and B) injected cells were stained using a hematoxylin and eosin 

(H&E) to investigate the histopathology of the tumours (A - Magnification100X scale bar 

100µm, B- Magnification 200X scale bar 200µm). (C) Clinical hallmarks of disease compared 

across PDAC and the Pan02 model – adapted from Hruban et al 2007[20]. 
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Table 1: Incidence of primary and metastatic disease in the surgical model 

 Immediate 

Resection 
1x10

3 
1x10

4 
1x10

5 

Day 15/20 

post injection 

Orthotopic 

Tumour 0/5 4/5 11/12 18/18 

Peritoneal 

disease 
0/5 0/5 1/12 5/18 

     

Post-surgery MRD 

outgrowth 0/5 2/5 4/5 5/5 

Peritoneal 

disease 
0/5 2/5 4/5 5/5 

 

3.1.2 Orthotopic Pan02 tumours are highly infiltrated with immune cells 

A number of studies have previously shown that lymphocytic infiltration is strongly correlated 

with patient outcomes in PDAC [156–158]. To study the TME, IHC staining of T cells was 

optimized in the spleen (Figure 4), and subsequently used on paraffin embedded tumour samples 

(Figure 5). Finally flow cytometry was used to further characterize immune subsets (Figure 6). 

The TME of the orthotopic Pan02 tumours was highly infiltrated with CD45+ immune cells 20 

days after implantation. CD3+ T cells, CD19+ B cells and a CD11c+ subset represent the 

majority of the infiltrate with MDSCs and NK cells present in lesser numbers (<10%) (Figure 

6A). The CD3+ T cells included both CD4+ and CD8+ T cells and this immune infiltrate is 

limited to the tumour tissue with few immune cells observed in the surrounding healthy tissue 

(Figure 5). Interestingly, while the baseline activation of CD8+ T cells, as defined by CD69 

expression, was similar between tumour bearing and tumour naive mice, the amount of PD-1 

expression was significantly increased on tumour infiltrating CD8+ T cells as compared with 

matched spleens, suggestive of increased activation or exhaustion (Figure 6C, p=0.0007). 

Furthermore, regulatory T cells (CD45
+
 CD3

+
 CD4+ CD25+ FoxP3+) expand systemically and  

 

https://paperpile.com/c/dSkfGu/JMWQ+pdS1+TWsB
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Figure 4: Immunohistochemistry optimization on the spleen. The staining of T cells and 

subsets was optimized on the spleen of C57Bl/6 mice. Staining of H&E, CD3, CD4 and CD8 (as 

indicated) confirms that the antibodies can detect T cell subsets within the white pulp of the 

spleen. Magnification 200X, scale bar =200 µM.  
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Figure 5: Immune cells infiltrate primary Pan02 tumours.  tumour IHC was performed as 

described. Serial sections of tumour (T) and surrounding healthy pancreas (P) collected 20 days 

post orthotopic injection stained by H&E, anti-CD3, anti-CD4, and anti-CD8 as marked. Images 

representative of all mice (n=5). Magnification 200X, scale bar =200 µM. 
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Figure 6: Orthotopic Pan02 tumours are highly immune infiltrated. (A)  Summary of flow 

cytometry of immune subsets infiltrating into the Pan02 tumour microenvironment at day 20 post 

injection (n=4). (B) Regulatory T cell infiltrate into tumours and circulating in tumour-bearing 

mice as compared to a healthy control (n=3-7). (C) Activation of CD3+CD8+ cells within the 

spleen (n=7) and tumours (n=4) of tumour bearing mice at day 20 post injection. (D) B cells in 

circulation (spleen) compared with tumour infiltration levels. (E) Increased GR-1high CD11b+ 

cells are present within the Pan02 tumours compared to splenic levels. (F) Macrophages 

(Ly6C+F4/80+) are present within the tumour microenvironment. (G and H) Differences in key 

activation markers were observed in lymphocytic populations. (G) Increased CD86+ was 

observed on tumour infiltrating B cells as compared to the splenic levels. (H) NK cells had 

decreased surface expression of CD69 as compared to splenic NK cells. Student’s paired t test 

was used to calculate significance and is indicated on the graphs. 
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infiltrate the TME as measured by flow cytometry, indicating a potential immunosuppressive 

mechanism (Figure 6B, p=0.0004).  

In addition to Tregs, a number of cell types with potentially immunosuppressive actions were 

found within the TME including CD19+ B cells, MDSCs and macrophages (Figure 6D-F). 

Consistent with this finding both the B and NK cell populations found within the TME were 

differentially activated in comparison to their circulating counterparts (Figure 6G and H). For 

example, CD86 was significantly increased on tumour-infiltrating B cells (p=0.0002) whereas 

CD69+ was decreased on CD3-CD122+ NK cells comparison to the respective circulating 

populations. 

Together these data suggest orthotopic Pan02 tumours are infiltrated with a large number of 

immune cell populations including both effector and suppressive populations and demonstrate 

histopathology consistent with human PDAC. 

3.1.3 Orthotopic Pan02 tumours can be surgically resected without removal of the spleen 

To be eligible for surgical intervention, patients typically must have localized disease without   

visible spread of disease within the peritoneal cavity and onto surrounding organs [22]. Notably, 

mice receiving injections of either 1x10
4
 or 1x10

5
 cells consistently developed pancreatic 

tumours without peritoneal disease or splenic metastases by day 20 and 15 respectively. Partial 

pancreatectomies were performed in both groups. The lighter tumour burden at the time of 

surgery (day 20) in mice implanted with 1x10
4
 cells was associated with a lower recurrence rate 

following surgical removal of the primary tumour. In contrast, a dose of 1x10
5
 consistently had a 

higher tumour burden at the time of surgery (Day 15) with 28% of mice (5/18) representing 

“open and close” type surgeries due to more extensive tumour burden and organ adhesion at the 

site of tumour injection (Table 2). Interestingly, in the first cohort of surgical experiments, 50% 

https://paperpile.com/c/dSkfGu/cbIh
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(4/8) of mice developed ulcerating lesions within 1 week of surgical resection of the primary 

tumour. These lesions are characterized by hair loss, skin erosion and full thickness abdominal 

wall defects. Further investigation suggested that leakage of pancreatic enzymes from the 

pancreatic remnant had occurred when Polysorb™ absorbable sutures were used to tie off the 

proximal pancreatic duct,leading to pancreatic fistulisation through the abdominal wall (Figure 

7). The use of slowly absorbing PDS II sutures, which are commonly used in clinical partial 

pancreatectomies[159] completely prevented the occurrence of pancreatic fistulas in subsequent 

surgical cohorts (0 /13 animals) (Table 2). At 20 days following surgical resection, mice were 

euthanized, and peritoneal disease was investigated. All mice exhibited visible peritoneal disease 

and an increased peritoneal mass to total mass ratio post op (Figure 8A-C, n=5, 21% body 

weight vs 23.1% body weight, p= 0.04), with the largest burden of disease occurring with 1x10
4
 

mice receiving surgery at day 20, and 1x10
5
 mice receiving surgery at day 15. 

 

Table 2: Occurrence of skin lesions following partial pancreatectomies 

Suture Occurrence of Lesions 

5.0 absorbable suture 4/8 

PDS II suture (Ethicon Z423) 0/13 
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Figure 7: Mice receiving partial pancreatectomies develop lesions. Using Polysorb™ 

absorbable sutures, 50% of mice developed lesions characterized by hair loss, skin erosion and 

full thickness abdominal wall defects, consistent with a pancreatic fistula. Representative image 

of lesion appearing within one week of surgery. Full summary in Table 2. 
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3.1.4 Spleen viability and cytokine secretion are intact following surgery 

Due to the benefits of spleen preservation and the possibility of using the spleen as a tool to 

measure immune function post-operatively we sought to examine whether splenic function, 

particularly basic viability and T cell functionality, were maintained following surgery. 

Following the timeline in Figure 8A, mice were sacrificed 20 days following resection of the tail 

of the pancreas. Histological examination of the spleen by a pathologist revealed all the key 

structures of the spleen to be intact, including the rep pulp (RP), white pulp (WP) and marginal 

zones (MZ), as labelled in Figure 9A, which is a representative image of a total of 10 mice 

examined. Of note, an accumulation of blood and erythrocytes was observed within the red pulp 

of the spleen following surgery (Figure 9A) resulting in an increased splenic weight (Figure 9B, 

+1.5g, p=0.02). This apparent accumulation of blood is consistent with reduced drainage through 

the splenic vein which was severed during the partial pancreatectomy. However, the reduced 

drainage observed at this time was not found to impact splenocyte viability (Figure 9C, n=3 vs 

n=5, p=0.744). In addition, no significant difference in TNFα secretion from CD8+ T cells 

stimulated with PMA/ionomycin was detected (Figure 9D, n=3 vs n=5, p=0.4), suggesting that 

the viability and function of CD8+ T cells within the spleen was unaltered following surgical 

resection. 
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Figure 8: Orthotopic model is amenable to tumour surgical resection. (A) Timeline for 

partial pancreatectomy to resect the primary pancreatic tumour. (B) Peritoneal metastases are 

visible 20 days post-surgery at all initial Pan02 cell concentrations (n=10 per group). 

Representative images peritoneal cavity at 20 days post resection. (C)  Weight of the peritoneal 

cavity normalized to the total mass of the mouse 20 days post-surgery (n=10 per group).  
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Figure 9: Splenic T cell function is preserved following partial pancreatectomy. (A) 

Histological examination of spleens from healthy mice (left), and mice 20 days following 

surgical resection of primary tumours(right). W=white pulp, R=red pulp, MZ = marginal zone. 

Scale bar = 200μm. (B) Splenic weight of collected spleens and (C) cell viability of collected 

splenocytes as measured by trypan blue exclusion. All splenic measurements were compared to 

age matched healthy controls. (D) TNFα secretion of CD8+ T cells was measured by flow 

cytometry of whole splenocytes that received no stimulation, or PMA/Ionomycin stimulation 

(N=6 per group). Error bars represent standard deviation. Significance measured by Student’s t 

test.  
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3.1.5 Surgical resection of the primary tumour alone does not improve survival outcomes 

To investigate the effect of surgical resection on survival and disease recurrence, established 

tumours were resected in accordance with the criteria for clinical surgical intervention outlined 

previously. In particular, there was no evidence of peritoneal disease at the time of surgery and 

the primary tumour was completely resected based on gross visual inspection. Surgical 

intervention was associated with a significant reduction in body weight during the immediate 

perioperative period however the rate of weight gain was comparable to non- surgically resected 

mice during the subsequent weeks (Figure 10A). Importantly, despite resection of the primary 

tumour, surgery did not provide any survival benefit in comparison to the non-surgery group 

(Figure 10B, n=13-20 per group, p=0.898 by log rank test). The two initial cell concentrations of 

1x10
4
 and 1x10

5
 demonstrated slightly different models of PDAC, as outlined by survival 

observed in Table 3, with the lower cell concentration having slightly increased survival rates. At 

endpoint, examination of the peritoneal cavity revealed disease recurrence at the site of the 

primary tumour, as well as evidence of disseminated disease throughout the cavity, particularly 

marked by metastases in the spleen and liver (Figure 10C and D). 

 

Table 3: Effects of surgery on long term survival in the surgical model 

 Immediate 

Resection 
1x10

3 
1x10

4 
1x10

5 

Survival 

>100 days 

Without Surgery 
 

 

 

 
2/8 1/20 

With Surgery 4/5 
 

 
7/21 1/13 
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Figure 10: Surgical intervention has no effect on overall survival of mice. (A) Mice were 

weighed every day post-surgical resection of primary tumours (1x10
4
) to monitor overall health 

(n=7 per group). (B) Survival of mice following surgical removal of the primary tumour (1x10
5
) 

at day 15 (pooled data from 3 experiments, total mice indicated in figrue). (C) 

Tumours/metastases were specifically found to have spread to the spleen (top) and liver (bottom) 

of all mice at their respective endpoint (representative images), (D) which were confirmed by 

H&E (Inset magnification 200X) T= tumour, S = spleen, L = liver.  
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3.1.6 Therapeutics in the surgery model demonstrate the power of this model as an 

investigative tool 

To investigate the potential of this model as a tool to determine the efficacy of therapeutic 

strategies during the perioperative period, mice were treated with GVAX combined with Treg 

depletion and GVAX preoperatively. GVAX is currently being investigated for use with 

combination checkpoint blockade in PDAC surgery patients, however its effect in the context of 

surgery could not be explored pre-clinically in currently published murine models [160]. Mice 

implanted with orthotopic PDAC tumours received Treg depletion and GVAX two days prior to 

partial pancreatic resection (Figure 11A). Survival of mice receiving therapy in addition to 

surgery was improved over surgery alone (p=0.0005), highlighting the importance of having 

models to investigate the impact of immunotherapeutics in the context of surgical resection 

(Figure 11B). 

