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ABSTRACT 

Radiotherapy is an effective localized treatment for targeting a variety of tumours and its effects 

may be partly mediated by the anti-tumour T cell response. While much is known about the 

mechanisms behind the DNA damage induced by radiation to kill tumour cells, little is known 

about how radiation specifically changes the immune landscape in the tumour and may 

potentiate anti-tumour responses, and even less about effective strategies to modulate that 

response.  

It is thought that radiation-induced cell death recruits dendritic cells (DCs) which are then able to 

present tumour neoantigens to CD8+ T cells, activating them and allowing enhanced T cell 

mediated killing of tumour cells. However, it is not known why this immune response fails to 

overcome tumour immune suppression in some situations and not in others, or how to best take 

advantage of this response for hard-to-treat cancers like mesothelioma. 

This study investigated and modulated the immune response to radiotherapy in vivo in a murine 

model of mesothelioma. It was hypothesised that after characterization of the T cell response to 

radiotherapy in mesothelioma, it would be possible to enhance local and perhaps even distal 

immune responses using checkpoint blockade immunotherapy. This involved optimizing a 

radiotherapy protocol in a dual tumour murine model, aided by the technological advancements 

in preclinical image guidance and precision irradiation equipment. 

Irradiated tumours were removed at sequential time points, together with corresponding 

draining lymph nodes, for analysis of CD8+, CD4+FoxP3-, and regulatory CD4+FoxP3+T cell 

frequency, plus co-expression of a selection of clinically relevant checkpoint blockade molecules 

- TIM-3, PD-1, CTLA-4, and OX40. 

Analysis of intratumoural and intralymphatic T cells revealed potential targets for immune 

modulation to radiotherapy. Mice were treated with monoclonal antibodies targeting each 
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immune checkpoint, to determine ability to increase the anti-tumour response associated with 

radiotherapy. Existing clinical data suggests targeting multiple checkpoints concurrently is a more 

effective strategy, and this study combined that approach with radiotherapy. Comparing the 

tumour growth kinetics of combination checkpoint therapy with radiotherapy allowed the 

investigation of whether any effects were synergistic or additive. Using both single tumour and 

dual tumour bearing mice allowed this study to address the questions related to local and off-

target (abscopal) effects respectively. 

The results presented in this thesis demonstrate a viable approach to clinically relevant 

radiotherapy delivery in a mesothelioma murine model. Additionally, we characterise a base-line 

immune response to an effective radiotherapy treatment dose, and that those responses change 

over time. Furthermore, this work provides the basis for future investigation into the effects, 

timing, and scheduling of radiotherapy to gain a better immune response and more efficient 

modulation. These findings lay the groundwork for establishing clinically relevant protocols 

surrounding the effects of checkpoint blockade immunotherapy given with external beam 

radiotherapy treatments in solid tumours. 
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1.1 Mesothelioma 

Mesothelioma is a carcinoma that arises from the layer of epithelial cells covering and protecting the 

body’s internal organs and various cavities, known as mesothelial cells (Mutsaers, 2004).  While 

mesothelioma can arise within any mesothelial layer, it is most commonly seen in the pleural cavity 

surrounding the lungs and chest wall (71-79%) resulting in malignant pleural mesothelioma (Pisick 

and Salgia, 2005a). In contrast, peritoneal mesothelioma accounts for approximately 10% of all cases, 

with much rarer pericardial and testicular mesothelioma making up ~1% and <1% respectively 

(Kindler, 2013; Lehnert et al., 2017; Suman et al., 2004).  

 

Best estimates place the incidence of mesothelioma at an average of fourteen thousand cases 

worldwide each year, with the United States, United Kingdom, Australia, and Italy holding the top 

positions for incidence (Park et al., 2011).  This cancer has an established attributable pathogenesis 

of asbestos exposure, confirmed in at least 80% of all pleural cases but most likely higher (McDonald 

and McDonald, 1996).  While regulation of asbestos has increased in Western countries, the 

combination of long latency periods (average 35 to 40 years) and the continued use in other parts of 

the world continues to make mesothelioma a global health issue (Leong et al., 2015; Robinson and 

Lake, 2005). 

Malignant peritoneal mesothelioma on the other hand is only unequivocally attributed to identified 

asbestos exposures’ in approximately 33% of cases, a lower percentage than malignant plural 

mesothelioma (Fasola et al., 2006). Unfortunately, due to the long latency period between exposure 
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and disease onset it can be difficult to track long histories of potential exposure over decades of life. 

The rest of this thesis will focus on malignant plural mesothelioma specifically. 

1.1.2 Biology / Clinical 

Patients with malignant pleural mesothelioma (MPM) often present with shortness of breath, pain in 

the chest or back, cough, weight loss, trouble swallowing and hoarseness (Bibby et al., 2016). Current 

guidelines for the diagnosis of MPM have been developed by the International Mesothelioma Interest 

Group (IMIG) and the International Academy of Cytology (IAC) and supported by the European 

Network for Rare Adult Solid Cancers and International Association for the Study of Lung Cancer, that 

require appropriate clinical, radiological and surgical (molecular and histological) findings to better 

support clinical practice, patient risk and prognosis, as well as research and clinical trials (Husain et 

al., 2013; Nicholson et al., 2020). Chest x-rays and CT scans allow for the radiological detection of 

abnormalities in the lungs, thickening of the pleura, fluid, and location and thickness of any tumours. 

Biopsy can then be performed to confirm the diagnosis and determine the mesothelioma histological 

subtype.  

There are three main histological subtypes comprising epithelioid, sarcomatoid and a combination of 

the two called biphasic (where each type compromises at least 10% of the tumour), the proportion 

respectively being approximately 60%, 20%, and 20% in presentation (Attanoos and Gibbs, 1997; 

Muruganandan et al., 2017). Epithelioid disease is the least aggressive, with sarcomatoid disease 

having the worst prognosis and biphasic disease an intermediate outlook. In addition to the 

heterogenicity of the tumours and of the sub-types, some have shown temporal heterogeneity, 

where during the course of the disease it may change histology (Vrugt et al., 2015). 
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Currently there is no known universal and specific somatic genetic component to mesothelioma. It 

has been shown that MPM has a relatively low tumour mutation burden and fewer recurrent 

mutations than other cancers – particularly when compared to other cancers arising from exposure 

to known external carcinogens (Guo et al., 2015).  

A 2005 review of literature by Pisick and Salgia found many genetic and pathway changes in 

mesothelioma cells and cell lines, but those changes were heterogenous and they determined they 

were not useful clinically (Pisick and Salgia, 2005a). However, since that time there are now a few 

known alterations worth noting. BAP1, CDKN2A, and NF2 are the most frequent mutated or missing 

genes, with single nucleotide variants commonly seen in DDX3X, LATS1/2, TERT, and TP53 (Bott et al., 

2011; Bueno et al., 2016). The most common genetic alteration seen is chromosomal losses; 

specifically, in 3p, 9p, and 22q, the respective locations of BAP1, CDKN2A, and NF2 (Borczuk et al., 

2016; Illei et al., 2003; Ivanov et al., 2009).  

The loss of a copy of chromosome 22, is an unspecific trend to mesothelioma and is shared by many 

other cancers including non-Hodgkin's lymphoma, breast, ovarian, prostate, lung and colon (Kerger 

et al., 2014). Continued work to discover new genes and targets that still lay hidden moves forward 

with advancement in modern molecular technology. Another form of genetic change that can induce 

oncogenic changes that is not always detectable by conventional gene sequencing is chromosomal 

rearrangements (Mansfield et al., 2019).  These changes in mesothelioma are not only a mutational 

signature but play a role in the immune system recognition of this disease and potentially might play 

a role in cancer formation.  

 

1.1.3 Treatment 
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MPM is treated based on a variety of characteristics, but for most patients this means a combination 

of different therapeutic modalities will be used– until recently, most commonly surgery, 

chemotherapy, and radiotherapy (McCambridge et al., 2018). This is a common approach for other 

thoracic cancers including lung & oesophageal cancers (Li et al., 2017; Tabchi et al., 2017). 

Immunotherapy is a new standard of care for mesothelioma, with publication of the seminal 

CheckMate-743 study demonstrating the efficacy of combination ipilimumab and nivolumab 

occurring after experimental work in this thesis was completed (Baas et al., 2021).  

1.1.4 Surgery 

Surgery for MPM has historically consisted of extrapleural pneumonectomy. This highly invasive 

procedure involves the resection of both the parietal and visceral pleurae, the pericardium, the 

ipsilateral lung, and diaphragm. In the last decade, however, there has been a move towards a less 

invasive approach conducting a pleurectomy/decortication, which only removes the parietal and 

visceral pleurae (Bueno and Opitz, 2018; Rice et al., 2011). 

Two variations of this modern procedure exist; the first known as the extended 

pleurectomy/decortication calls for the additional removal of the pericardium and diaphragm. The 

second known as partial pleurectomy, which is not used in a curative setting but rather to relieve 

symptoms in palliatively or to gather tissue for diagnosis (Rice et al., 2011). The role of surgery 

remains controversial, and outcomes of the MARS-2 trial will help clarify this for patients and 

clinicians (Lim et al., 2020). 

1.1.5 Chemotherapy 

Traditionally first line therapy for pleural mesothelioma comprised combination chemotherapy drugs 

cisplatin/ carboplatin and pemetrexed. While some patients had some short-term responses to these 
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drugs (41% partial response rate and median overall survival of 12.1 months), virtually all would go 

on to progress as the response was not durable (Vogelzang et al., 2003). 

In addition to dual immunotherapy, new advancements with immunotherapy given in conjunction 

with chemotherapy are under investigation, and are discussed further below, 

1.1.6 Radiotherapy 

Although irradiation of mesotheliomas is not particularly effective from a curative perspective, it is 

commonly administered with palliative intent or as an adjuvant therapy (Gomez et al., 2019). The 

palliative component helps controls symptoms, most commonly pain at secondary metastatic tumour 

locations. The adjuvant approach is used following total pleurectomy in the hopes to improve local 

tumour control (Stahel et al., 2015). It is also sometimes given prophylactically to prevent procedure 

tract metastasis. This is still a controversial usage case with some groups advocating for its use 

(MacRae et al., 2019), while others point to the lack of data supporting this strategy and prefer to 

monitor for signs before treatment (Arnold and Clive, 2017), a systemic review that found no 

indication of benefit for prophylactic procedure tract radiotherapy in malignant pleural 

mesothelioma (Bergamin et al., 2018).  

A more detailed look at how radiotherapy works, plus its impact on the immune system, can be found 

later in this chapter. 

1.1.7 Immunotherapy 
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Broadly speaking, anticancer immunotherapy encompasses any treatment that looks to utilize, 

manipulate, or engage the immune system to fight cancer. Examples of some of these types of 

treatments include (but are not limited to) vaccines, CAR-T cell therapy, and interferon therapy. 

In solid tumours, including mesothelioma, the greatest promise is found in immune checkpoint 

blockade antibodies. These compounds have revolutionized patient care for those with many 

advanced-stage cancers, with some of the best results in melanoma, bladder, renal, head and neck 

cancers, and non-small cell lung cancer (Akhbariyoon et al., 2021; Borghaei et al., 2015; Larkin et al., 

2015; Topalian et al., 2012).These antibodies can inhibit the activation of homeostatic negative 

feedback loops that have evolved to regulate the duration of normal immune responses and prevent 

autoimmunity – but are often co-opted by tumours via mutation.  A more detailed look at some of 

these studies in mesothelioma is described further in this chapter. 

Another immunotherapy strategy is CAR T cell therapy, where a patient's own T cells are collected 

and engineered to target cancer cells. This approach has had great success in some blood cancers but 

has struggled to replicate similar responses in solid tumour disease (Martinez and Moon, 2019).  

1.2 Tumour Immunology 

The field of tumour immunology has exploded over the past decade with advancements in treatment 

modalities that take advantage of the immune system, and an increased understanding of how other 

treatments interact with cancer at the immune level, either to enhance or abrogate the immune 

response. The first principles of the immune systems role in cancer development can be summed up 

by the “Three E’s” of immune surveillance. 
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1.2.1 Three “E’s” of Immune Surveillance 

Clinically the first evidence observed of an immune component to cancer was in 1891, when a patient 

with sarcoma presented with a post-surgery infection of Streptococcus pyogenes and went on to 

experience a complete regression of their cancer (Coley, 1891). This led to both live & dead bacteria 

being used to treat cancers, but the treatment proved quite toxic. However, one form of this 

treatment, bacillus Calmette–Guerin vaccine, is still used for superficial bladder cancer as an adjuvant 

therapy today. 

It was not until much later, in the 1950s, that the theory of “cancer immune surveillance” was 

postulated, but that field of research was largely ignored until the 2000’s (Burnet, 1957). In 2001, 

published research began the shift in immune-oncology that showed that chemically induced 

tumours grew more rapidly in immune-incompetent mice that lacked lymphocytes than in wild type 

mice. They also showed that double knockout mice for RAG2-/- STAT1-/-, lacking lymphocytes and the 

ability to respond to interferon gamma, spontaneously developed tumours (Shankaran et al., 2001). 

The authors were able to demonstrate that if those spontaneous tumours were transplanted into 

immune competent mice, the tumours were rejected 40% of the time. 

This led to the group outlining in 2004 their theory of tumour immunity known as the “three E’s” 

which consists of three steps; elimination, equilibrium, and escape (Dunn et al., 2004). While the field 

has advanced quickly in the last 16 years the theory is still accepted as a preface for understanding 

the interactions between cancer and the host immune system. 

1.2.1 Elimination 
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The first step is elimination, where transformed cells are destroyed by a competent immune system 

(Dunn et al., 2004). In this step, a range of host effector molecules such as interferon gamma, 

perforin, Fas/FasL, and TRAIL play important roles (Schreiber et al., 2011; Vesely et al., 2011).  

Type I interferons (IFN-α/β) are required for the early anti-tumour response, and act on dendritic cells 

to enhance cross presentation of tumour antigens to cytotoxic CD8+ T cells (Diamond et al., 2011). 

While type I IFN receptors are also found on granulocytes, macrophages and Natural Killer cells, these 

were not required for tumour rejection in the study, which lends support to the importance of T cells 

during the elimination phase. 

Another factor leading to early elimination of transformed cells relates to aneuploidy with special 

respect to tetraploidization. While this phenotype can contribute to oncogenesis, it has been shown 

that it also causes high activity in the endoplasmic reticulum stress response pathway, which in turn 

translates to abnormal cell surface markers leading to increased immunogenicity (Senovilla et al., 

2012). Furthermore, the mechanism of elimination for aneuploidy was dependent on both CD8+ and 

CD4+ T cells, as well as INF gamma and the INF gamma receptor. 

From the innate immune system, the role of Natural Killer cells has been shown to eliminate 

senescent tumour cells that expressed p53 in mice (Iannello et al., 2013). Activation of this pathway 

leads to the secretion of interleukins and chemokines that recruited Natural Killer cells to the 

senescent tumour site. A model of induced hepatocellular carcinoma was also able to show that 

premalignant senescent hepatocytes were cleared by specific CD4 T-cells and macrophages. By 
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blocking these immune cells, the senescent cells resulted in liver cancer development (Kang et al., 

2011). 

1.2.3 Equilibrium 

Tumour cells that can survive destruction by the immune system can then enter the second step 

relating to this theory, known as equilibrium. This phase is described as a balance between the 

immune response to these cells and their ability to evade immune-mediated destruction. This 

balance leads to tumour dormancy, or equilibrium, whereby the cancer remains present and has 

neither been eliminated, nor escaped to develop uncontrolled growth (Schreiber et al., 2011). 

Unfortunately, this phase is poorly understood from a mechanistic perspective - largely due to the 

lack of mouse models that exhibit this phenotype. A mouse model of methylcholanthrene (MCA)- 

induced fibrosarcoma was able to demonstrate the role of adaptive Th1-like immunity in equilibrium, 

and a follow up study in that same model showed that the process can be prolonged (Koebel et al., 

2007; Teng et al., 2012). This study also showed a that balance between interleukin 12, which can 

promote elimination, and interleukin 23, which promotes tumour persistence, was maintaining the 

equilibrium state in this model. 

In an investigation into the immune microenvironment profiles of this equilibrium state in mouse 

sarcoma, it was found that high proportions of CD8+ T cells, Natural Killer cells, γδT cells and low 

proportions of Natural Killer T cells, FoxP3+ Treg cells, and myeloid-derived suppressor cells were 

associated with maintaining equilibrium status (Wu et al., 2013). 
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1.2.4 Escape 

The last step in development of an established tumour is escape. This is defined as when the tumour 

has been able to establish an immunosuppressive microenvironment and is able to grow to clinically 

observable status. While specific events that lead to the escape of a tumour from equilibrium are still 

being researched, it is believed that immune editing occurring in the previous step acts as a selective 

pressure which aids in this transition. The loss of immune recognition through antigens or the ability 

of cells to present them, the increased expression of survival pathways, and/or development of 

immunosuppressive tumour microenvironment can all lead to the escape phase (Gajewski et al., 

2011; Mellman et al., 2011).  

As this section has described, the objective of immunosurveillance in cancer is to eliminate tumour 

cells. Cytotoxic T cells play a critical role in this function which is led by antigen-specific interaction of 

the T cell receptor (TCR)-CD3 complex but also mediated and controlled by costimulatory and 

inhibitory signals (Russell and Ley, 2002). Overcoming cancer’s ability to escape the immune system 

can be a valuable strategy in treating cancer moving forward. 

1.3 Checkpoint blockade therapy 

One of the many ways the immune system avoids attacking the host and overreacting to self-stimuli 

is by a collection of receptor and ligand binding known as immune checkpoints. These signals can 

down-regulate immune cells when interacting with self –tissue, or other immune-modulating cells, 

to turn off the immune response. In a normal healthy individual these pathways are critical in 

maintaining the balance of killing abnormal cells and avoiding autoimmune reactions. However, in 
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the case of cancer they can inhibit immune cells from effectively removing tumour cells - that are in 

essence still ‘self’. 

A new promising approach to cancer immunotherapy over the last half decade has been a treatment 

called checkpoint blockade immunotherapy for which Tasuku Honjo and James Allison won the 2018 

Nobel Prize in Physiology or Medicine. The strategy with this treatment is to use antibodies that bind 

and block these immune checkpoint receptors or ligands, thus temporarily giving the patients’ 

immune system a better chance of removing tumour cells. For some cancers, like melanoma and 

renal cell carcinoma, the clinical responses and survival outcomes have revolutionised treatment 

(Buchbinder, 2021; Stühler et al., 2020). 