 

 

 

 

https://paperpile.com/c/dSkfGu/AF9h
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Figure 11: GVAX vaccination improves survival post surgery. (A) Timeline of surgical 

resection and GVAX treatment. Treg depletion was performed with 50µg anti-CD25(PC61.5) 

and 100mg/kg cyclophosphamide. A single GVAX injection was given in both hind limbs. (B) 

Survival of mice receiving surgery alone, GVAX or surgery and GVAX combined, n= 5-12 mice 

per group. Log rank test was utilized for significance of survival. 
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3.2 Characterization of a Maraba virus encoding the tumour associated antigen 

mesothelin. 

Heterologous prime-boost vaccination strategies designed to present TAA to the immune system 

are recognized as an effective approach for inducing robust immune responses capable of 

providing protection from tumour outgrowth [123]. Although a number of vectors can be used 

the oncolytic Maraba variant MG1 has been shown to elicit curative immune responses against 

several antigens including hDCT when used as a boosting vector with an Adenovirus prime 

expressing hDCT fused to GFP[129].  However, the efficacy of this approach has not previously 

been investigated in PDAC. As a first step I aimed to engineer and characterize an MG1 virus 

expressing mesothelin, a TAA overexpressed in the majority of PDAC patients [140]. 

3.2.1 Creating a Maraba MG1 virus expressing mesothelin 

The heterologous prime-boost platform used in my studies consists of  an Adenovirus priming 

vector encoding a full length mesothelin protein fused to GFP (developed by Kyle Stephenson at 

McMaster) and a  Maraba MG1 boosting vector encoding a codon optimized full length 

mesothelin protein which I cloned and rescued  (Figure 12A, genetic sequences found in 

Appendix 8.3). MluI restriction sites were included at terminal ends of the mesothelin coding 

sequence to enable cloning into the plasmid encoding the Maraba viral backbone (Figure 12B). 

After restriction digest, ligation and transformation, bacterial colonies were screened by colony 

PCR (Figure 12C) and digestion of purified plasmid DNA (Figure 12D) before sequencing. The 

virus was subsequently rescued and purified as outlined in the methods section. This replication 

competent virus, MG1meso, replicated in the Pan02 target cells with similar kinetics as the 

parental Maraba MG1 virus (Figure 13A and B).The parental and MG1meso viruses displayed  

 

https://paperpile.com/c/dSkfGu/qlYh
https://paperpile.com/c/dSkfGu/agxK
https://paperpile.com/c/dSkfGu/9YK2
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Figure 12: Inserting mesothelin into the Maraba backbone. (A) Schematic showing insertion 

sites of mesothelin and the mesothelin-GFP fusion protein into their respective viral backbones. 

(B) PCR expansion of mesothelin sequence. Confirmation of mesothelin insertion into the 

Maraba plasmid by (C) PCR expansion of clones and (D) restriction digest of the Maraba 

plasmid with Mlu1. 
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Figure 13: Maraba MG1-meso displays similar cytotoxicity to its parent virus. Pan02 cells 

were infected with Maraba MG1(top) or Maraba MG1-meso(bottom) at the indicated MOI. 

Images were taken (A) 24hrs and (B) 48hrs post infection. At these time points, a resazurin-

based viability assay was performed. Viability at both 24hrs and 48hrs was compared to mock 

infected cells. Cytotoxicity of the viruses was measured in cancerous (C) Pan02 cells, (D) Vero, 

(E) CT26 cells, and (F) non-cancerous GM38 cells.  
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similar cytotoxicity in both cells permissive to rhabdovirus infection (Pan02 and Vero) and cell 

lines found to be more resistant to infection(CT26 and GM38) (Figure 13C-E).  

The viral fitness of the cloned MG1meso virus was compared to its parental Maraba MG1 virus 

in Vero cells. A single step growth curve to measure viral production revealed a similar kinetic 

to Maraba MG1, but a greater production of total virus (10
6
 vs 10

8
 by 24 hrs, Figure 14A). A 

multi step curve was then performed to measure the viral spreading capabilities of MG1meso, 

where no difference was observed between the cloned and parental virus (Figure 14B). Together 

these data indicate that MG1meso is comparable to the parental virus but may be able to produce 

more viruses on a single cell scale. 

3.2.2 Mesothelin protein is expressed in MG1meso infected cells 

Next, we sought to confirm that the viral vectors expressed mesothelin protein by 

immunoblotting using a commercially available antibody.  Notably, with the exception of the 

brain, mesothelin was not detected in any tissues of a mouse bearing an orthotopic Pan02 

tumour, including pancreatic tissue adjacent to orthotopic Pan02 tumours (Figure 15A). The 

bands observed in the brain tissue sample are unexpected based on the known expression of 

mesothelin and could indicate either metastases or background staining. Further confirmation of 

viral transgene expression was confirmed by collecting whole cell lysates of 293T and Pan02 

cells infected with MG1, MG1meso or AdmesoGFP at 24 hpi. As expected, mesothelin was 

detected in Pan02 cells but was absent from 293T cells in the absence of infection with a 

mesothelin expressing virus, further establishing antibody specificity. However, a lower 

molecular weight band was detected in MG1meso infected cell lysates from both cell lines 

(Figure 15C). This smaller molecular weight may potentially represent an unglycosylated or 

differentially folded form. 
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Figure 14: Maraba MG1-meso has similar growth kinetics as its parent virus. (A) A single 

step growth curve was performed in Vero cells. Briefly, Vero were infected at an MOI of 10 with 

both viruses and supernatants were collected at the indicated time points, and titered. (B) A 

multi-step growth curve was performed on Vero cells that were infected at an MOI of 0.01. 

Supernatants were collected at the indicated time points, and titered.  Growth curves were 

performed in technical replicates. 
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Figure 15: MG1-meso virus expresses mesothelin protein. Pan02, 293T and Vero cells were 

infected with the indicated viruses at an MOI of 10. After 24hrs, total cell lysate was collected, 

and proteins were isolated and measured by BCA. (A) Mesothelin expression was measured in 

various murine tissues. (B) MG1-meso has similar expression of rhabdoviral proteins as its 

parent virus. 18ug protein loaded, human GAPDH was used as a loading control.  (C)  

Mesothelin expression in meso-negative 293T cells and meso-positive Pan02 cells pre and post 

infection with MG1, MG1-meso and AdmesoGFP. 
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3.2.3 MG1meso can be safely administered in vivo 

The efficacy of MG1 as a boosting vaccine has been previously examined following iv 

administration of doses up to 1e9 PFU [125]. To determine whether MG1meso was safe to 

administer at this dose both MG1meso and MG1 viruses were produced and Optiprep™ purified 

at high titre and injected i.v. into mice at concentrations of 1e9pfu/mouse. In contrast to previous 

reports, a dose of 1e9pfu was consistently associated with a drop in mass and 50% mortality rate 

within 7 days of injection. A necropsy revealed liver damage and loss of internal fat deposits 

(Figure 16A). In a cohort of animals receiving a lower dose(1e8pfu/mouse) no mortality was 

observed (Figure 16C) despite an initial reduction in weight (Figure 16B) indicating that a dose 

of 1e8pfu/mouse i.v. can be safely administered. 

3.3 Depletion of regulatory T cells is necessary to induce an anti-mesothelin response 

3.3.1 A heterologous prime-boost vaccination with AdmesoGFP and MG1meso alone is 

unable to induce an anti-mesothelin response 

The route of delivery and schedule of vaccination used in my studies was based on the work of 

Brun et al and Bridle et al, demonstrating that robust T cell responses against an antigen are 

generated in mice receiving an i.m. injection of antigen-encoding Ad followed by  a boost 7 days 

later with i.v. antigen-encoding MG1(Figure 17A)[124,129]. However, no mesothelin reactive T 

cells were detected in splenocytes harvested 7 days after boosting, a time when T cell responses 

should be at their peak (Figure 17B). This finding could not be attributed to general T cell 

dysfunction as IFNγ+ T cells were observed following stimulation with both PMA/ionomycin (a 

positive control of general stimulation) and peptide specific responses against VSVn (a peptide 

from the N protein that is presented to T cells when mice are vaccinated with either VSV or 

MG1 based rhabdoviruses).  

https://paperpile.com/c/dSkfGu/agxK+KayA
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Figure 16: High dose Maraba virus shows toxicity in vivo. Mice were injected with 1e9 pfu of 

virus as previously described. Within 4-7 days of injection, 50% of mice would die with 

emaciation, and toxicity syndromes. (A) Toxicity within the liver of a mouse that died 4 days 

after receiving 1e9pfu i.v. (B) Weight was monitored in mice receiving 1e9pfu of purified 

Maraba MG1 virus or Maraba MG1meso virus. Mice that eventually recover regain weight 

within 7 days, those that die become emaciated and continue to lose weight. (MG1 n=2, 1/2 

survival; MG1meso n=3, 2/3 survival). (C) Overall survival of mice receiving 1e9pfu of MG1 or 

MG1meso i.v. compared to mice receiving MG1meso 1e8pfu i.v. within 7 days of injection. 

Mice are declared to be at endpoint according to ACVS guidelines and are necropsied at death. 
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Figure 17: Vaccination alone does not elicit an anti-mesothelin immune response. (A) 

Timeline showing the vaccination strategy. Briefly, mice received 2e8pfu AdmesoGFP i.m. 

followed 7 days later by 1e8 MG1meso i.v. Immune responses were measured in the spleen 7 

days following the boost. (B) Proportion of IFNγ+ CD8+ T cells following 5-hour stimulation 

with the peptides indicated, with brefeldin A being added 1 hour into the incubation. N=3 in both 

groups. 
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3.3.2 Depletion of regulatory T cells at the time of vaccination is required for generating an 

anti-mesothelin CD8+ T cell response 

The lack of a successful anti-mesothelin response as measured by intracellular staining for IFNγ 

in CD8+ T cells after meso peptide stimulation could be due to technical limitations   or an 

inability of the vaccine to stimulate a measurable anti-mesothelin response. Unlike previously 

tested TAAs, mesothelin is a self antigen and therefore CD8+ T cells with strong affinity for it 

are likely eliminated through negative selection in the thymus [161], and those with a weaker 

affinity are limited by regulatory T cells in circulation[162]. Indeed, other groups have been able 

to successfully detect mesothelin-reactive T cells following vaccination with a GM-CSF 

expressing whole cell vaccine only when combined with regulatory T cell depletion through 

treatment with low dose cyclophosphamide and anti-CD25 depleting antibody[59]. To begin to 

investigate whether regulatory T cells prevent detection of mesothelin reactive CD8+ T cells in 

vaccinated mice I used the dosing schedule outlined by Leao et al to demonstrate that 

CD4+CD25+Foxp3+ cells can be successfully depleted by 7 days post injection without any 

effect on overall proportions of splenic T cell populations cells (Figure 18).  

Next, the effects of Treg depletion on T cell responses in mice receiving only a priming dose of 

either the established AdhDCT virus or AdmesoGFP. Notably, the priming dose could be 

delivered safely under these conditions and Treg cells remained depleted while other T cell 

subsets were not significantly impacted despite a trend to increased proportions in Treg depleted 

mice receiving virus (Figure 19A-C). Despite the total depletion of regulatory T cells (Figure 

19D), no effect was observed on overall peptide specific CD8+IFNγ+ responses, either with 

AdhDCT or AdmesoGFP (Figure 19E). Interestingly the off-target reactivity of CD8+ T cells  

 

https://paperpile.com/c/dSkfGu/3JsN
https://paperpile.com/c/dSkfGu/MhqI
https://paperpile.com/c/dSkfGu/AJwa
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Figure 18: Low dose cyclophosphamide and antibodies against CD25 deplete regulatory T 

cells in vivo. (A) Gating strategy for regulatory T cells defined as CD3+CD4+CD25+FoxP3+ 

cells. Splenic levels of (B) total CD3+ cells, (C) CD3+CD8+ cells and (D) CD3+CD4+ cells. (E) 

Cyclophosphamide (100μg/kg) combined with anti-CD25 (clone PC61.5) at 50µg per mouse 

injected intraperitoneally depleted regulatory T cells from circulation as measured in spleens of 

mice 7 days post injection. N=3 mice per group. 
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Figure 19: Treg depletion does not reveal an anti-mesothelin response with AdmesoGFP 

alone. Mice were depleted of regulatory T cells with low dose cyclophosphamide (100mg/kg) 

and 50µg of anti-CD25 (PC61.5) and were vaccinated with AdmesoGFP or AdhDCT at 2e8pfu 

i.m. the following day. Splenocytes were collected and analyzed 7 days following vaccination. 

(A) CD3+, (B) CD8+, (C) CD4+, and (D) CD4+CD25+Foxp3+ cell levels were analyzed within 

the spleen. An unpaired t-test was performed, n=3 mice per group. (E) Splenocytes were 

incubated for 5 hours in the presence of brefeldin A with the indicated peptides/stimulation 

conditions and were stained for IFNγ+ on CD8+ T cells. 
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after Treg depletion and AdhDCT vaccination was increased, with above background responses 

against meso 2 and meso 3 peptides being observed at this time point. 

Finally, we incorporated a clinically used vaccination strategy known to stimulate mesothelin 

responses as a control to investigate whether Treg depletion is limiting detection of CD8+ T cell 

responses. GVAX – a GM-CSF gene transduced tumour cell vaccine – employs the in vivo 

secretion of GM-CSF in the context of presenting irradiated tumour antigens to stimulate T cell 

responses and has been shown to stimulate mesothelin-specific responses both in humans and in 

mice[59,106,143,163]. Mice received prime and boost vaccination with AdmesoGFP and 

MG1meso or two doses of GVAX, with and without the addition of Treg depletion performed one 

day prior to the first vaccination (Figure 20A). Seven days after receiving the boosting 

vaccination, mice were euthanized and both regulatory T cell levels and mesothelin-specific 

CD8+ T cells were measured in the spleen. As expected, the depletion of Tregs one day prior to 

vaccination led to 2-4% of CD8+ T cells responding to mesothelin peptide 2 and 3 in mice 

receiving GVAX. Similarly, the depletion of Tregs cells prior vaccinating with AdmesoGFP + 

MG1meso led to a significant increase (`2%) in CD8+ T cells secreting IFNγ in response to 

stimulation with mesothelin peptide 1 (Figure 20C). At this time point – a total of 15 days after 

the initial Treg depletion – GVAX vaccinated mice were reduced by 60% from the levels 

observed in naïve mice(p=0.038) and AdmesoGFP + MG1meso vaccinated mice were reduced 

by >98%(p=0.0001) (Figure 20B).   

 

 

 

 

 

https://paperpile.com/c/dSkfGu/9uF2+AJwa+uVAO+ZH0v
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Figure 20: Treg depletion reveals an anti-mesothelin immune response. Using the established 

GVAX vaccine (kindly provided by the Jaffee group) as a control, the effects of Treg depletion 

were investigated in the prime boost setting. (A) A representative timeline of the vaccination 

strategy. (B) Levels of regulatory T cells (CD3+CD4+CD25+Foxp3+) were measured in the 

spleen of every mouse at Day 14. (C) Intracellular staining of splenocytes was performed at day 

14 after 5 hours of incubation (4hrs in the presence of brefeldin A). Percentage of IFNγ + CD8+ 

T cells is indicated for each stimulation condition using PMA/Ionomycin as a positive control, 

and no stimulation as the baseline for each mouse. 
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3.3.3 Heterologous vaccination promotes IFNγ producing mesothelin-specific CD8+ T cells 

When measured at day 14 post Treg depletion, the proportion of Tregs in the CD4 fraction was 

lowest in the AdmesoGFP and MGImeso vaccination group (Figure 21A, p= <0.0001). This led 

to a significant increase in the number of  CD8+ T cells secreting IFNγ in response to stimulation 

with mesothelin peptide 1 from below 1% to 2% (Figure 21B, p=0.003). Interestingly, the 

heterologous prime-boost vaccination platforms resulted in the greatest increase in total 

splenocytes (Figure 21C). This increase in total splenocytes led to no difference between the 

whole cell and prime-boost vaccination approaches in the total number of mesothelin-specific 

CD8+ T cells despite the lower percentage of cells (Figure 21D, 1.2x10
5
 vs 2.2x10

5
, p= n.s.).  

 

3.3.4 Mesothelin specific responses can be increased by priming with a GM-CSF secreting 

whole tumour cell vaccine.  

Work by our group and others have demonstrated that cytokine producing whole tumour cell 

vaccines can elicit significant CD8+ T cell response to tumour antigens [155,164]. However, 

there have been no published reports investigated the use of this approach in a heterologous 

vaccination strategy when MG1 is used as a boosting vector. To determine whether this approach 

may result in stronger mesothelin specific CD8+ T cell responses with a broader antigen 

repertoire.,  a variety of possible priming vectors were investigated for the priming potential 

including: GVAX, AdmesoGFP, irradiated Pan02 cells alone and irradiated Pan02 cells infected 

with a vaccinia virus encoding murine GM-CSF (JX-594) (Figure 22A) .  The overall GM-CSF 

produced from each prime in vitro was measured (Figure 22B), and the depletion of regulatory T 

cells was confirmed in vivo (Figure 22C). Notably, mesothelin specific responses were detected 

irrespective of the priming strategy used and since a GVAX prime did promote a greater   

https://paperpile.com/c/dSkfGu/oBq2+8iIl
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Figure 21: Prime-boost vaccination leads to similar numbers of total anti-mesothelin CD8+ 

T cells as the standard vaccination strategy. Following the same vaccination strategy as 

previously used, mice were sacrificed at day 14 and spleens were collected. All treatment groups 

were Treg depleted using anti-CD25 and low dose cyclophosphamide. (A) Total regulatory T 

cells present in mouse spleens at day 14. (B) Percent IFNγ+ CD8+ T cells after stimulation with 

mesothelin peptides. (C) Total live splenocytes present in each treatment group, as calculated by 

trypan blue exclusion on a VICELL cell counter. (D) Total number of anti-mesothelin CD8+ T 

cells  in the spleen over baseline, calculated using the percentage of IFNγ+ cells and the toal 

number of splenocytes . All data is pooled data from 3 separate experiments, n=5 mice per group 

for each run. 
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Figure 22: GM-CSF contributes to a better prime for an anti-mesothelin response in vivo. 
(A) Timeline of the vaccination strategy, where all groups are boosted with 1e8pfu of MG1meso 

at day 7. (B) Measuring secreted GM-CSF of various priming strategies. Cells were treated as 

indicated (irradiation performed at 60Gy, any infections performed at an MOI of 10 for 2 hours), 

and then plate at 1e6 cells per well in a 6 well dish for 18hrs. Supernatants were collected, and 

frozen at -20°C before being quantified by solid-phase sandwich ELISA. GVAX, JX594 ICV ad 

irrPan02 as a control were used as priming vectors in a vaccination experiment. At day 14, 

spleens were collected, dissociated and stained or stimulated and stained for intracellular 

cytokine production. (C) Regulatory T cells (CD3+CD4+CD25+Foxp3+ cells) were measured to 

confirm depletion in all the groups. (D) Percentage of IFNγ + CD8+ T cells is indicated for each 

stimulation condition after 5-hour stimulation with each indicated mesothelin peptide, or a pool 

of the three peptides. PMA/Ionomycin was used as a positive control, and no stimulation as the 

baseline for each mouse.  
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response to multiple mesothelin peptides, similarly to that achieved with AdmesoGFP priming 

this approach was used in subsequent studies as a secondary positive control (Figure 22D).   

3.4 Heterologous prime-boost vaccination induces mesothelin reactive T cells with 

cytotoxic activity 

3.4.1 Heterologous prime boost induces tumour reactive CD8+ T cells. 

The previous work characterizing mesothelin reactive CD8+ T cells were performed using 

peptide pulsed splenocytes however it is necessary to determine whether CD8+ T cells are 

similarly reactive to the TAA processed and presented directly by the tumour cells themselves. 

Although Pan02 cells express mesothelin, the lack of MHCI expression in vitro prevents 

recognition and binding to CD8+ T cells (Figure 23A left). However, stimulation with IFNγ for 

18hrs is sufficient to upregulate MHC I expression (Figure 23B). Culturing splenocytes with 

IFNγ-stimulated Pan02 cells resulted in a significant increase in the percentage of IFNγ+CD8+ T 

cells in AdmesoGFP+MG1meso compared to control mice (Figure 23C, p=0.03) indicating that 

this vaccination strategy is capable of inducing tumour reactive T cell responses. 

3.4.2 CD8+ T cells generated from vaccination with AdmesoGFP and MG1meso are 

cytotoxic 

IFNγ production from CD8+ T cells indicates specificity and activation in the presence of target 

peptide but does not always correspond to a cytotoxic response[165,166]. Therefore, to directly 

assess the functional activity in vivo cytotoxicity assay was performed as described in the 

methods (Figure 24A). Briefly, splenocytes were harvested 18 hr after animals received 

differentially labelled splenocytes pulsed with or without the indicated peptides (Figure 24B, left 

= naïve; middle = VSVn peptide; right = mesothelin peptide). Quantification of the fluorescently 

labelled splenocytes populations 18 hrs after iv injection revealed that nearly 100% of the VSVn 

peptide-pulsed splenocytes were killed in mice receiving a MG1meso boost which is consistent  

https://paperpile.com/c/dSkfGu/FXSP+GuE9
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Figure 23: AdmesoGFP + MG1meso vaccination leads to tumour-specific immunity. (A) At 

baseline, Pan02 cells do not express MHC I (left), but IFNγ stimulation upregulates its 

expression (right). Representative flow plots. (B) Optimization of IFNγ stimulation dose on 

Pan02 cells. (C) Proportion of CD8+ cells secreting IFNγ in response to Pan02 stimulation. t-

tests were used to calculate significance, with n=4 mice per group. 
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Figure 24: Prime-boost vaccination leads to in vivo cytotoxic CD8+ T cells. (A) Methodology 

of an in vivo CTL assay. (B) Representative flow plots gated on stained splenocytes. The 

proportion of peptide-pulsed CellTrace Violet stained splenocytes is compared to unpulsed 

CFSE stained splenocytes in naïve mice (left) vs vaccinated mice (middle and right). Almost 

complete elimination can be observed with the VSVn peptide (middle) as compared to partial 

killing of the mesothelin 1 peptide (right) after 18hrs in vivo. (C) The percent specific lysis was 

calculated against the VSVn peptide in vaccinated mice. (D) The percent specific lysis of 

vaccinated mice against the meso 1 peptide over that of naïve mice. N=4 per group. 
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with an anti-viral response (Figure 24C). In addition, specific lysis of mesothelin peptide-pulsed 

splenocytes ranged from 10-20% relative to naïve mice with all three vaccination strategies 

(Figure 24D).  

3.4.3  Immune cells are recruited to the tumour microenvironment in vaccinated mice 

Together these findings demonstrate that a prime boost vaccination strategy can induce 

mesothelin reactive CD8+ T cells capable of recognizing Pan02 tumour cells in vitro. Next, I 

sought to determine whether vaccination would result in the recruitment of tumour reactive cells 

to the tumour in vivo. To investigate this possibility Pan02 cells embedded within Cultrex™ 

were implanted subcutaneously. Three days following injection, the plugs were surgically 

excised, dissociated and analyzed by flow cytometry. Consistent with my previous findings in 

orthotopic Pan02 tumours CD45+ cells were recruited to the implanted plugs in all of the groups 

however distinct differences in the phenotype of these cells were observed between the groups. 