Several clinical trials, both complete and ongoing, have treated mesothelioma with checkpoint 

blockade immunotherapy and more recently, checkpoint blockade immunotherapy plus 

chemotherapy. The clinical trial CheckMate 743 looked at combining anti- PD-1 and anti-CTLA4 and 

found significantly improved overall survival in all patients for combination immunotherapy versus 

standard combination chemotherapy. However, on closer examination, this outcome was mostly 

driven by the efficacy in non-epithelioid mesothelioma, showing no significant difference survival 

benefit to dual immunotherapy for patients with the more common epithelioid mesothelioma 

diagnosis (Baas et al., 2021). For chemo-immunotherapy, both the Australian DREAM trial and the 

USA PrE0505 trial combined standard care chemotherapy with anti-PD-L1 checkpoint blockade 

therapy and produced potentially favorable outcomes when compared to what might be expected 

from chemotherapy alone (Forde et al., 2020; Nowak et al., 2020). This is being further investigated 

in the international, randomised phase III DREAM3R trial of chemo-immunotherapy versus 
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chemotherapy. Dual checkpoint blockade therapy is now an approved treatment for mesothelioma 

patients but there is still more work to be done to increase the efficacy and to understand why some 

types of mesothelioma are more resistant and what biomarkers may enhance treatment selection.  

1.4 Radiotherapy 

Radiotherapy first became an option for cancer treatment in the early 1930’s (Lederman, 1981); fast 

forward to today where almost half of all cancer diagnoses can be treated with radiotherapy. 

Radiotherapy delivers ionizing radiation to cells, generating reactive oxygen species - resulting in 

single-strand DNA breaks, double-strand DNA breaks, and mutations through DNA insertions & 

additions (Amaravadi and Thompson, 2007; Rouschop et al., 2009).  Radiation-induced DNA damage 

results in cell cycle inhibition and, if the cells are unable to repair the damage, can further lead to 

tumour cell death through apoptosis, necrosis, and autophagy. The most common forms of ionizing 

radiation delivery are X-rays, γ-radiation, electrons, and protons  (Jhaveri et al., 2018).  

In addition to DNA damage, radiotherapy also induces bystander effects which can indirectly lead to 

more tumour cell death in two major ways.  First, by breaking up the tumour microvasculature 

radiotherapy can induce hypoxia, causing some cancer cells to starve and die. However, it can also 

create a selective pressure to stimulate a subset of tumour cells to metastasize, and induction of 

cancer stem (-like) cells that are more resistant to low oxygen environments and free-radicals, which 

subsequently makes them more radioresistant (Eckert et al., 2019).  

Secondly, radiation can increase tumour immunogenicity - making the cells more visible to the 

immune system. The stress and damage from radiotherapy causes the release of damage associated 
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molecular patterns (DAMPs), which induce the immune system to increase cytokine release, increase 

tumour-associated antigens presented on antigen-presenting cells, and stimulate t-cells  while also 

increasing the repertoire of T cells within the tumour (Ludgate, 2012; Sridharan et al., 2016; Twyman-

Saint Victor et al., 2015)  

The adverse effects of radiotherapy stem from the processes outlined above, when they occur in 

healthy tissue. This can result in undesirable effects such as associated inflammatory infiltrate that 

can cause mucositis, pneumonitis, and localized reactive changes (Bhakta et al., 2017; Turcotte et al., 

2017).  Radiotherapy can also cause long term side effects including changes to the stromal 

deposition, contracture, neoangiogenesis, and secondary malignancies (Berrington de Gonzalez et 

al., 2011).  The extent of both early and long-term effects is dependent upon on treatment site, 

fractionation, volume, and dose of radiotherapy.  

1.5 Abscopal Effect 

In very rare instances of radiotherapy at a targeted location it has been observed that tumours at 

distant locations from the treatment site also shrink. First reported in the 1950s (Mole, 1953), this 

off-target impact of radiotherapy is called the abscopal. Although these observations occur at a very 

low rate, the widespread use of irradiation to treat cancer has resulted in this phenomenon being 

consistently reported in case studies over the last few decades effect (Bramhall et al., 2014; Dagoglu 

et al., 2019; Ehlers and Fridman, 1973; Garelli et al., 2019; Guan et al., 2020; Kingsley, 1975; Stamell 

et al., 2013). More recently, a hypothesis has been developed towards the mechanism of action of 

the abscopal effect that depends on the immune system. The idea is that radiotherapy increases the 

immunogenicity of the tumour at the treatment side by increasing recruitment of immune cells, 
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increasing the availability of tumour neo-antigens to been seen through cell death, and disrupting 

the tumour microenvironment to allow the necessary cellular interactions to take place (Grass et al., 

2016; Rodríguez-Ruiz et al., 2018). These activated T cells can then expand and migrate, travelling 

through the body until they encounter tumour cells expressing a similar antigen profile, resulting in 

T cell mediated killing and leading to decreased tumour burden at distal locations. The main 

hindrance of this mechanism, and perhaps why it is so rare, is the many safeguards in place to protect 

the body from auto-immune attack, such as immune checkpoints (previously described). 

Furthermore, these cancers have already reached the ‘escape’ stage the of three E’s and have evolved 

to avoid destruction by the immune system. Retrospective studies in melanoma patients who 

received anti-CTLA4 and palliative radiation therapy suggests a better response in non-irradiated 

tumours but did not demonstrate this as a statistically significant finding, which adds to the need for 

more prospective studies and pre-clinical research (Chandra et al., 2015). 

Studying this phenomenon pre-clinically has proven difficult. Major limitations include the lack of 

clinically similar radiotherapy delivery systems that can both accurately treat the tumour site and 

allow for consistency between subjects. Fractionation of radiotherapy as per human radiotherapy is 

complicated by limited access of preclinical models for consistent and accurate multi-tumour 

modeling. Within the last six years great strides have been made both in pre-clinical models of cancer 

but also in technology for small animal irradiators with several companies coming to market with 

viable technological solutions to help understand these types of questions. 

By combining these murine models with new pre-clinical radiotherapy delivery and our modern 

understanding of the immune system, it is now possible to investigate and modulate the immune 
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response with checkpoint blockade immunotherapy to measure the impact of the abscopal effect in 

a variety of solid tumour mouse models. This thesis looks to set the groundwork for moving our 

understanding forward in these regards in both establishing practical protocols but also to gain insight 

into the baseline responses to these modalities in pre-clinical models of mesothelioma.  
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Chapter II: Methods 
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2.1 Mice 

The use of all mouse strains and in vivo experimental procedures performed was approved 

by the Harry Perkins Institute of Medical Research Animal Ethics Committee (AEC) and in 

accordance with the Australian code of practice for the care and use of animals for scientific 

purposes. The appropriate approved ethics application numbers in this thesis are AE068 and 

AE096. 

2.1.1 BALB/cArc and C57BL/6J mice 

Six to eight-week-old BALB/cARC or C57BL/6J female mice were obtained from the Animal 

Resources Centre (Perth, Australia) and maintained under specific pathogen free (SPF) 

housing conditions at Bioresources Animal Facility located at the Harry Perkins Institute of 

Medical Research (Perth Australia). 

2.1.3 Mouse transport 

Mice were transported for radiotherapy in 2017 until June 2018 to the Telethon Kids 

Institute at Roberts Road (Perth, Australia), and to the Telethon Kids Institute at the Perth 

Children’s Hospital (Perth, Australia) from July 2018 onward using vented animal shipping 

boxes. Mice were returned to the Harry Perkins Institute of Medical Research (Perth 

Australia) Bioresources Animal Facility following treatment. 
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2.1.4 Euthanasia 

When euthanasia was required, mice were anaesthetized with either methoxyflurane 

(Provet, Sydney Australia) or isoflourene (Provet, Sydney Australia) and then sacrificed by 

cervical dislocation.  

2.2 Cell Culture 

2.2.1 AB1 and AE17 Cell lines 

AB1 and AE17 are murine malignant mesothelioma lines generated respectively in BALB/c 

or C57BL/6 mice. These lines were developed in Western Australia by exposing mice to 

crocidolite (asbestos) intraperitoneally (i.p.). Following a latency period 35% of mice 

developed ascites, which cells were harvested from and maintained in culture.  AB1 and 

AE17 mesothelioma tumour cell lines shares many similar characters to their human 

counterpart, including low immunogenicity, variable and long latency, causative agent, and 

ultra-structural microvilli (Davis et al., 1992). 

2.2.2 AB1-HA 

AB1-HA is a murine malignant mesothelioma line that was created by stable transfection of 

the parental AB1 line with cDNA encoding influenza A hemagglutinin (HA) (Marzo et al., 

1999a). AB1-HA stably expresses the neoantigen HA on multiple passage in tissue culture 

and on inoculation into BALB/c mice (subcutaneous, intraperitoneal, and intrapleural) 

(Marzo et al., 1999a). 