In particular, a large population of CD45+ cells with high side scatter were present in mice 

receiving GVAX compared to prime-boost vaccinated mice (Figure 25A, representative dot 

plots). Although the total number and relative proportion of CD3+ cells were increased in 

vaccinated mice, the GVAX response included a relatively larger CD4+ response in comparison 

to prime-boost mice which exhibited an increased CD8+ T cells (Figure 25B-F).  

Finally, the recruitment of immune cells to two different tumours was compared in the same 

mouse. Mice received plugs embedded with MC38 cells – a colorectal cancer line- on one flank, 

and on the other they received the Pan02 plugs. Interestingly, vaccination with GVAX did lead 

to recruitment of a variety of immune cells in both MC38 and Pan02 plugs though the numbers 

of recruited lymphocytes and dendritic cells was increased in Pan02 plugs. Prime-boost  
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Figure 25: Prime-boost vaccination leads to the recruitment of CD8+ T cells at the site of 

tumour challenge. (A) Total number of CD45+ cells and select lymphocyte populations to the 

Cultrex™ plug after three days in naïve (black), Treg depleted alone (orange), GVAX (blue) and 

prime-boost (red) mice. The proportion of various CD45 positive subsets was characterized 

within the plugs including (B) NK1.1+CD3- cells, (C) NK1.1-CD3+ cells, (D) CD3+CD8+ cells 

and (E) CD3+CD4+ cells. (F) Vaccinated mice were injected with two plugs. On the right flank 

they received plugs embedded with MC38 cells, and on the left flank they received plugs 

embedded with the target Pan02 cells. After three days, plugs were excised and the CD45 

immune infiltrate was investigated include both lymphocytic (CD3, CD19, NK1.1) and 

leukocytic populations. 
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vaccinated mice only did not show increased recruitment of CD45+ cells in the MC38 plug 

unlike the whole cell vaccine approach (Figure 25G) indicating that the anti-mesothelin immune 

response did not result in spreading to the colorectal cancer with this vaccination strategy. 

Overall my investigations in Aim 2 led to the development of a viral backbone with a similar 

phenotype to its parental MG1 virus. Unlike with the published heterologous prime-boost model 

that employs the xenoantigen hDCT, targeting the self-antigen mesothelin requires the depletion 

of regulatory T cells prior to vaccination, and results in an attenuated 2-4% mesothelin specific 

population as opposed to the greater than 40% expansion observed against hDCT. The CD8+ T 

cells induced with this vaccination strategy are able to recognize and lyse splenocytes loaded 

with mesothelin peptide at similar levels as a whole cell vaccine, and furthermore recognize the 

target Pan02 cells in vitro and are recruited to Pan02 challenge.   

 

3.5  The prime-boost vaccine does not provide protection from tumour challenge 

3.5.1 Prime-boost vaccination with Treg depletion performs similarly to Treg depletion alone 

in protecting mice from Pan02 tumour challenge 

Having established the efficacy of the prime-boost vaccination strategy in promoting mesothelin 

reactive CD8+ T cells I next sought to determine whether this response could control tumour 

growth in vivo. Importantly no efficacy beyond the effects of depleting Treg cells alone was 

observed when vaccinated animals were challenged with 2.5x10
5
 Pan02 cells subcutaneously at 

the peak T cell response as outlined in Figure 26A. Tumours consistently grew in naïve mice 

(19/25) with the majority succumbing to tumour outgrowth within 100 days of challenge (Figure 

26B). In contrast both GVAX and GVAX boosted with MG1meso afforded total protection from 

tumour challenge whereas the prime-boost vaccination protected only 53% of the challenged 

mice (Figure 26B). While this was encouraging, depletion of Tregs alone resulted in similar levels  
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Figure 26: Mesothelin vaccination demonstrates no efficacy in protecting mice from Pan02 

challenge. (A) Timeline of vaccination strategy. Briefly mice were depleted of regulatory T cells 

with 50µg anti-CD25 (PC61.5) and low dose cyclophosphamide followed by prime with either 

AdmesoGFP i.m. (2e8pfu) or GVAX s.c. in both hind limbs and a boost 7 days later of either 

MG1meso i.v. (1e8 pfu) or GVAX s.c. in both hind limbs. (B) Survival of mice challenged with 

2.5e5 Pan02 cells s.q. Pooled data, n values as marked. (C) Tumour volume of mice was 

measured 3 times per week. All naïve mice (black), Treg dep alone (orange), GVAX + GVAX 

(blue) and AdmesoGFP + MG1meso (red) are shown. 
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of protection (Figure 26C) indicating that the mesothelin specific immune responses observed in 

vaccinated animals are ineffective in preventing tumour growth.  

However, the vaccinated animals that were protected from the initial tumour challenge were 

protected from a subsequent re-challenge with Pan02 cells whereas the naive mice were not 

(Figure 27). This continued rejection of re-challenge indicates that all three treatments provided 

long lasting memory T cell responses whereas in unvaccinated animals, spontaneous tumour 

rejection without generation of long-lasting immune memory occurred. 

3.5.2 Tumour intrinsic escape mechanisms do not limit efficacy of the prime boost strategy. 

Adaptive immune resistance, the mechanism by which cancer is recognized by the immune 

system but is able to protect itself to immune attack[19], could be a leading cause of the lack of 

efficacy observed after prime-boost vaccination. To investigate the role that tumour cell intrinsic 

mechanisms of primary and adaptive resistance to immunotherapy play in the anti-mesothelin 

vaccination platform, tumours were collected at endpoint and processed for analysis by flow 

cytometry, IHC, and RT-qPCR. MHC class I presentation of antigens is crucial for T cell 

recognition of antigens, and is a common escape mechanism of human tumours[167,168]. 

Although Pan02 cells do not express MHC class I in vitro (See Figure 23A) expression of MHCI 

in vivo was confirmed by flow cytometry (Figure 28A) and IHC (Figure 28B) with almost 50% 

of tumour cells staining positively at endpoint (Figure 28C, p=0.0001). Consistent with this 

finding MHCI expression is observed as early as 3 days following implantation in vivo as 

measured in Cultrex© was sufficient to upregulate MHC class I on tumour cells (Figure 28C). 

In addition, RT-qPCR analysis of paraffin embedded tissue revealed that mesothelin is still 

expressed in the tumour tissue suggesting that the expression of the TAA was not down 

regulated to limit its presentation and recognition by CD8+ T cells following immunotherapy. 

(Figure 29). 

https://paperpile.com/c/dSkfGu/QiWm
https://paperpile.com/c/dSkfGu/YfH8+A0Hi
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Figure 27: Mice protected from an initial Pan02 challenge show long term protection from 

Pan02 challenge. Mice that were tumour free >200 days after an initial challenge of 2.5e5 Pan02 

tumours were considered to have rejected an initial challenge. These mice were then re-

challenged with 2.5e5 Pan02 cells in the flank and measured for continued protection from 

tumour challenge. (A) Survival and (B) Percent tumour rejection are shown. 
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Figure 28: Pan02 tumours upregulate MHC I expression in vivo. (A) Gating strategy for 

Pan02 tumours. Light blue = isotype, red = MHCI (B) IHC of MHCI expression in Pan02 

tumours at endpoint. Left unstained uncontrol, right MHC I stain. Magnification 200X. (C) 

CD45- high granular cells were stained with isotype of MHC I antibody. The percentage of cells 

that are MHC I positive are indicated as measured in vitro, 3 days post injection and at endpoint. 

A one-way Anova with Dunnett’s post hoc test compared to control was used for statistical 

analysis. P-value is stated. 
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Figure 29: Mesothelin expression is not downregulated over time. mRNA was extracted from 

paraffin embedded tumour samples collected at endpoint. A qPCR was performed, and 

mesothelin levels were normalized to GAPDH and β-Actin internal housekeeping genes. Fold 

change over an untreated Pan02 tumour is indicated. 
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Together these findings suggest that tumour outgrowth is not due to tumour intrinsic factors 

which limit immune recognition indicating that adaptive resistance may be a contributing 

factor[19] or the immune response stimulated was not sufficient to fully protect against Pan02 

challenge. 

3.5.3 Depletion of regulatory populations cannot rescue the efficacy of the prime-

boost vaccination 

A second key mechanism of adaptive resistance to immunotherapy involves tumour cell extrinsic 

factors, such as the recruitment of immunosuppressive cells to the TME[19]. As Tregs are 

depleted in this model, other immunosuppressive subsets were investigated. In Aim 1 I 

established that both B cells and MDSCs were recruited to the Pan02 TME, so these two subsets 

were identified as potentially responsible for limiting the effects of the vaccine on tumour 

outgrowth. However, a combined depletion of both B and MDSC cells with (Figure 30A and B) 

did not impact overall survival or the rate of tumour outgrowth in each vaccination group (Figure 

30C and D).  

 

3.5.4 CD8+ T cells do not contribute to tumour control in mice receiving the prime-boost 

vaccine 

Although vaccination with AdmesoGFP + MG1meso leads to the development of CD8+ T cells 

that can recognize tumour cells which are recruited to the site of tumour challenge there is no 

impact on survival over Treg depletion alone. To confirm that CD8+ T cells are unable to provide 

protection against Pan02 tumour challenge CD8+ T cells were depleted prior to tumour 

challenge. The complete depletion of circulating CD8+ T cells (Figure 31A) had no overall 

effect on survival rates of mice receiving either the prime-boost or GVAX (Figure 31B). 

However, differences in the tumour outgrowth were observed in the absence of CD8+ T cells  

https://paperpile.com/c/dSkfGu/QiWm
https://paperpile.com/c/dSkfGu/QiWm
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Figure 30: Depletion of regulatory populations does not increase efficacy of vaccination. 

Following vaccination, mice were depleted of B cells and MDSCs through the i.v. injection of 

anti-CD20 (200µg, clone SA271G2) and the i.p. injection of anti-GR1 (100µg, clone RB6-8C5) 

one day prior to tumour challenge. Depletion was maintained throughout the experiment 

following tumour challenge with twice weekly injections of anti-GR1, and injections of anti-

CD20 every 20 days. (A) The depletion of CD19+ cells was confirmed 1 day and 1 week post 

depletion in blood. (B) The depletion of Ly6GhiLy6Clo cells was observed one day and one 

week following initial depletion of GR1+ cells. (C) Survival of mice is indicated, with dash lines 

indicating depleted mice as compared to non-depleted controls. (D) Tumour outgrowth of 

individual mice is indicated. N=5 per group. 
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Figure 31: CD8 depletion does not decrease the efficacy of AdmesoGFP+MG1meso 

vaccination at protecting mice from tumour challenge. Following vaccination, mice were 

depleted of CD8+ T cells through the i.p. injection of anti-CD8α (100ug, clone 2.43) at days -1, -

2 and +1 surrounding tumour challenge. Depletion was maintained throughout the experiment 

following tumour challenge with weekly injections of antibody. (A) The depletion of CD8+ T 

cells was confirmed by examining the CD8+ cells in circulating blood. (B) Survival of mice is 

indicated, with dash lines indicating CD8 depleted mice as compared to non-depleted controls. 

(C) Tumour outgrowth of individual mice is indicated. 
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with naïve mice depleted of CD8+ T cells developing tumours sooner (Figure 32A and B). In 

contrast, while there were differences in the timeline for tumour outgrowth based on the presence 

or absence of CD8+ T cells, there was still no observable difference between Treg depletion 

alone, or Treg depletion with AdmesoGFP+MG1meso, in which mean tumour outgrowth in the 

absence of effector T cells was similar over time (Figure 32C), lending further evidence to the 

essential role of Tregs during tumour seeding but no efficacy from the anti-mesothelin T cells. 

 

3.6 Vaccination with an oncolytic prime boost targeting mesothelin shows no efficacy 

against other mesothelin expressing cancers 

3.6.1 Colorectal and pancreatic cancers express mesothelin 

To determine whether the ineffective response was restricted to Pan02 tumours or is reflective of 

a broader defect in mesothelin reactive CD8+ T cells in controlling tumour growth I attempted to 

identify other mesothelin expressing cell lines. Although neither of the two melanoma lines – 

B16 and B78H1GM – were found to express mesothelin, all peritoneal cancers including a 

colorectal cancer line (MC38), a second pancreatic cancer (TH04) and two ovarian cancers (ID8 

and STOSE) expressed high levels of mesothelin in vitro, with both MC38 and TH04 expressing 

mesothelin at higher levels than Pan02 cells (Figure 33). 