2.2.4 Cell culture and maintenance 
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Each of AB1, AB1-HA, and AE17 tumour cell lines were maintained in RPMI-1640 

(Invitrogen™, USA) supplemented with 5% (v/v) foetal calf serum (FCS) (Invitrogen, USA), 48 

µg/ml gentamicin (Pfizer, USA), 60 µg/ml benzylpenicillin (Life Technologies, USA), 20 mM 

N-2-hydroxyethlypiperazine-N’-2-ethanesulfonic acid (HEPES) (Sigma-Aldrich, USA), and 

0.05 mM 2-mercaptoethanol (Merk, Kilsyth) pH 7.2 (R10). The AB1-HA cell line also included 

+ 400μg/ml Geneticin, G-418 Sulfate to maintain selection of the HA (Marzo et al., 1999b). 

2.2.5 Harvesting adherent cells 

Media was removed from culture flasks and cells were washed three times with PBS. 

Addition of 2.5 mL of warm trypsin solution (Invitrogen™, USA) was added to cells for 1 

minute at 37°C to detach monolayer from flask and then resuspended in media. Cells were 

washed by centrifugation at 1200 rpm for 3 minutes at room temperature. 

2.2.6 Cell counting 

Trypan blue based viable cell counts were performed using the Countess® automated cell 

counter (Invitrogen™, USA), as per manufacturer’s instructions. 10 µl of cell suspension was 

diluted in 10 µl of 0.4% trypan blue solution (Sigma-Aldrich, USA), mixed thoroughly, and 10 

µl of this the mixture was transferred to a countess chamber slide (Invitrogen™, USA), which 

was then inserted into the Countess® cell counter. 

2.2.7 Storage and resurrection of cell lines 

Cells lines were first counted and then frozen down for storage in complete culture medium 

containing 10% DMSO (Sigma-Aldrich, USA) and dispensed in 1 mL aliquots containing 6 * 
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10^ 6 cells into cryogenic vials (Sigma-Aldrich, USA). Vials were cooled gradually to -80°C 

using a Mr. Frosty™ Freezing Container (Thermo Scientific, USA) as per manufactures 

instructions, before transferred to long storage. 

Resurrected cells were removed from cold storage and thawed quickly at 37°C in a hot water 

bath before being transferred to a 15 mL Falcon tube (BD Biosciences). 7 mL of complete 

culture medium was then drip pipetted to a final volume of 8 mL slowly. Cells were then 

pelleted at 1200 rpm for 3 minutes and washed with 10 mL of culture media before being 

transferred to tissue-culture flask for culture.  

2.2.8 Tumour cell preparation for inoculation 

Cell lines were harvested as described above and washed three times with warm PBS. Cell 

and viability count were conducted and passages below 90% viability were discarded, with 

passages kept diluted in saline for injection. 

2.2.9 Subcutaneous flank inoculation and tumour volume estimation 

Cells were suspended in a concentration of 5*10^6 per mL, unless otherwise stated, in warm 

saline. Mice were shaved on the left, right, or both flanks and inoculated with 100 µL 

(5*10^5 cells) of suspension using 1cc x 29g x 1/2" syringes and needles. Mice were checked 

3 times a week and tumour growth were measured with microcallipers. Volume was 

estimated using the half rectangular prism calculation. 

𝑉 =
2𝑊 ∗ 𝐻

2
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Where volume (V) is measured in mm^3 by taking the twice the width (W) and multiplying 

it by the height (H) and dividing by 2. For animal welfare when a single tumour reached 245 

mm^3 the mouse was checked daily, and when combined tumour burden reached 1000 

mm^3 mice were euthanized, as per Animal Research Ethics Committee approvals. 

2.2.10 Randomizing Mice 

Mice were randomized into their treatment groups throughout this thesis using the “True 

Random Number Service” (Haahr, 1998). 

2.3 Radiotherapy 

Mice were transported to the Telethon Kids Institute (Perth, Australia) where the X-RAD 

SmART (Precision X-Ray, North Branford, CT, USA) was housed, for tumour irradiation.  Mice 

were first anesthetized with 5% isoflurane (Provet, Sydney Australia) using the SomnoSuite® 

Low-Flow Anesthesia System (Kent Scientific) and transferred to the radiation cabinet where 

ocular protection with eye gel was added to the mouse. Tape was used to limit mouse 

movement in the machine. CT scan was first taken using the pilot software and then dose 

planning was mapped to the resulting image for an image guided x-ray therapy in the SmART 

planning software. Full details of the protocol, strategy, and avoiding critical structures in 

the mouse can be seen in our paper submitted to JoVE and attached at the end of this thesis 

for step-by-step instructions. Radiation dose per tumour was dependent on the experiment 

and is mentioned in each chapter respectively. 
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2.4 Immunotherapy delivery 

Immunotherapy monoclonal antibodies for checkpoint blockade targets (α-TIM3, α-PD1, α-

OX40, and α-CTLA4) were all manufactured by BioXcell (USA). Exact products and clones are 

shown in Table 1 

Table 1 -Monoclonal Checkpoint Blockade Immunotherapy Agents 

Target Clone Catalog # 

anti-mouse TIM-3 (CD366) RMT3-23 BE0115 

anti-mouse OX40 (CD134) OX-86 BE0031 

anti-mouse CTLA4 9H10 BE0131 

anti-mouse PD-1 RMP1 BE0146 

 

α-CTLA4 was administered at a dose of 100 µg per mouse with a single treatment. α- PD-1 

and α-OX40 were both given in 3 doses, 48 hours apart, 200 µg per dose. α-TIM3 had the 

same treatment schedule using a dose of 100 µg. All antibodies were prepared in sterile 

saline and administered in a volume of 100µL via intraperitoneal injection using a 29-gauge 

needle. 

2.5 Flow Cytometry 

Following euthanasia, tumour and lymph nodes were surgically removed from mice and 

placed in sterile PBS.  To prepare for flow cytometry on excised tumours and draining 
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lymph nodes, tissue was first sliced into smaller pieces with scalpel blades to increase 

surface area before digestion. Samples were mixed with tissue digestion media made 

from 2.35 mL of serum-free RPMI 1640, plus 100 µL of ‘Enzyme D’, 50 µL of ‘Enzyme R’, 

and 12.5 µL of ‘Enzyme A’ from a Multi Tissue Dissociation Kit (Miltenyi Biotec) in a 50mL 

gentleMACS tube (Miltenyi Biotec). Samples were then placed on a gentleMACS™ 

Dissociator (Miltenyi Biotec) for 30 minutes at 37 °C with continuous rotation. Samples 

were then strained through a 70 µm nylon filter (Fisher Scientific) into Falcon 50mL Conical 

Centrifuge Tubes (Fisher Scientific), and the gentleMACS tube was rinsed with 15 mL of RPMI 

1640 and passed through the strainer.  

Cells were stained for flow cytometry by following the protocol from Biolegend to 

identify intracellular markers from their FOXP3 Fixation/Permeabilization Buffer Set (Cat 

# 421403), with markers shown in Table 2. Fixed cells were run on a 5-laser LSR Fortessa 

(BD Biosciences) and files were exported in to the flow cytometry standard (FCS) and 

analysis was conducted using FlowJo v 10 (BD) and the R programming language (R 

3.5.0). 
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Table 2- Flow cytometry Staining Panel 

Target Fluorophore Filter Clone Isotype# Catalog # 

Live / Dead BUV496 450/50 NA NA BL - 423107 

PD-1 BV711 710/50 29F.1A12 Rat IgG2a, κ BL- 135231 

OX-40 BV421 450/50 OX-86 Rat IgG1, κ BL- 119411 

TIM3 PE 582/15 RMT3-23 Rat IgG2a, κ BL-119703 

CTLA4 APC 670/30 UC10-4B9 AH IgG eB-17-1522-82 

CD45 BUV395 379/28 REA737 Rat IgG2b κ MB-130-110-

800 

CD3 BV480 525/50 17A2 Rat IgG2b κ BD 565642 

FOXP3 PECy7 780/60 MF23 Rat IgG2a, κ BD 563902 

CD4 BB515 530/30 RM4-5 Rat IgG2b κ BD 563726 

CD8 APC 780/60 REA601 Rat IgG2b κ MB-130-109-

330 

517032962 
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BL: BioLegend | MB: Miltenyi Biotech |BD: BD Biosciences |eB: eBioscience | AM Armenian 

hamster 

 

2.6 Statistical Analysis 

2.6.1 Sample Size & Power Calculations 

Throughout this thesis assumptions on power of the experiments addressed in the 

discussion in relation to sample size were determined in one of two ways. 

When effect size could be assumed, power was calculated based on Cohen's principles using 

G*Power (v 3.1.9.4) software maintained by Heinrich Heine University Düsseldorf (Cohen, 

1977; Faul et al., 2007). 

When effect size could not be assumed, or where experiments had no previous findings, the 

resource equation was used to determine power as it can be useful for finding any level of 

difference between groups (Festing, 2006; Festing, 2018). 

It is important to acknowledge the technical constraints on sample size due to the 

limitations on the number of mice that could be treated in a single day using the X-RAD 

SmART, with a maximum of 16-20 (based on experimental protocol) mice able to be treated 

per day limited group sample sizes. 
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2.6.2 Tumour Growth Kinetics 

One of the outcome measures for experiments in this thesis was in vivo tumor growth. 

Parameters measured within these experiments include time as a random variable, tumour 

size as a repeated measure, individual mice as a random variable, and treatment groups as 

a factor.  

Generic statistical solutions found in similar cancer growth studies for this type of 

comparison would be sub-optimal for the following reasons. ANOVA at endpoint suffers 

from missing important changes over time crucial for these experiments, has suboptimal 

power, and is sensitive to normality. Not necessarily that the normality assumption of 

residuals follow a normal distribution, which is true, but that the raw data itself. Conducting 

ANOVA and Kruskal-Wallis at each time point have the side effect of inflating the type I error 

rate, while MANOVA of the entire curve has limitations on missing values and suffers from 

suboptimal power (Heitjan et al., 1993). 

The method chosen to evaluate the growth changes in these experiments was a mixed 

model ANOVA Type 3, with a Kenward-Roger-method and estimated marginal means with 

linear mixed effects. This approach has been shown to have the closest to a type 1 error of 

0.05, and is accurate for small sample sizes (Luke, 2017). 

A normal linear model distribution is defined by a vector-valued random response variable 

(Y).  
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Y ∼ N (Xβ + o, σ2W−1 ) 

n is the dimension of the response vector, W is a diagonal matrix of known prior weights, β 

is a p-dimensional coefficient vector, X is an n×p model matrix, and o is a vector of known 

prior offset terms. The parameters of the model are the coefficients β and the scale 

parameter σ.  

In a linear mixed model the distribution is described as two vector-valued random variables, 

Y, the response, and B the vector of random effects.  

(Y|B = b) ∼ N (Xβ + Zb + o, σ2W−1 ) 

Where Z is the model matrix for the dimensional vector-valued random-effects variable, 

B, whose value is fixed at b. For the experiments conducted in this thesis the mixed linear 

effects were modeled such as the response, Y, and B the random effects can be considered 

as: 

TumourMeasurements ~ Time * Treatment + (1 | MiceVariation) 

This was programmed manually using the R programming language with the aid of the 

package lm4e (v1.1-21) to handle the linear mixed effects, afex (v 0.25-1) to do the factorial 

analysis, and emmeans package for the estimated marginal means (Bates et al., 2015; 

Russell Lenth, 2019; Singmann et al., 2019).  
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This custom script has been uploaded and made available for others to use publicly under 

the GPL license and can be cited Wesley Wilson “Tumour Growth Kinetics Analysis” (2019) 

DOI 10.5281/zenodo.3341720. A bibtxt file format is attached in the appendix of this thesis. 

2.6.3 Survival Statistics 

Mouse survival analysis was conducted based on tumour-related morbidity and was 

analyzed using the Kaplan-Meier curves and estimates of survival data approach developed 

by Edward L. Kaplan and Paul Meier (Rich et al., 2010). Graphs of these curves were 

generated using the survminer package for R (v 0.4.6) (Kassambara and Kosinski, 2018). 

Non-tumour related morbidity mice were sent for necropsy and biopsies sent to lab for 

pathology to determine cause of death in unknown situations. If morbidity was ruled to be 

not caused by experimental induced disease state or therapy delivered than mouse was 

excluded at timepoint from survival analysis.  

2.6.4 Reviewing radiotherapy treatment plans 

Treatment plans, structure volumes, and CT DICOM images were exported from the SmART 

Advanced Treatment Planning (1.0) from the radiotherapy suite and imported for review 

and analysis into 3D Slicer (4.2.10) (Fedorov et al., 2012). Reviewing dose plans post 

treatment was routinely conducted to verify no unintended structures were hit, and for 

calculations to compare dose plans between experiments. 

2.6.5 Comparison of Monte Carlo uncertainty 
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Identical treatment plans were calculated on identical tumour volume structures in the 

SmART Advanced Treatment Planning (1.0) software at 5 and 10 percent uncertainty for the 

Monte Carlo calculations. The structures, plans, and CT images were exported from the 

software and imported into 3D Slicer (4.2.10). Comparisons between the dose volume 

histograms were completed using the software package SlicerRT (Csaba Pinter et al., 2012). 

Student’s t-test was completed on the resulting dose volume histogram (DVH) lists 

generated from SlicerRT. Lists were then imported into the R programming language and 

graphed for visual representation of the two different calculations of the identical plans. 

2.6.6 Self-organizing Maps 

Self-organizing maps (SOMs) are a type of artificial neural network first described in the 

1980’s as a method for modeling brain maps, but they soon became better adapted as a 

data mining tool with over 7000 scientific articles written on the topic (Kohonen, 1982; Oja 

et al., 2003). 

SOMs are trained using unsupervised learning. In this sense the approach only requires the 

training data to contain features of the cells and the learning algorithm discovers the 

obscured structure and their relationships without previously knowing what types of cells 

they are (Baştanlar and Ozuysal, 2014). They differ from other artificial neural networks in 

that a SOM doesn’t learn by backpropagation with stochastic gradient descent.  

When a machine learning algorithm starts looking at features it gives them different 

weights, or importance, in the final algorithm. In order to get better results, artificial neural 
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networks tweak these weights by comparing an actual value with a predicted one, this is 

called a loss function. In order to minimize this loss function and achieving better target to 

prediction ratios in these networks we use an approach that randomly samples and shifts 

the weights of these features and optimize the weight to minimize error. The derivative of 

the error is called the gradient, and this approach is what is defined as gradient descent. 

The term stochastic comes from this process in neural networks using a particular cell in the 

data set to calculate the loss, compared to other machine learning approaches that might 

use batch gradient descent where the model uses the mean values from the entire data set 

to calculate the loss (Mahmud et al., 2015; Rojas, 1996). 

Backpropagation is a way of neural networks to find relationships in non-linear data by using 

feature crossing. This method of generating non-linear equations that fit allows for the 

conversion of non-linear problems to linear ones. In a neural network, these non-linear 

equations are handled through activation functions, and they are used at each level of the 

network and are stacked to represent the units of non-linearity. This is accomplished by 

recursively computing the gradient of parameters with the gradient of layers above it, 

starting from the end and working to the beginning (Rojas, 1996). This is where it gets it 

name backpropagation.  

Instead of this common approach to artificial neural networks a SOM uses competitive 

learning to adjust weights in neurons. In competitive learning neurons that are the same 

except for their weights compete and respond differently to a set of inputs. The outcome of 

this learning method is that individual neurons in the network become specialized in 
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detecting features based on a set of similar patterns (Kohonen, 1982; Lobov et al., 2020). 

This can be exceedingly helpful in uncovering the correlation in biological data and is the 

mechanism behind using artificial neural networks for dimension reduction by creating 

spatially organized representations (Kohonen, 2006). 

For this reason, SOMs have become a popular choice of machine learning approaches in 

bioinformatics. These approaches have been used as standard technique in mass cytometry 

data sets and more recently in the high dimensional data sets generated from single cell 

RNA sequencing experiments (Bilz et al., 2019; Jansen et al., 2019; Locati et al., 2019). As 

flow cytometry experiments begin to expand well beyond 7 colours, these high dimensional 

data sets become harder to analyze with traditional gating approaches. It becomes both 

time consuming and difficult to look at all combinations of markers and in practice not all 

combinations are examined leaving potentially useful information hidden and unexplored 

(Fear et al., 2018; Van Gassen et al., 2015). Using SOMs to analyze this high dimensional 

data can then reveal traits on populations of cells previously obscured and allow for greater 

exploration of datasets. 
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Chapter III:  Developing and optimizing 

preclinical model of radiotherapy in 

mesothelioma
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3.1 Introduction 

It has been over a century since Marie Curie won her second Nobel Prize for her research into 

radium and Wilhelm Conrad Röntgen discovered X-rays, but one hundred years later radiation 

therapy has become a staple of cancer treatment (Pfeiffer et al., 2020; Thompson et al., 

2018). Approximately 50% of cancer patients receive radiotherapy during the course of their 

treatment, with estimates that this approach contributes roughly 40% towards curative 

treatment (Barnett et al., 2009; Begg et al., 2011). Remarkably, radiotherapy only accounts 

for 5% of the total cost of cancer care - making it one of the most cost-effective treatment 

modalities (Ringborg et al., 2003).  

Advances in our understanding of tumours and cancer therapy over this century have been 

aided greatly by murine models. Thanks to these systems, our understanding of cancer 

genetics, tumour progression, and treatment efficacies (including radiotherapy) has grown 

exponentially. Traditionally, and even commonly at present, radiotherapy treatment of 

subcutaneous tumours in murine models has been delivered by shielding the body of the 

mouse with lead and exposing a tumour-bearing limb to a radiation source such x-rays or 

gamma rays (Harris et al., 2018; Morris et al., 2016). However, the standard of care in 

contemporary cancer treatment is image-guided radiotherapy - not commonly seen in the 

preclinical setting due to hardware and software limitations. While the change at the bedside 

has made radiation oncologists reassess their view on how to interpret linear quadric (LQ) 

models, and the biologically effective dose (BED) that high-precision radiotherapy has 

changed from conventional approaches(Shibamoto et al., 2012), these technical advances in 
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biological radiotherapy have not made their way fully into murine models. This limits the 

contemporary translational relevance of some pre-clinical work which can therefore 

fundamentally differ from the way human tumours are treated. 