3.6.2 No efficacy is observed against the aggressive, fast-growing PDAC line TH04 

The vaccination protocol was repeated in the second PDAC murine model – TH04 – that also 

expressed mesothelin. The mice were vaccinated as previously described except GVAX was 

prepared using irrB78H1GM cells in a 1:1 ratio with irrTH04 cells. In contrast to the Pan02 

model, TH04 tumours grow quickly and no protection from tumour challenge was observed with 

any vaccination strategy, including GVAX (Figure 34A and B).  
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Figure 32: Tumour outgrowth rates are dependent on the presence of CD8 T cells. (A) 

Mean tumour volumes of mice depleted of CD8 T cells prior to tumour challenge are indicated. 

Comparison of (B) non-treated mice with or without CD8 depletion, as indicated by dashed lines 

and (C) CD8 depleted AdmesoGFP+MG1meso or Treg depleted mice from Figure A. 
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Figure 33: Murine peritoneal cancer models express mesothelin. RNA was collected from 

various murine cancer lines, and the presence of mesothelin mRNA was investigated by RT-

qPCR. Fold change over levels observed in Pan02 cells is indicated. Fold change was calculated 

by ΔΔCT and was normalized to both β-Actin and GAPDH. 
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Figure 34: AdmesoGFP + MG1meso does not protect mice from TH04 tumour challenge. 
(A) Survival of mice challenged with 1x10

5
 TH04 cells subcutaneously. (B) Individual tumour 

outgrowth of naïve, Treg depleted, GVAX vaccinated and AdmesoGFP + MG1meso vaccinated 

mice. N=5 mice per group. 
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3.6.3 Mice protected from Pan02 challenge are not protected from mesothelin-expressing 

MC38 challenge 

Next, long term surviving mice from Pan02 challenge and re-challenge were subsequently 

challenged with 1x10
5
 MC38 cells subcutaneously. Both mice who had received Treg depletion 

alone initially and mice who had received Treg depletion followed by AdmesoGFP prime and 

MG1meso boost succumbed to MC38 challenge (Figure 35A). In fact, only mice who had 

originally received GVAX vaccination, prepared with Pan02 cells, demonstrated an immune 

response against MC38 cells with 2/3 mice resisting re-challenge (Figure 35B). Therefore, initial 

vaccination and survival post anti-mesothelin vaccination did not translate to survival against a 

second mesothelin-expressing tumour line. 

3.7 Mesothelin is not an effective target for therapeutic treatment of orthotopic Pan02 

3.7.1 Therapeutic vaccination of orthotopic Pan02 tumours with AdmesoGFP + MG1meso 

leads to stronger mesothelin and anti-tumour responses 

Pre-existing anti-tumour immune responses are found within tumour-bearing mice and patients 

due to the presence of TAA, and may lead to stronger anti-tumour immune responses when 

combined with vaccination [169,170]. To investigate whether the prime-boost platform can 

potentiate pre-existing anti-tumour response, mice bearing orthotopic Pan02 tumours were 

treated as previously described with the addition of a group receiving an off target prime-boost 

vaccination platform (AdhdCT + MG1) to control for the oncolytic effect of the prime-boost 

platform. Saphenous blood collected on days -1, 7 and 12 surrounding vaccination to measure 

changes in the immune response. Prior to vaccination there was no measurable response to 

mesothelin peptide or to tumour cells in the blood of any animals (Figure 36A). 
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Figure 35: Mice protected from Pan02 challenge were not protected from MC38 challenge. 
Long term surviving mice from Pan02 challenge and re-challenge were subsequently challenged 

with mesothelin-expressing MC38 at 1x10
5
 cells subcutaneously. (A) Survival post MC38 

challenge is indicated. (B)Tumour outgrowth in naïve mice as well as re-challenged Treg 

depleted, GVAX and AdmesoGFP + MG1meso in individual mice is indicated. 
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Figure 36: Therapeutic vaccination with AdmesoGFP and MG1meso leads to a strong anti-

mesothelin immune response. Mice received intrapancreatic injections of 1x10
5
 Pan02 cells at 

day -15, followed by Treg depletion at day -1, and prime-boost vaccination at days 0 and 7 

respectively. Levels of IFNγ+CD8+ T cells in circulation after stimulation with meso peptide 1 

and Pan02 cells (+/- IFNγ) are indicated (A) at day -1 pre vaccination or depletion, (B) at day 7 

prior to the boost, and (C) at day 12. 
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However, circulating mesothelin reactive CD8+ T cells were observed following the priming 

vaccine alone, (Figure 36B). Unexpectedly,  a priming dose of an adenovirus encoding the 

xenoantigen hDCT was associated with the  greatest response to mesothelin peptide stimulation 

despite the lack of mesothelin in the vaccine and may potentially represent antigen spreading due 

to the simultaneous release of TAA as tumour cells die in this now active immune 

environment[171]. The anti-mesothelin response in AdmesoGFP primed mice was further 

enhanced with following the boost with MG1meso resulting in 10.2% of circulating CD8+ T 

cells reactive to mesothelin peptide stimulation (Figure 36C). As previously shown, the anti-

mesothelin CD8+ T cells could also be stimulated to produce IFNγ in response to incubation 

with Pan02 cells. Notably, these responses exceeded those achieved with an irrelevant oncolytic 

platform (Ad-DCT and Meso) suggesting these results were not strictly dependent on tumour 

antigen presentation following oncolysis of the primary tumour. Furthermore, GVAX 

vaccination led to comparably lower mesothelin reactive CD8+ T cells. Interestingly the non-

specific reactivity of T cells as measured by IFNγ production after stimulation with 

PMA/Ionomycin decreased over time with initially 14.5% of T cells responding at day 14, down 

to 3.5% in non treated mice by day 27 (Figure 36A-C) potentially indicating exhaustion or 

suppression. 

3.7.2 No survival benefit is observed with therapeutic vaccination of orthotopic tumours 

Therapeutically vaccinated mice were followed over time to correlate the survival benefit with 

the immune responses observed in circulation (Figure 37A). Despite the larger proportion of 

mesothelin-specific CD8+ T cells in circulation of AdmesoGFP + MG1meso vaccinated mice, 

no survival benefit was observed over non treated mice which is consistent with my previous 

findings suggesting mesothelin reactive CD8+ T cells are ineffective in tumour control (Figure 

37B). 

https://paperpile.com/c/dSkfGu/3cxU
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Figure 37: Vaccination with AdmesoGFP followed by MG1meso provides no therapeutic 

benefit in an orthotopic model of Pan02.  (A) A timeline of tumour challenge and vaccination. 

(B) Kaplan-Meier survival plot of therapeutic vaccination in an orthotopic Pan02 model. N=4-5 

mice per group. Survival post tumour challenge. 
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4 Discussion 

Pancreatic cancer is one of the deadliest cancers worldwide with no effective therapies currently 

available.  The relatively recent improvement in the treatment of other malignancies with 

immunotherapeutics suggests that approaches which can effectively  stimulate engagement of the 

immune response will be necessary for improving outcomes for patients with PDAC [19,22,26], 

As such my thesis focused on developing (i) a surgically resectable model of PDAC which is 

currently a major limitation in testing new therapies and (ii) an oncolytic vaccine targeting a 

PDAC antigen. 

 

4.1 Developing a surgically resectable model of PDAC 

Surgery, a mainstay of PDAC therapy, is typically only performed in early stage cancers[30,31], 

but does represent the best therapeutic option with 5 year survival rates of 26%[1,2,21,172]. 

However, despite aggressive surgical intervention and chemotherapy most patients will recur 

highlighting the urgent need for adjuvant therapies that can be combined with surgical resection 

for improved patient outcomes. Several groups have reported murine models of surgical 

resection which enable the investigation of potential therapies. However, a number of these 

implant either human primary xenografts or established cell lines into immunodeficient 

animals[37,60,61] - thereby limiting any investigations of potential immunotherapies. 

Importantly, work in our lab has clearly established that  surgical resection of primary tumours 

can have profound effects on immune function and cancer growth[116,151,152], suggesting  

immunocompetent murine models are more likely to reflect disease pathogenesis. Furthermore,  

while the benefit of spleen saving pancreatectomies is debated in the clinic as in many cases the 

spleen must be resected to achieve negative margin resection[39,40] and provides no long term 

survival benefit[44], the short term effect on mortality, morbidity and recovery in the hospital is 

https://paperpile.com/c/dSkfGu/cbIh+QiWm+Nyls
https://paperpile.com/c/dSkfGu/0n1B+9nb7
https://paperpile.com/c/dSkfGu/HIx3+55F5+UEpS+eJU3
https://paperpile.com/c/dSkfGu/qmtn+uKcz+cf5b
https://paperpile.com/c/dSkfGu/swlr+BG4a+Flbe
https://paperpile.com/c/dSkfGu/6JDq+dlrr
https://paperpile.com/c/dSkfGu/n5qz
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undeniable[45]. Our understanding of the factors which contribute to the improved outcomes in 

spleen preserving procedures or the potential impact of promising new treatment modalities such 

as checkpoint inhibitors and other immunotherapies in this context are limited by the absence of 

an easily adopted immunocompetent murine model of surgically resectable PDAC, that permits 

spleen preservation. These facts constitute the rationale for developing a syngeneic spleen-saving 

resectable model of PDAC, wherein various therapies could be tested, and the direct effects of 

surgery could be investigated. 

4.1.1 Orthotopic Pan02 injection into the tail of the pancreas represents a clinically-relevant 

resectable model of PDAC 

In our current model we decided to proceed with using the syngeneic line of Pan02 cells as they 

offered us the ability to use immunocompetent mice and develop predictable timelines, with the 

possibility of measuring metastases. Similar to the results described by Partecke, our Pan02 

tumours did lack some of the differentiation associated with clinical PDAC[20,53], but they did 

demonstrate 5 of 9 of the established histopathological associated with an invasive carcinoma 

(Figure 3). We determined that this model faithfully recapitulated a human PDAC tumour and 

could therefore be used to model a surgical resection. While murine models do exist that more 

accurately model PDAC, including the recent development of murine models with KRAS-

mutations - present in 100% of PDAC tumours -  that exhibit hallmarks of pancreatic cancer 

[48,173–176], unfortunately the variability of tumour development and progression make this 

model challenging for use in surgical studies. Some groups have attempted to develop cell lines 

from these mice, but the resulting tumours are either poorly differentiated, or demonstrate no 

ability to develop metastases and peritoneal carcinomatosis, which is frequent in late stage 

PDAC[174]. Syngeneic models of PDAC allow for predictable timelines, high reproducibility 

https://paperpile.com/c/dSkfGu/XSRj
https://paperpile.com/c/dSkfGu/9XYw+gEpE
https://paperpile.com/c/dSkfGu/iimK+Pndn+dutV+RyJQ+fj8t
https://paperpile.com/c/dSkfGu/Pndn
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and allow for the investigation of the immune system with tumours and therapeutics[53], which 

we found was true with Pan02 cells. These cells have been used in subcutaneous models, 

orthotopic injection as well as the use of a hemi-splenic metastasis model[58,59]. In our 

experimental model, direct injection of 1x10
4
 and 1x10

5
 Pan02 cells into the tail of the pancreas 

reliably resulted in the development of tumours 15-20 days post injection.  

The significant immune infiltrate observed in our orthotopic Pan02 models is reflective of the 

essential role the immune component of the PDAC TME plays in tumour progression[174]. 

While PDAC tumours tend to lack the high rate of effector infiltration characteristic of “hot” 

tumours, the role of the ratio of effector CD8+ T cells to Treg cells has prognostic value[69,83,84] 

. Unlike what is known from human patients[70], the large T cell proportion of the tumour tissue 

was highly infiltrated by both CD8+ and CD4+ subsets in equal proportions (Figure 6A). A 

closer examination of the CD4+ subset identified a large increase in Treg cells(Figure 6B), both in 

circulation and within the tumour itself is highly representative of the immunosuppressive 

environment stimulated by PDAC, which is a signature of the immune defects characteristic of 

tumour progression[177,178]. Taken together, where high CD8+ infiltration into the tumour is 

matched by an increase in regulatory T cells is indicative of a resident effector population 

capable of targeting the pancreatic tumour that has become exhausted and suppressed. 