In an attempt to solve this limiting component of pre-clinical radiotherapy work, new 

products for research have come to market. In this thesis, we have taken advantage of such 

new technology and for all in vivo radiotherapy experiments a state-of-the-art image-guided 

X-RAD Small Animal Radiation Therapy (SmART) platform was used. This allowed for focal 

irradiation that more mimics clinical radiotherapy and imaging, in order to develop a viable, 

reproducible, and clinically relevant protocol (Lindsay et al., 2014). This work used image-

guided dose delivery to the tumour site and engaged a high-dose delivery therapeutic X-ray 

source on a rotating gantry, with the treatment plan mapped to a 3D CT-generated image of 

the mouse. In this way, the dose planning was similar to clinical approaches. Software used 

in the clinic mapped to CT or MRI images compared to traditional non-mapped experiments; 

calculations were conducted using a Monte Carlo dose engine. Using Monte Carlo calculations 

to achieve accurate dose delivery in preclinical murine models has been independently 

accessed for accuracy in the literature, and it allows for savings in calculation time and 

hardware cost that makes this approach useful for pre-clinical irradiation research (Chiavassa 

et al., 2019). The ability to use multiple beams from different angles not only allows sparing 

of healthy tissue, but also resembles many of the modern radiotherapy machines used in 

clinic to treat tumours located in sensitive locations, e.g. the CyberKnife System 
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manufactured by Accuray, the Elekta by Axesse, or other clinical medical linear accelerator 

(LINAC) for image-guided radiation therapy (IGRT).  

However, before this machine could be harnessed to increase our understanding of 

radiotherapy in mesothelioma and the immune response, we first needed to develop a 

reliable working protocol in our mice and cancer cell lines. The preclinical tumour models 

used in this chapter to explore our outcomes, AB1 and AE17, are both well-characterized 

murine models of human mesothelioma. They behave similarly in vivo to human disease and 

have been shown to respond to other therapies such as chemotherapy and immunotherapy 

in a similar manner to human mesothelioma (Aston et al., 2019; Fear et al., 2018). While 

neither have been thoroughly investigated for responses to radiotherapy, these well-defined 

characteristics mean that they provide relevant models for our work in understanding 

mesothelioma’s response both locally and systemically to this modality of treatment. 

Additionally, our lab group has an in-depth understanding of both the growth kinetics and 

immune responses in these models (Creaney et al., 2015; Nowak et al., 2002). A key aspect 

of this prior knowledge is that a subcutaneous bilateral dual-tumour model implanted at the 

same time will grow symmetrically and will also respond to checkpoint blockade 

immunotherapy agents symmetrically in any individual mouse (Zemek et al., 2019). 

The aim of this chapter was to develop a tractable and relevant murine in vivo tumour 

experimental model in order to investigate the feasibility, efficacy and efficiency of using 

intensity-modulated radiation therapy on AB1 and AE17 mesothelioma tumours in vivo. I also 

aimed to determine baseline response to radiotherapy with escalating dose to targeted 
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tumours and the effects on survival when treating a single tumour in a dual tumour mouse, 

in order to optimise the model.  

3.2 Results 

3.2.1 Development of the radiotherapy delivery protocol using a small animal irradiator 

for sub-cutaneous tumours in a multi-tumour model 

Initially dose planning was set up as per manufacturers guidelines with a feet-first prone 

position (Figure 1A) of the mouse. However, this led to sub-optimal non-tumour tissue 

irradiation for our dual tumour flank model, including but not limited to exposure to the 

kidneys and bladder. An additional issue that resulted from this positioning was that in some 

combination of dual tumour growth positions the second untreated tumour might experience 

a small non-effective dose of radiation. The inconsistency in this while would not impact 

tumour growth is a sub-optimal dose planning to maintain the multi-tumour model as one of 

a secondary metastatic completely untreated distal environment. To combat this issue, a new 

protocol was developed to change the animal positioning in the machine and by placing the 

mouse in a right lateral recumbent position (Figure 1B| Figure 2). This allowed for complete 

sparing of the secondary tumour location as well as removing the risk to adjacent tissue from 

variability in the tumour location in the flank area of the mouse. 

This position allowed the subcutaneous tumour to be consistently positioned superiorly to 

the instrument stage, in addition to allowing gravity to move vital organs away from the 

treatment site (Figure 3 | Figure 4). The treatment plan was also informed by guidelines from 

studies in other cancer models for fractionation approaches combined with logistical 
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requirements of the radiotherapy delivery machine, ethical considerations for the mice, other 

pre-clinical radiotherapy doses previously published in other models, and availability of 

operational personnel (Dewan et al., 2009; Ramroth et al., 2016; Yoshimoto et al., 2015)  

The last protocol component was determining the optimal percent uncertainty for the 

Monte-Carlo calculations. Decreased uncertainly increases the accuracy of the dose to the 

target tissue when dose planning is also completed in an optimal way. However, the lower 

the uncertainty the longer the calculations take, which translates into leaving each mouse 

under sedation longer – a situation which is less desirable from an animal welfare perspective. 

The same dose plan, delivering 6Gy (two beams of 3Gy each) was calculated from the same 

CT images of a mouse at 5% and 10% uncertainty on an Intel® Xeon® Processor E5-2683 

processor, to determine if the changes would impact the desired dose at the target location. 

The results showed no statistically difference (p > 0.05) between 5% and 10% and thus 10% 

was chosen moving forward to minimize the duration of anesthesia (Figure 5).  

Full step-by-step instructions on the protocol developed to use this machine for our murine 

model can be found referenced in Chapter 2, as well as attached in the appendix of this thesis 

as an accepted manuscript to the methods journal JoVE. 
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Figure 1 Mouse positions. A) Feet first prone has the mouse on all four legs head straight with body B) Right lateral recumbent 
position, mouse is placed on its side with one front and one back leg on the stage and the other two resting on its own body. 
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Mouse positioning in machine 

Figure 2 - Mouse Position inside XRAD irradiator. Pictures show mouse anesthetized and lying on the stage in the right lateral 
recumbent position, with nose in nose cone for anesthetic delivery. Guide lasers are also visible for positioning the tumour in the 
detector field. 
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Figure 3 - X-RAD SmART small animal irradiator diagram. Image from manufacturer Precision X-Ray. Diagram for demonstration 
purposes only to visualize protocol. Complete manual on all parts and service available from Precision X-Ray 

 

 

 



42 

 

Dose Planning and Tumour Contouring 

 

Figure 4 –Dose Planning: Radiation dose plan for mouse in feet-first prone position, showing exposure to secondary structures in 
dose volume histogram. A-C) Show coronal, axial, & sagittal planes respectively for a mouse on its side with a contoured left flank 
tumour and a single isocenter targeted with two beams of ionizing radiation.  D) Axial view with material and density for air(black), 
adipose tissue (teal), muscle (green), soft tissue (beige), and bone (white). Primary tumour is contoured in purple; orange, green, 
and blue structures representing the secondary tumour, left kidney, and right kidney respectively in order to both visualize target 
structures, and areas to avoid in addition to provide accurate density calculations for determining dose. E) Dose volume histograms 
of treatment plan, demonstrating target tumour dose (purple) and sparing radiation of secondary structures (green/orange) 

.
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Figure 5 - Comparison of uncertainty in Monte Carlo method. Identical dose plans were calculated on the identical target tumour 
volumes. Plans were imported into 3D Slicer (4.2.10) and comparisons and analysis were made using the SlicerRT package. 
Student’s t-Test on the DVH lists demonstrated no statistical difference between 5% and 10% uncertainty (p > 0.05) in the Monte 
Carlo calculation with relation to the dose delivered to the tumour target (n=5). Monte Carlo calculations were performed on a. 
Intel® Xeon® Processor E5-2683. DVH graph represents single tumour volume target at 5% & 10% in a single mouse. 
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3.2.2 Radiotherapy effects on growth kinetics of murine mesothelioma in a dose 

dependent manner 

We investigated the effects of a range of radiotherapy doses on both AB1 and AE17 tumours, 

with the objective of empirically understanding the effects of radiotherapy on tumour growth 

kinetics in these murine mesothelioma models. Tumour cells were inoculated on the left and 

right flanks of BALB/cJ and C57BL/6 mice respectively at day 0 (Figure 6) as outlines in Chapter 

2 materials and methods. 

Mice were transported to Telethon Kids Institute (WA, Australia) for radiotherapy treatment 

as per the protocol described in Chapter 2 materials and methods. Mice were randomized 

into four groups receiving either 3 fractions of 3Gy (n = 7), 6Gy (n = 8), 9Gy (n = 7), or 0Gy (n 

= 8) of x-ray radiation to their left flank tumour at 24-hour intervals (Figure 6). Control 0Gy 

dosed mice were transported to the same facility with treated mice and, in order to serve as 

a sham radiotherapy control, were anesthetized for the same period of time as treated mice 

and exposed to identical environments throughout the experiments.  

AB1 tumours (BALB/cJ mice) showed a dose response to radiotherapy. There was no 

detectable difference in tumour growth when comparing the 0Gy control to the 9Gy total 

dose (3 fractions / 3Gy) (p= 0.447) (Figure 7). However, a difference was observed in 

decreased tumour growth when increasing the radiotherapy dose to either 18Gy (3 fractions 

/ 6Gy)(p< 0.001) or 27Gy (3 fractions / 9Gy)( p< 0.001) when compared to the 0Gy control  

However, there was no statistically significant difference in growth curves when comparing 
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18Gy to 27Gy (p=0.224) (Figure 7).  Doses of 18Gy and 27Gy provided a small survival benefit 

for some mice over no treatment up to 10 days, however p=0.29 when looking at 50% of the 

mice compared to 0Gy treated mice in these groups (Median survival 27.5 days  (18Gy) and 

29 days (27Gy) vs 25 days (0Gy;)) (Figure 8) but ultimately all mice were culled due to reaching 

the maximum acceptable combined tumour size, with the untreated right flank tumour 

contributing to the total tumour size that was ethically acceptable 1000mm^3 as per our 

approved animal research ethics application. 