Furthermore, upon further characterization of the CD8+ T cells infiltrating into the tumour, they 

demonstrate no increase in activation as measured by CD69 expression but have nearly doubled 

in the percent PD-1+ expression (Figure 6C). This increase PD-1 expression, normally a marker 

of early activation in anti-viral responses[179], is a marker of tumour-antigen specific CD8+ T 

cells with an impaired phenotype[180], and has been linked to lower responses to checkpoint 

https://paperpile.com/c/dSkfGu/9XYw
https://paperpile.com/c/dSkfGu/AJwa+J3pt
https://paperpile.com/c/dSkfGu/Pndn
https://paperpile.com/c/dSkfGu/oHmY+rRXB+wcB0
https://paperpile.com/c/dSkfGu/i4ZZ
https://paperpile.com/c/dSkfGu/G3aE+CTGj
https://paperpile.com/c/dSkfGu/ariO
https://paperpile.com/c/dSkfGu/fFQF
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blockade[181], especially when combined with the increased Treg levels. This data indicates a 

suppressed and exhausted phenotype present in the TME and spreading systemically.  

To further emphasize the suppressive phenotype of our orthotopic tumour immune 

microenvironment was the presence of infiltrating GR-1+ cells and macrophages (Figure 6E and 

F respectively). While markers alone cannot establish suppressive functionality, they are 

indicative of both MDSCs and TAM infiltration, which correlates to patient levels [62,178]. 

Unexpectedly these studies identified a large B cell infiltrate which although not yet 

characterized in  PDAC tumours is correlated with metastases in murine models of breast 

cancer[81]. Notably, tumour infiltrating B cells are characterized by the increased surface 

expression of PD-L1 and CD86[182,183] which was observed in our model (Figure 6G) provides 

a interesting opportunity to investigate the potential role of  Bregs in PDAC tumour progression 

and metastases. 

4.1.2 Surgical resection offers no survival benefit in a murine model of PDAC 

Unlike previous models of surgical resection of Pan02 tumours which do not enable the 

investigation of the immune component of PDAC[37,38], or employs the suturing of 

subcutaneous tumours to the tail of the pancreas which leads to an altered TME[36,53], we 

sought to determine the direct injection of syngeneic Pan02 cells into the tail of the pancreas 

could be surgically resected to recapitulate the state of PDAC being seen in the clinic. Our model 

of directly injecting tumour cells into the tail of the pancreas represents is well suited for 

investigating surgical intervention as it represents both pathological characteristics of disease and 

represents the immune TME. Our two cell volumes, 1x104 and 1x105 represent two different 

aspects of surgery - with 1x104 representing earlier stage PDAC and 1x105 representing later 

stage PDAC including borderline and locally advanced adenocarcinoma[184]. An important, 

unresolved debate is whether a splenectomy should be performed at the time of pancreatectomy, 

https://paperpile.com/c/dSkfGu/z6VX
https://paperpile.com/c/dSkfGu/ZCRH+CTGj
https://paperpile.com/c/dSkfGu/7z8H
https://paperpile.com/c/dSkfGu/vnlS+nDni
https://paperpile.com/c/dSkfGu/qmtn+SadQ
https://paperpile.com/c/dSkfGu/wM38+9XYw
https://paperpile.com/c/dSkfGu/eoRG
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or if splenic preservation should be preferred whenever possible. While certain groups indicate 

that en bloc procedures removing everything should always be performed to ensure negative 

margin resection and due to the proximity of the splenic vein and artery to the 

pancreas[185,186], other groups argue for spleen saving procedures when 

possible[46,72,187,188]. This recommendation is based on the improved post-operative 

outcomes due to the maintenance of immune surveillance and the limited blood loss during the 

procedure[39,72]. Limitations on the ability to save the spleen include metastasis, local spread, 

involvement of the vein and proximity of the tumour to the ilium. A direct investigation of this 

question in our model revealed that minimal residual disease outgrowth and metastases were 

found despite surgical resection (Figure 7) which correlates with clinical data wherein the 80% 

of patients that recur within two years of the operation are divided between local-only (27%), 

liver or lung only (24%) and multiple site recurrence (46%)[184].  Furthermore despite surgical 

resection of the primary tumour eventual outgrowth in both the pancreatic remnant and distant 

metastatic niches was evident at later time points in the majority of animals despite the absence 

of visible peritoneal disease at the time of  resection(Figure 10), though no metastases was 

observed in the lungs of our mice. Although histopathological examination of the spleen 

suggested impaired draining of the spleen the viability and basic functionality of the spleen was 

maintained suggesting the inability of surgical resection to improve survival or prevent tumour 

outgrowth is not due to impaired splenic function (Figure 9). This eventual relapse likely reflects 

early dissemination of tumour cells throughout the pancreatic remnant as has been previously 

noted in preclinical animal studies and the clinical setting. This model presents precisely the 

disease that we would want to target with therapies, the cases where surgical resection fails to 

provide a curative option. 

https://paperpile.com/c/dSkfGu/DBpU+Mtua
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To provide a proof-of-concept validation of the ability to use this model to investigate the use of 

therapeutics in combination with surgical resection we employed the whole cell vaccine GVAX, 

which is currently being explored in clinical trials[146]. While the addition of GVAX improved 

survival over surgery alone, there was still a non-significant decrease in the efficacy of surgery 

plus GVAX over GVAX therapeutics alone (Figure 11). This result is not unexpected as while 

surgery remains a necessary component of the treatment of solid tumours, it is known to create 

an immunosuppressive environment which allows for increased metastasis[116,150,152]. This 

result further emphasizes the need for models that accurately depict surgical resection of PDAC 

so that the timing, dose and full efficacy of combination therapies can be fully explored. 

4.2 Oncolytic vaccines are an ideal platform for treating PDAC 

A number of strategies aimed at harnessing the immune system are currently be explored for the 

potential treatment of pancreatic cancer including  CAR-T therapies, checkpoint blockade and 

vaccines [26,97,140]. Oncolytic viruses present an interesting  and relatively unexplored option 

for pancreatic cancer due to their ability to both selectively infect and replicate in cancer 

cells[189] and immune stimulating properties[109,190,191]. Encoding a TAA into the viral 

backbone can allow oncolytic viruses to act as cancer vaccines and are able to stimulate strong T 

cell responses against the antigen[109]. The heterologous prime boost approach utilizing an 

adenovirus prime and a Maraba MG1 boost promotes an immune response against the antigen 

rather than against the viral vectors[109,190]. PDAC tumours are known for having a thick 

stroma and highly suppressive immune component which makes many therapeutic agents. The 

OVax platform has the advantage over other oncolytics in that it does not require direct injection 

or infiltration into the TME, but instead relies on the activation of the immune system. When this 

platform was used against murine melanoma tumours, over 30% of T cells were found to be 
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stimulated against the xenoantigen DCT[123], and the platform has been used to target the 

privileged testis TAA MAGE-A3 in first-in-human clinical trials after demonstrating success and 

safety in non-human primates[125]. This platform represents an ideal immunotherapeutic that 

could be utilized in PDAC therapy, potentially in combination with other therapies including 

surgery. The TAA mesothelin was identified as a target for the platform due to its increased 

expression in most PDAC patient tumours and its limited expression in healthy tissues, as well as 

for the early clinical data seen with CAR-T cells and whole cell vaccinations. 

4.2.1 Immune tolerance against the self antigen mesothelin can be broken, resulting in 

measurable CD8+ T cell specific immunity 

4.2.1.1 Identifying mesothelin as a candidate TAA for the treatment of PDAC 

The heterologous prime-boost platform is well established oncolytic vaccine strategy capable of 

inducing strong anti-tumour responses[123,124]. However, these studies in mice and monkeys 

have thus far focused on the use of xenoantigens[123,124] or cancer testis antigens[125]. They 

also do not always translate to viable targets in PDAC, and thus a different antigen had to be 

selected. Tumour associated antigens are divided into 3 main types: (1) tumour specific antigens 

or neoantigens that arise from somatic mutations occurring within the cancer (2) cancer testis 

antigens like MAGE-A3 and NY-ESO-1 and finally (3) differentiation and/or overexpressed 

antigens[192]. Mesothelin has been identified as a potential target for vaccine therapy in PDAC, 

with whole cell vaccines, immunotoxins and Car-T therapies all being designed to target this 

antigen[140]. Following the work of Collela et al who targeted the self antigen tyrosinase related 

protein (Trp2) in mice and found that the self tolerance in place prevented the development of an 

effective anti-tyrosinase immune response[193], we decided that we would need to include a 

method for breaking immune tolerance to mesothelin. Steitz et al found that the fusion of Trp2 to 

the foreign antigen GFP in a viral backbone was found to be sufficient to break self tolerance and 
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induce an effective anti-tumour immune response likely through the engagement of CD4+ helper 

T cell responses[132] and through the induction of more efficient presentation on MHC 

molecules[131]. Therefore, GFP was fused to the full-length mesothelin in the priming vector of 

the prime-boost platform to break immune tolerance to the self antigen. 

The viruses and target cells were both found to express high levels of the TAA (Figure 15), and 

thus in vitro and in vivo characterization of the virus was performed. Interestingly, despite 

performing similarly with in vitro assays as the parental MG1 virus, MG1meso was found to be 

toxic at the published dose of 1e9pfu (Figure 16) and it was found that they could only tolerate a 

log fold lower dose of 1e8pfu. While the MTD has been established for MG1[129], the 

differences observed may be due to the age of the mice, and therefore the MTD may be lower for 

younger mice. 

4.2.1.2 Depletion of regulatory T cells is necessary to break immune tolerance 

The inclusion of GFP in the priming vector was not sufficient to break tolerance to mesothelin 

(Figure 17), and resulted in no observable T cell responses to published peptides[59,134]. The 

presence of Tregs is well known to limit the expansion and effector function of tumour-

reactive/self-reactive CD8+ T cells[194], and is therefore presented a likely target to uncover the 

response to mesothelin. Furthermore, other groups working with mesothelin have similarly had 

problems measuring T cell responses to the self antigen and have found that depleting regulatory 

T cells prior to vaccination broke immune tolerance and revealed CD8+ specific responses[59]. 

A similar regimen as proposed by Leao et al was performed to deplete regulatory T cells prior to 

vaccination and was found to be highly effective (Figure 18). Despite the depletion of regulatory 

T cells, vaccination with AdmesoGFP was still not enough to stimulate mesothelin specific 

CD8+ T cells (Figure 19). Therefore a positive control for the assay was sought, and was found 

in the GVAX vaccine – which relies on the secretion of GM-CSF in the presence of irradiated 
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tumour cells to stimulate an anti-tumour immune response[105]. With the addition of this 

positive control, we were fully able to investigate the validity of the peptides in the ICS 

experiments. Interestingly while AdmesoGFP-MG1meso vaccination produced an immune 

response that was limited to a single peptide, and produced a smaller proportion of mesothelin 

specific CD8+ T cells (2% vs 4%), the overall expansion of T cells in the presence of an 

oncolytic virus led to a similar total number of antigen reactive T cells (Figure 21). Furthermore, 

this response was characterized by 20% cytotoxicity at 18hrs post challenge (Figure 24), which 

was similar to the levels achieved by the established GVAX vaccine. 

4.2.1.3 Mesothelin specific T cells recognize target Pan02 cells 

Many immunotherapies focus on activating an immune response against cancer, and monitor the 

systemic immune levels[195]. An effective immunotherapy requires the direct recruitment of 

tumour-targeting immune cells into the tumour[195,196]. Tumours can avoid the recruitment of 

antigen-specific T cells through the downregulation of MHC presentation molecules, something 

that is observed in Pan02 cells at baseline (Figure 23A). The AdmesoGFP + MG1meso platform 

was able to elicit tumour specific CD8+ T cells responses (Figure 23C) and was able to recruit 

CD8+ T cells to the site of tumour challenge (Figure 25). The CD8+ T cells found to be 

infiltrating the site of tumour challenge could not be confirmed to be mesothelin- or tumour- 

specific due to limitations in the total number of cells and current measurement techniques. 