To further investigate the survival benefit and growth delay resulting from radiotherapy, 

BALB/cJ mice were inoculated with a single AB1 tumour to their left flank and treated in the 

same groups as described. While this experiment was underpowered due to logistical issues, 

9Gy showed no survival benefit to 0Gy, and 18Gy & 27Gy showed a survival benefit due to 

the smaller tumour size in these groups when compared to either non-treated controls or 

9Gy treated groups (p = 0.018) (Figure 9). 

This experiment with single tumours was repeated using the AE17 tumour model in C57BL/6 

mice. While underpowered, it demonstrated two trends. The first was a noticeable dose 

response (Figure 10) showing decreased rate of growth with increased radiotherapy dose 

when using the same measurement techniques as previous experiments for 18Gy and 27Gy. 

The tumour growth curves also suggest that this model is more radioresistant than the 

AB1/BALB/cJ model as no mice showed tumour regression at any radiotherapy dose.  
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Experimental design with models and dosing plan 

 

Figure 6 - Experimental setup & plan) Mice were inoculated with AB1 mesothelioma in left & right flanks on day 0. On Days 
11,12,and 13, left tumours were treated with either 3 fractions of 0, 3, 6, or 9Gy. Mice were then monitored for tumour free 
survival. 
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Figure 7 - Dose response curves for BALB/cJ mice inoculated with AB1 mesothelioma cells to their flank. Mice were treated with 
radiotherapy on day eleven, twelve, and thirteen post inoculation with either 0 (black), 9Gy (blue), 18Gy (green), or 27Gy (purple) 
delivered in three fractions with an image guided intensity-modulated radiation protocol created in the X-RAD SmART. 18 & 27Gy 
showed statistically significant delay in tumour growth compared to both the control (sham-irrated) 0 & 9Gy (p = 0.022, p= < 0.001 
respectively). There was not a statistically significant difference between 0 & 9 (p= 0.447) or 18 & 27 Gy (p=0.224) Gray bands 
represent standard error. (9 & 27Gy n = 7, 0 & 18Gy n=8). Stats by mixed linear model Type 3 Anova KR 

 



48 

 

 

 

Figure 8 – Survival of four groups of randomized mice treated with either 0Gy (0Gy x 0) (n=7), 9Gy (3Gy x 3) (n=6), 18Gy (6Gy x 3) 
(n=\6), or 27Gy (9Gy x 3) (n=7). The growth of the secondary untreated tumour led to most tumour related mortality and no 
treatment dose gave a statistically significant survival benefit to the mice (p = 0.29). Log rank test for survival. 
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Figure 9 – Single tumour mice (n=4) 9Gy (3Gy x 3) showed no statistically significant survival benefit over sham radiotherapy. Both 
18Gy and 27Gy showed a survival benefit in this model (p=0.018) over sham-irradiated controls. Log rank test for survival 

 

. 
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Figure 10 - C57BL/6 mice inoculated with AE17 mesothelioma cells treated with 0Gy x3 as the control (n=3), 9Gy (3Gyx3 n=3), 
18Gy (6Gy x 3, n=3), 27Gy (9Gy x 3, n=3). No detectable difference was observed between 0Gy and 9Gy on tumour growth kinetics. 
18Gy and 27Gy did show a significant difference (p < 0.05) but overall underpowered. Gray bands represent standard error. 
Statistics by mixed linear model Type 3 Anova KR 

 

 



51 

 

 

3.2.3 Effect of tumour size at start of treatment on response to irradiation 

During the course of the dose response experiments in BALB/c mice it became evident that 

there was variation in the tumour response within a treatment group. The protocol we 

developed considered small tumour size less than 6mm^3 as being non-viable for treatment 

because it was unclear whether tumour implantation would be successful in our model at 

that small size. However, there was no upper limit on tumour size to begin radiation in this 

protocol and it was important to optimize the protocol; hense to determine what tumour size 

was optimal in order to accurately interpret the results of future experiments. 

When investigating the AB1 tumours (Figure 11) for size effects, “big” tumours were defined 

as any tumour larger than 40mm^2, and small tumours as anything smaller. Tumours which 

were larger at the time of the first radiotherapy dose appear more radioresistant than smaller 

tumours based on this data in this model in both 18Gy & 27Gy doses (p < 0.05).  

The AE17 tumours from 3.2.2 grew more uniformly, and there was not enough size variation 

within any particular treatment group to make the same comparisons. Speculation on what 

those results might look like are explored in the discussion. 

 



52 

 

 

Figure 11 – Small AB1 tumours <40mm^2 (n=3) lead to an increased in response to radiotherapy at the same dose (18Gy) 
compared to big AB1 tumours >40mm^2 (n=5) p < 0.05 , Gray bands represent standard error. Statistics by mixed linear model 
Type 3 Anova KR 

   

 



53 

 

 

3.2.4 Evaluating radiotherapy-only abscopal effect in AB1 mesothelioma 

In order to properly characterize the abscopal effect in our mesothelioma dual tumour model 

such that it could be explored and modulated in future experimental planning; it was 

necessary to gain an insight into the baseline response in contralateral tumour response to 

targeted tumour treatment. 

In the 9Gy treatment group, no response was detected in either tumour compared to the 

controls (p > 0.05) - thus this dose was not investigated further (Figure 7). A total dose of 27Gy 

proved to be too effective to detect an improvement in local response, therefore 18Gy was 

chosen as our radiotherapy dose going forward (
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3.3 Discussion  

Determining the most effective approach to delivering radiotherapy to subcutaneous tumours in our 

model was a critical step in answering our underlying questions of this thesis. The results of this 

chapter solve the largest unknowns to delivering treatment pre-clinically and understanding the 

response in our chosen cancer models. The results from this chapter suggest the response to tumour 

irradiation is similar to other modalities of treatment, in that response is dependent on both 

treatment dose and size of tumours when treatment is commenced (Takahashi et al., 2017; Zemek 

et al., 2020).  This chapter also optimizes the timings and dose in our protocol moving forward that is 

best suited to answer the questions this thesis poses. 

3.3.1 Establishing a radiotherapy treatment protocol 

At the time of this study, delivery of radiotherapy to a subcutaneous flank tumour in a dual tumour 

mouse while sparing the contralateral tumour, using the X-RAD SmART was not yet optimized by our 

team or others. The results from this chapter demonstrate the approaches taken to develop an in 

vivo approach to delivering targeted ionizing radiation to the mesothelioma model for the purposes 

of studying the immune response. 

The majority of pre-clinical subcutaneous cancer radiotherapy studies are conducting by shielding the 

animal and exposing a limb or location to a single static radiotherapy source such as a single x-ray 

beam or gamma radiation source (Morris et al., 2016; Takahashi et al., 2017). This presents a number 
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of issues when trying to replicate the clinical environment and additional challenges when specifically 

looking at immune responses to tumours induced by radiotherapy.  

One of the major issues is that the tumour does not receive an even dose of radiotherapy. A single 

radiation location translates to the part of the tumour closest to the source receiving a higher dose 

of radiotherapy than tumour farthest away from the source as the radiation is absorbed by the 

tumour as it passes through. This creates an additional issue of accurately calculating the dose the 

tumour is receives, as it becomes less precise to then calculate the amount of ionizing radiation 

absorbed by soft tissue on the way to the tumour (skin & subcutaneous fat). 

The second problematic issue with irradiating an entire limb of non-target tissue for these studies are 

the non-tumour specific immune response from healthy tissue and vascular damage in the whole 

limb. This might add non-clinically relevant off-target effects and toxicities to combination therapies, 

or mask tumour-specific responses of immune cells by increasing systemic inflammatory responses. 

Using image-guided, clinically relevant equipment helps avoid these issues, but the XRAD instrument 

and corresponding software still have technical limitations and issues in application that need to be 

optimized for the specific experimental purpose. The version of the Pilot software supports several 

positions for the animal, however, there is a known issue (as of the version of the software used in 

this thesis) with accuracy of dose delivery when using settings other than feet-first prone. This issue 

was overcome by passing the parameters to the CT scanning & radiotherapy delivery software in a 

manner that indicates the mouse was always in feet-first prone position - even though it was in a 

right lateral recumbent position (Figure 1). This required taking larger custom CT volume scans than 
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the pre-set defaults, then cropping the Digital Imaging and Communications in Medicine (DICOM) 

images to the area of interest in the dose planning software. 

The final logistical issue to consider is time. The time it takes to anesthetize a mouse, transfer the 

mouse to the XRAD cabinet, conduct the CT scan, plan dose to the tumour, calculate the dosage, and 

finally deliver the radiation is a limiting factor in how many mice can be treated in a day, thus limiting 

sample sizes and the number of experimental groups. One area we were able to save time was by 

increasing the uncertainty in the calculations. We explored using 2, 5, and 10% uncertainty in the 

Monte-Carlo dose calculations on an Intel® Xeon® Processor E5-2683 processor and found that the 

decrease in uncertainty did not create significant differences in dosing but did increase the speed at 

which calculations could be performed in this model. This results in an increase in the amount of mice 

that could be treated in a single day. This then translates into greater power in the experiments by 

decreasing the size of change statistically detectable. It has both practical applications to logistical 

experiment planning and animal ethics implications through reducing mouse numbers by not 

requiring additional mice for additional control groups if the experiments were split into more 

cohorts. The final optimized protocol is attached in the appendix as a paper submitted to methods 

journal JoVE. 