However, the significantly increased number of CD8+ cells over either other treatment indicates 

that this recruitment was treatment specific.  

Vaccination with the heterologous prime-boost platform targeting the self-antigen mesothelin 

was able to induce an antigen specific CD8+ T cell response characterized by IFNγ secretion and 

cytotoxicity once the immune tolerance had been broken. While this response was lower than 

those elicited by OVax encoding the xenoantigen hDCT[123], the mesothelin response translated 
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to an anti-tumour immune response that was defined by the increased recruitment of CD45+ cells 

to the site of tumour challenge, specifically with an increase in CD8+ T cells over the clinically 

used GVAX platform. 

4.2.2 Mesothelin does not represent an ideal target for the heterologous oncolytic vaccine 

platform 

4.2.2.1 The immune response stimulated by AdmesoGFP+MG1meso is not sufficient to provide 

protection from a tumour challenge 

Despite similar levels of mesothelin reactive T cells (Figure 21B), and a similar cytotoxicity to 

the whole cell GVAX platform, the AdmesoGFP-MG1meso platform did not provide protection 

beyond that achieved through Treg depletion alone (Figure 26B). The protective effects of  Treg 

depletion alone is well documented[197–201]. Furthermore, TGF-β secretion by Pan02 tumours 

converts CD4+ helper T cells into Tregs which is essential to their growth[202]. Leao et al 

performed an early treatment model of subcutaneous Pan02 and found that vaccination with 

GVAX alone was not enough to cure tumours but the addition of Treg depletion increased tumour 

free incidence to 60%, and therapeutic Treg depletion starting two days post tumour challenge 

was sufficient to reduce tumour incidence to 30% [59]. So, while the positive effect of Treg 

depletion on preventing tumour occurrence in 50% of mice was expected, the lack of increased 

efficacy of the prime-boost platform was unexpected. Of note,  the expansion of the population 

of target-reactive CD8+ T cells observed in response to the platform targeting hDCT was in 

excess of 30% of all CD8+ T cells[123] whereas the numbers observed in our mesothelin 

experiments were below 5% (Figure 21B). Nevertheless, the levels of mesothelin-specific CD8+ 

T cells were still similar to those of the whole cell vaccine which is being used in the clinic. This 

result was not cell line specific, and when two other mesothelin expressing cell lines were used 

(TH04 and MC38), no increase in efficacy was observed. Furthermore, Treg depletion alone was 
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sufficient to produce long lasting memory responses, attributed to the development of tumour-

specific CD8+ T cell responses (Figure 27). Further evidence that this memory response could 

not be attributed to an anti-mesothelin response was demonstrated through the re-challenge of 

long-term surviving mice with a different mesothelin-expressing cell line, where only whole cell 

vaccinated mice were able to resist re-challenge (Figure 35). 

To further demonstrate that the mesothelin specific CD8+ T cells stimulated through 

AdmesoGFP-MG1meso vaccination were not contributing to the 50% tumour rejection 

observed, a CD8+ depletion was performed post vaccination, but prior to tumour challenge. No 

difference in total mice protected from tumour challenge was observed in this treatment group 

(Figure 31B), though the importance of CD8+ cells in the speed of tumour development was 

noticeable (Figure 32). Interestingly while both CD4+ and CD8+ cells were found to be 

indispensable to earlier forms of the GVAX vaccine [203], in this model GVAX vaccinated mice 

were fully protected regardless of the status of CD8+ T cells, indicating an important role for 

either CD4+ T cells, B cells or NK cells in the observed protection. 

4.2.2.2 Primary and adaptive resistance in the Pan02 model 

Our search to understand why the prime-boost platform was ineffective initially settled on the 

immune escape through primary or adaptive resistance in the model [19]. Efforts to overcome 

this resistance has led to a new branch of immunotherapy – specifically that of checkpoint 

blockade which enhances pre-existing tumour immunity [19,204]. However, the upregulation of 

immune checkpoint molecules is by no means the only method of acquired tumour resistance and 

would not play a major role in the prophylactic setting. These include factors that make the 

tumour cells unrecognizable to T cells such as downregulation or lack of expression of MHC or 

B2M [167,168], lack of antigen, or loss of antigen expression[19]. Pan02 cells are known to be 

weakly immunogenic and have low expression of T cell and NK cell ligands[205], and we had 
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previously demonstrated that or tumours had a large immunosuppressive infiltrate and low 

expression of MHC class I on tumour cells in vitro (Figure 23A), which could be induced 

through activation using IFNγ. Without presentation of peptide on MHC I, T cells cannot 

recognize and kill tumour cells which could explain how the mesothelin-specific CD8+ T cells 

stimulated through AdmesoGFP-MG1meso vaccination were not effective in protecting mice 

from Pan02 challenge, despite their early recruitment to the site of tumour challenge. GVAX 

treatment, which proved effective was shown to not rely on CD8+ T cells, so the MHC I 

expression would not be relevant for that treatment. Contrary to what was seen in vitro, and what 

is observed in acquired resistance [19], MHC I expression increased over time in vivo, with a 

small increase observed after 3 days, and high levels observed at endpoint in all mice regardless 

of treatment group (Figure 28). This led to investigation of the other intrinsic method of avoiding 

T cell detection – loss of the targeted tumour antigen [19]. Whole cell vaccines, like GVAX or 

infected cell vaccines do not rely on previous knowledge of a targeted antigen or on a single 

antigen [59,155,164]. While targeted vaccine strategies require previous knowledge of an 

immunogenic antigen such as DCT in melanoma, they can result in very strong responses and 

antigen spreading [123]. They also leave themselves open to this form of acquired resistance. 

However, in the case of mesothelin the levels of mRNA expression of the antigen remained high 

at endpoint indicating that likely this was not the reason for the observed lack of efficacy. There 

is a limitation to this data in that while transcription levels can remain high there may be a 

deficiency in translation of the protein but without a working antibody this could not be 

explored. 

A second cause of primary and adaptive resistance comes from tumour extrinsic factors[19] 

including secreted factors and other cells within the TME. As we observed, the Pan02 tumours 
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were highly infiltrated with Tregs, MDSCs and a high proportion of B cells that may be 

immunosuppressive in nature (Figure 6). In PDAC patients these cells are associated with a poor 

prognosis[62,83,84] due to the secretion of inhibitory cytokines and the expression of regulatory 

biomarkers. Furthermore, these regulatory cell subsets are known to directly limit CD8+ T cell 

expansion, differentiation[206], and effector function[207]. In recent years these cells have 

become the target of a number of therapeutics to block their suppressive activity and deplete 

them from circulation. Their importance in patient disease progression is undeniable. The 

efficacy of many immunotherapeutics can be dimmed or completely hidden by the presence of 

Tregs and MDSCs, which could be a contributing factor to the lack of efficacy observed in the 

mesothelin-specific T cells targeting of Pan02 tumours. In our model Tregs are depleted prior to 

vaccination, and the result of this depletion is undeniable in the 50% protection that it provides. 

However, both MDSCs and the high B cell infiltration observed in naive tumours are still present 

at the time of tumour challenge. The in vivo depletion of both these populations in conjunction 

with the absence of Tregs at the time of tumour challenge did not unleash the anti-mesothelin 

specific immune response and no increase in efficacy was observed (Figure 30), so while they 

may be playing a role in tumour progression these cells are not contributing to resistance towards 

the AdmesoGFP-MG1meso platform. 

4.2.2.3 Increasing the proportion of mesothelin reactive T cells does not increase efficacy 

Boosting pre-existing mesothelin reactive CD8+ T cells resulted in a much larger proportion of 

TAA specific T cells up to nearly 11% of the total population (Figure 36C). In addition, while 

the proportion of CD8+ T cells capable of reacting to general PMA/Ionomycin in naive mice 

decreased over the three week period from 15% reactivity to below 4% indicating general and 

progressive dysfunction the mice receiving  an oncolytic virus treatment maintained the ability to 

secrete IFNγ (Figure 36 A-C). This correlates with the known ability to OVs to reactivate 
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suppressed immune cells as they respond to the PAMPs associated with a viral infection 

[190,208], however the established Pan02 tumour proved too difficult even for the GVAX 

platform which is fully capable of protecting mice from tumour challenge (Figure 37). Many 

therapeutics are unable to overcome the immunosuppressive TME present in established 

tumours. Furthermore, while anti-CD25 antibody is capable of depleting Tregs in circulation, it 

has been shown to be unable to deplete Tregs from within the TME[74].  

4.2.2.4 Mesothelin is not an ideal TAA for immunotherapeutic strategies 

The data presented in this thesis suggests that external factors are not the cause of the lack of 

efficacy of the prime-boost OVax platform targeting mesothelin. This leaves the possibility that 

the immune response itself - the 2% of CD8+ T cells targeting mesothelin - are not effective at 

protecting mice from challenge with tumours expressing mesothelin, which brings the selected 

antigen into question. Developing vaccines for effective anti-tumour immune responses requires 

the identification of an ideal TAA. Though highly mutated tumours, such as melanoma and lung 

cancer have many neoantigens, most TAAs on cancer derive from overexpressed self-antigens. 

The inherent problem that must be overcome when activating these immune responses is that of 

self tolerance - a natural and extremely important mechanism in our bodies. During early 

development, T cells that have successfully passed through positive selection in the thymus enter 

the thymic medulla and begin the process of negative selection[161]. This process involves the 

presentation of many self antigens on APCs, primarily medullary thymic epithelial cells, to the T 

cells and results in the deletion of strongly autoreactive T cells[161]. While this process is highly 

efficient and results in the elimination of over 90% of autoreactive T cells[209], the process is 

limited by the absence of privileged antigens - such as the testis cancer antigens - within the 

thymus, and also fails to eliminate T cells with a low affinity for self antigens[161,210]. This 

escape from the negative selection process is the reason that autoreactive T cells can be found in 
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the periphery of patients bearing tumours[210] and presents the possibility that these weakly 

reactive T cells could be activated to have anti-tumour activity. However the caveat is that 

despite their presence, these tumour-reactive T cells tend to because they have entered into an 

anergic state - which is a state of permanent T cell exhaustion - or ignore antigen positive cells 

present on the tumour due to inadequate affinity of self peptide for MHC class I molecules[210]. 

Anergic, or tolerant, CD8+ T cells lack distinct biomarkers making them currently difficult to 

identify in vivo. While they can be present in quite high numbers in many cancer types, due to 

their low-avidity TCRs these TAA-specific CD8+ T cells are unable to mount an effective 

adaptive immune response against TAA-expressing tumour cells[211]. The notable exception to 

this rule is that of MART-1, which has provided an effective target for many melanomas but also 

remains one of the few antigens that escapes negative selection in certain individuals during 

thymic development resulting in a large pool of high avidity T cells in circulation of healthy 

patients[212]. 

Mesothelin does not share this method of escape. Initial murine and clinical data provided  

through CAR-T[147] and GVAX combined with CRS-207 [146] indicate that there is a delay in 

tumour development but no increase in survival in PDAC. In fact, my data with GVAX indicates 

that the immune response observed was not reliant on the mesothelin-specific CD8+ T cells 

(Figure 31B), but rather on other populations stimulated through the GM-CSF secretion. In other 

murine models targeting mesothelin using a vaccinia virus platform, measurable mesothelin 

specific responses were observed in circulation but these once again did not translate to survival 

[213]. This is not limited to mesothelin but has been found with other self antigens as well. 

Grosso et al investigated the effect of tolerance towards antigens and found a role for Lag 3 in 
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inducing tolerance. When this pathway was blocked, an anti-target response was measurable but 

once again did not significantly delay tumour outgrowth over blocking Lag-3 alone[214].  

The work in this study has shown that while the oncolytic vaccine AdmesoGFP + MG1meso can 

induce an anti-mesothelin response characterized by IFNγ secretion and cytotoxicity towards the 

peptide, this does not translate to an effective protective immune response from Pan02 tumours. 

A limitation of my study is the inability to confirm that the CD8+ T cells responding to 

mesothelin have a strong affinity for tumour cells in vivo, and we could not test for the role of 

negative selection in removing high avidity and affinity T cells from circulation, nor did we test 

the ability of the mesothelin reactive T cells to protect a immune naive mouse from tumour 

challenge due to lacking a method for effectively sorting or expanding this population from 

mice. 

5 Conclusions 

PDAC is one of the deadliest cancers, and new therapeutics are needed. These therapeutics need 

to address all stages of PDAC, including resectable PDAC. My work clearly demonstrates the 

successful development of a murine surgical model of PDAC that recapitulates human disease, 

and which can be used for the study of multiple therapeutics including immunotherapies.  

Oncolytic vaccines represent a novel immunotherapeutic that takes advantage of the oncolytic 

potential of viruses and their ability to induce an inflammatory environment, all while presenting 

tumour associated antigens to the immune system[109,190]. Unlike whole cell vaccines, OVax 

require the selection of a specific TAA. I chose to focus on mesothelin as a TAA due to its high 

expression in multiple cancers, specifically in over 90% of PDAC cases[133]. Furthermore a 

number of murine studies have progressed to clinical trials with promising early 

results[108,215]. Using the established heterologous OVax platform with an Adenovirus prime, 
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and a Maraba MG1 boost, I was able to establish an CD8+ T cell population with mesothelin 

specificity only after breaking immune tolerance through the depletion of Tregs. Furthermore, this 

vaccination strategy translated to an anti-tumour immune response ex vivo and resulted in the 

recruitment of CD8+ T cells to the site of tumour challenge. However, this did not translate to in 

vivo efficacy, and the AdmesoGFP + MG1meso vaccination failed to protect mice challenged 

with mesothelin-expressing tumours above the protection provided by Treg depletion alone. This 

result was found not to rely on the tumour escape mechanisms evaluated, and the observed 

protection was not dependent on the CD8+ T cells produced through vaccination. Mesothelin 

does not represent an ideal target TAA for the OVax strategy, potentially due to its inherent 

properties as a self antigen which result in suboptimal CD8+ T cells present in circulation that 

are not capable of mounting an efficacious anti-tumour immune response. Future studies to 

further prove the self antigen theory would be to perform the same vaccination strategy in 

mesothelin knockout mice, where mesothelin would no longer be a self antigen and therefore no 

negative selection would have occurred on T cells during thymic development. If these mice 

were protected from tumour challenge, their CD8+ T cells could then be subsequently adoptively 

transferred into wild type mice to prove their efficacy at targeting mesothelin. Future OVax 

strategies should focus on the selection of neoantigens, viral antigens or privileged self antigens 

to avoid the need to break immune tolerance. 

6 Contributions of Collaborators 

Our collaborators at McMaster University (Drs Brian Lichty and Kyle Stephenson) kindly 

provided plasmids encoding codon optimized mesothelin and mesothelin fused to GFP for the 

development of the Maraba MG1 virus. They also provided the AdmesoGFP virus, which was 

produced and purified at McMaster University. 
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8 Appendices 

8.1 List of Antibodies  

Target Clone Application Company/Cat# Fluorochrome 

Β-Actin 13E5 Western Blot 
Cell Signalling 

Technologies 4970S 
NA 

Cas9 7A9 Western Blot diagenode C15200203 NA 

CD8α 

2.43 
In vivo 

depletion 
BioXcell – BE0061 NA 

53-6.7 

Flow 

Cytometry 

BD Biosciences 

562283 
PE-CF594 

53-6.7 
BD Pharmingen 

561109 
PerCPCy5.5 

53-6.7 
BD Biosciences 

553031 
FITC 

4SM15 IHC 
eBioscience 14-0808-

80 
NA 

CD4 

 

GK1.5 

Flow 

Cytometry 

 V450 

BD Biosciences 

553730 
PE 

EPR19514 IHC Abcam ab183685 NA 

CD3ε 

500A2 Flow 

Cytometry 

BD Biosciences 

557984 
AF700 

145-2C11 Biolegend 100326 PerCP 

Polyclonal IHC Abcam ab5690 NA 

CD45 30-F11 
Flow 

Cytometry 

BD Biosciences 

564225 
BV786 

CD11b M1/70 
Flow 

Cytometry 

eBiosciences 17-0112-

81 
APC 

eBiosciences 25-0112-

82 
PeCy7 
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CD11c HL3 
Flow 

Cytometry 

eBiosciences 12-0114-

81 
PE 

CD19 1D3 
Flow 

Cytometry 

BD Biosciences 

557399 
PE 

eBiosciences 11-0193-

81 
FITC 

CD20 SA271G2 
In vivo 

Depletion 
Biolegend 152104 NA 

CD25 PC61.5 

In vivo 

depletion 
BioLegend 102040 NA 

Flow 

Cytometry 
Biolegend 102006 FITC 

CD49b DX5 
Flow 

Cytometry 

eBiosciences 17-5971-

81 
APC 

CD69 H1.2F3 
Flow 

Cytometry 

eBiosciences 11-0691-

81 
FITC 

CD122 ™-B1 
Flow 

Cytometry 

eBiosciences 12-1222-

81 
PE 

CD137 IAH2 
Flow 

Cytometry 

BD Biosciences 

558976 
PE 

F4/80 T45-2342 
Flow 

Cytometry 

BD Horizon 

565411 
BV421 

Foxp3 FJK-16s 
Flow 

Cytometry 

eBiosciences 17-5773-

80 
APC 

GFP Polyclonal Western Blot Invitrogen #A-11122 NA 

GR-1 RB6-8C5 

Flow 

Cytometry 

eBiosciences 11-5931-

82 
FITC 

In vivo 

depletion 
BioXCell - BE0075 NA 

IFNγ XMG1.2 Flow eBiosciences 17-7311- APC 
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Cytometry 81 

Ly6C HK1.4 
Flow 

Cytometry 

eBiosciences 17-5932-

82 
APC 

Ly6G 1A8 
Flow 

Cytometry 
BD Horizon 562700 PE-CF594 

C-

ERC/Mesothelin 
308 Western Blot IBL 28127 NA 

MHC I (H2Db) 28-14-8 
Flow 

Cytometry 

eBioscience 11-5999-

82 
FITC 

MHC I 

(H2Db/H2Kb) 
28-8-6 

Flow 

Cytometry 
Biolegend 114605 FITC 

NK1.1 PK136 
Flow 

Cytometry 

eBioscience 17-5941-

82 
APC 

eBiosciences 12-0251-

81 
PE 

PD-1 J43 
Flow 

Cytometry 

BD Biosciences 

562571 
APC 

BD Horizon 565942 BV421 

TNFα MP6-XT22 
Flow 

Cytometry 
Biolegend 506324 Pe-Cy7 

VSV Polyclonal Western Blot Gift from Dr Ilkow NA 
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8.2  List of primers used in assays 

Procedure Target Sequence 

Viral Cloning 

Mesothelin with 

Mlu1 FWD 

5’ - 

TCATTTTAATTTGTTACGCGTTGTATGAAAAA

AACTCATCAACAGCCATCATGAGAAGAGATG

CCGAGCAG - 3’ 

Mesothelin with 

Mlu1 REV 

5’- 

AGTTTTTTTCATACAACGCGTTTAAAGCTTAG

ACAG - 3’ 

qPCR 

Mesothelin FWD 5’ - TCCTGAGTCCCTGATCCAGC - 3’ 

Mesothelin REV 5’ - TCACTGTGTCTGGTGAGGTC - 3’ 

qPCR 

Murine β-Actin 

FWD 

5’ - CCCTAAGGCCAACCGTGAA - 3’ 

Murine β-Actin 

REV 

5’ - GAGCATAGCCCTCGTAGAT - 3’ 

qPCR 

Murine GAPDH 

FWD 

5’ - GTGGAGTCATACTGGAACATGTAG - 3’ 

Murine GAPDH 

REV 

5’ - AATGGTGAAGGTCGGTGTG - 3’ 

qPCR 

Maraba FWD 5’ - GGTGATGGGCAGACTATGAAA- 3’ 

Maraba Rev 5’ - CCTAAGGCCAAGAAACAAAAGAG - 3’ 
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8.3 Sequences of viral inserts 

muMesothelin 

gaattcaagctgctagcgccaccatgagaagagatgccgagcagaaggcctgcccccctggcaaagaaccctacaaggtggacgagga

cctgatcttctaccagaactgggagctggaagcctgcgtggacggcaccatgctggccagacagatggacctcgtgaacgagatcccctt

cacctacgagcagctgagcatcttcaagcacaagctggacaagacctacccccagggctaccccgagagcctgattcagcagctgggcc

acttcttcagatacgtgtcccccgaggacatccaccagtggaacgtgaccagccccgacaccgtgaaaaccctgctgaaggtgtccaagg

gccagaagatgaacgcccaggctatcgccctggtggcctgctatctgagaggcggcggacagctggatgaggacatggtcaaggccctg

ggcgacatccccctgagctacctgtgtgacttcagtccacaagacctgcacagcgtgcccagcagcgtgatgtggctcgtgggacctcag

gacctggacaagtgcagccagagacacctgggcctgctgtaccagaaggcttgcagcgccttccagaacgtgtccggcctggaatacttc

gagaagatcaagaccttcctgggcggagccagcgtgaaggacctgagagccctgagccagcacaacgtgtccatggatatcgccacctt

caagagactgcaggtggacagcctcgtgggcctgtctgtggctgaggtgcagaagctgctgggacccaacatcgtggacctgaaaaccg

aagaggacaagagccccgtgcgggactggctgttcagacagcaccagaaggatctggacagactgggcctgggactgcagggcggaa

tccctaacggatacctggtgctggacttcaacgtgcgcgaggccttcagctccagagcctctctgctgggccctggcttcgtgctgatctgga

tccctgctctgctgcccgccctgagactgtctaagctttaagtcgac 

 

muMesothelin-GFP 

 

gaattcaagctgctagcgccaccatgagaagagatgccgagcagaaggcctgcccccctggcaaagaaccctacaaggtggacgagga

cctgatcttctaccagaactgggagctggaagcctgcgtggacggcaccatgctggccagacagatggacctcgtgaacgagatcccctt

cacctacgagcagctgagcatcttcaagcacaagctggacaagacctacccccagggctaccccgagagcctgattcagcagctgggcc

acttcttcagatacgtgtcccccgaggacatccaccagtggaacgtgaccagccccgacaccgtgaaaaccctgctgaaggtgtccaagg

gccagaagatgaacgcccaggctatcgccctggtggcctgctatctgagaggcggcggacagctggatgaggacatggtcaaggccctg

ggcgacatccccctgagctacctgtgtgacttcagtccacaagacctgcacagcgtgcccagcagcgtgatgtggctcgtgggacctcag

gacctggacaagtgcagccagagacacctgggcctgctgtaccagaaggcttgcagcgccttccagaacgtgtccggcctggaatacttc

gagaagatcaagaccttcctgggcggagccagcgtgaaggacctgagagccctgagccagcacaacgtgtccatggatatcgccacctt

caagagactgcaggtggacagcctcgtgggcctgtctgtggctgaggtgcagaagctgctgggacccaacatcgtggacctgaaaaccg

aagaggacaagagccccgtgcgggactggctgttcagacagcaccagaaggatctggacagactgggcctgggactgcagggcggaa

tccctaacggatacctggtgctggacttcaacgtgcgcgaggccttcagctccagagcctctctgctgggccctggcttcgtgctgatctgga

tccctgctctgctgcccgccctgagactgtctaagcttgccaccatggtgagcaagggcgaggagctgttcaccggggtggtgcccatcct

ggtcgagctggacggcgacgtaaacggccacaagttcagcgtgtccggcgagggcgagggcgatgccacctacggcaagctgaccct

gaagttcatctgcaccaccggcaagctgcccgtgccctggcccaccctcgtgaccaccctgacctacggcgtgcagtgcttcagccgctac

cccgaccacatgaagcagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcaccatcttcttcaaggacgacggc

aactacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacg

gcaacatcctggggcacaagctggagtacaactacaacagccacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtg

aacttcaagatccgccacaacatcgaggacggcagcgtgcagctcgccgaccactaccagcagaacacccccatcggcgacggccccg

tgctgctgcccgacaaccactacctgagcacccagtccgccctgagcaaagaccccaacgagaagcgcgatcacatggtcctgctggag

ttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagtaaaacgcgtgtcgact 
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