3.3.2 Radiotherapy dose response in mesothelioma models 

The heterogenous nature of one cancer model to another translates into differences in response to 

treatments even within the same disease. For this reason, it is often said that curing cancer in one 

pre-clinical model is the equivalent of curing a single patient, and that any new treatment should be 

demonstrated in multiple models where biologically available (Day et al., 2015). While no data 
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currently exists for targeted radiotherapy response in our models of choice, we were able to structure 

the fractionation method for response in the primary tumour informed by previously published data 

in AB12 mesothelioma and 67NR mammary carcinoma, which both responded to a 3-day 

fractionation schedule (Habets et al., 2016; Wu et al., 2015). 

From the literature, in other cancer models tumour responses were observed from as low as 5Gy in 

a single fraction, while some laboratories did not observe a response in their models until 24Gy (3 x 

8Gy) (Habets et al., 2016; Takahashi et al., 2017; Wu et al., 2015). With this knowledge, my 

experiments were designed to study tumour responses in a range of doses split into 3 fractions, 

namely 9, 18, and 27Gy.  

Tumours that received either sham radiotherapy or 9Gy (3 x 3Gy) radiotherapy did not show any 

detectable change in tumour growth kinetics in either model, AB1 or AE17. This suggests that the 

dose was not high enough to impact the tumour cell cycle. Even if a dose was inadequate to kill 

tumour cells and result in a decrease in tumour size, if the DNA was damage was high enough a lag 

in growth would be expected as the cell cycle arrested for DNA repair. Since no lag phase was 

observed after treatment we can conclude that these cells are either able to quickly repair the small 

amount of damage incurred by this dose at a rate that makes it negligible or that this dose was 

capable of inflicting the type of damage that leads to detectable cell cycle arrest or death. 

An additional experiment was planned to explore cell cycle arrest and repair of the mesothelioma cell 

lines in vitro, using a tagged uracil analogue (BrdU) and flow cytometry, but that there was not time 

to implement this due to restricted access to the specialized equipment required when the facility 

was transferred to a newly built hospital. This experiment would have given us a more fundamental 
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understanding of the DNA damage and response pathways to radiation in each of the cell lines in a 

controlled environment without vascular protection and immune sensitivity. 

In comparison, both 18Gy (3 x 6Gy) and 27Gy (3 x 9Gy) resulted in a growth delay and tumour 

regression when compared to either untreated or 9Gy in the AB1 BALB/cJ model. This suggests that 

both of these doses met the threshold for causing cell cycle inhibition and irreparable DNA damage 

leading to cell apoptosis. Treatment with 27Gy resulted in more tumours that were no longer 

detectable in the dual tumour mice than the 18Gy treatment group, and for this reason 18Gy was 

chosen as the standard dose moving forward as we could identify an effect from local radiotherapy, 

but additional growth delay or an increase in the proportion of cures as a result of adding 

immunotherapy could be more detected more accurately. 

AE17 did begin to show a dose response with a delayed growth response post-treatment, however 

the numbers of mice in that experiment left it underpowered for meaningful statistical analysis. The 

experiments could not be repeated due to unexpected extensive downtime in the radiotherapy 

delivery system for repairs. When the XRAD came back online, we chose to prioritize moving further 

in a single model (AB1) than go half as far in two models. While it has been shown in the past that 

C57BL/6 mice are more radioresistant, exploratory analysis did not find any differences in blood 

enzymes associated with antioxidant defences, or differences in bone marrow stem cell genotypes 

(Hanson et al., 1987) There are still three underlying concepts that could be behind the less 

radiosensitive nature of this model. The first is that C57BL/6 mice could simply have more efficient 

DNA break repair response or increased gene expression of those genes that allow them to recover 

from this modality of damage. The second could be that this specific tumour line AE17 has developed 
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an independent resistance to ionizing radiation that synergizes with the intrinsic resistance in the 

mouse model. The third might be related to tumour size differences.  

3.3.3 Size dependent effects 

The effect of radiotherapy in relation to size of the tumour was seen following doses of both 18Gy 

and 27Gy in AB1 tumours (Figure 11). This decreased response in larger tumours has been observed 

in this model for other modalities of treatment including chemotherapy and checkpoint blockade 

immunotherapy in our lab. I would hypothesize that this is due to larger tumours having an increased 

ratio of proliferating tumour cells to immune effector cells in the therapy area. This hypothesis could 

hold true for radiotherapy resistance mechanisms in larger tumours as well. One of the main 

purposes of fractionating radiotherapy is to spread the dose at different temporal points to capture 

more cells in division and therefore damage their DNA. In larger tumours there are more tumour 

cells, which means there are more of them not dividing at any given time increasing the chances of 

escape. In addition, immune bystander effects with radiotherapy have a smaller t-cell to tumour cell 

ratio which might require more time to see the effects, which this study could have missed due to 

tumour burden in the mice reaching endpoint. Size related radioresistance has been previously 

documented (Jang et al., 2021; Shipley et al., 1975). 

It is this last point that provides justification for future experiments examining immune responses in 

the context of either dual tumour burden or single tumour experiments, to answer these questions 

specifically.  
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Size plays a possible role in the comparative radioresistance of AE17 as compared with AB1. When 

examining the same dose at same time point between the models and controlling for size, it does 

appear that AE17 is more radioresistant. However, we did not measure the tumours before treatment 

in 3D space and as mentioned in the methods and materials used a 2D sampling to extrapolate 

volume before transporting mice to receive therapy. This could introduce error in accuracy on 

measuring smaller tumours that are seeded deeper in the tissue. C57BL/6 mice contain more 

subcutaneous fat, this allows the tumours to expand inferior to the skin surface and deeper in the 

tissue before meeting resistance and presenting larger and more superior on the surface as shown 

by CT scans than its BALB/cJ counterpart which grows superiorly first. This means that a tumour 

measured with callipers on AB1 with the same width and height in AE17 could potentially be 

significantly different in size. While this error is consistent within each model, between models it 

would not be possible to compare size measurements from callipers alone. Hence, some of the 

observed relative radioresistance of the AE17 model could be due to a difference in baseline tumour 

size, which is not fully reflective of the tumour volume.  It should be noted that AE17 was also shown 

to grow faster. Additional experiments with more AE17 mice could create a model for increased 

accuracy between the two models. However, due to time constraints and because it was decided to 

optimize the research on the AB1 model by discontinuing AE17 studies, further modelling was no 

longer an efficient use of time but could be explored in future studies with these models. 

Another factor that can contribute to both radiosensitive and even chemoresistance in larger 

tumours, is the increased hypoxia. This hypoxia, driven by poor vasculature, decreases the ease at 

which chemotherapy and immune cells can enter the tumour environment and impact clearance 
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treatment negatively (Jarosz-Biej et al., 2019). Characterizing this property of the tumours goes 

beyond the scope of this study, however decreasing the range of tumour sizes in the study controls 

for the variable in size:hypoxia dependent way.  

3.3.4 Baseline abscopal effect 

Although the abscopal effect is a rare occurrence clinically, it has recently been a field of increased 

preclinical study and of increased clinical interest. The results of this section set a baseline 

understanding that there is no abscopal effect within our AB1 model following treatment with 

radiotherapy alone in the contralateral tumours. This lack of response is consistent with other 

published pre-clinical models and mirrors the infrequent observations of abscopal responses in the 

clinic with radiotherapy alone. This model therefore provides an excellent environment to explore 

and attempt to modulate the immune response to elicit an abscopal effect. 

Due to the logistical limitations on equipment bookings on a shared radiotherapy machine, 

experiments in the AE17 model were not conducted for the abscopal effects and would be a great 

area of interest for future researchers to explore in a radioresistance model. Had there been more 

time and funding available for this project it would have been an area I would have liked to explore. 

After these experiments were completed in 2017 for this chapter, other groups have confirmed the 

validation of our small animal irradiation technology model and techniques (Feddersen et al., 2019; 

Smith et al., 2020).  

3.4 Summary 
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In summary, I present a viable protocol to study the effects of image guided radiotherapy in a 

subcutaneous model of mesothelioma. These results form the foundation of determining a 

radiotherapy dose and size for monitoring the effects of treatment on tumour growth kinetics, and 

determine a platform for understanding and investigating off-target radiotherapy effects on distal 

tumours. 
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Chapter IV: Immunological changes 

following tumour irradiation  
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4.1 Introduction 

T-cells and their interactions have a critical role in the anti-tumour immune 

response (Fridman et al., 2012). iThey also play a role in radiotherapy (RT) 

effectiveness and previous studies have shown that tumours exhibit more radio-

resistance when implanted in T-cell deficient mice than in immunocompetent 

mice (Lee et al., 2009). This occurs through a number of different mechanisms. 

Once tumours (and other tissues) begin to die from the induced DNA damage of 

radiotherapy, an early effect of this cell death is the release of high mobility group 

box 1 (HMGB1) protein, together with the secretion of adenosine triphosphate 

(ATP) and heat-shock proteins (HSPs) from the tissue, which activates and recruits 

dendritic cells (DCs) (Barker et al., 2015; Derer et al., 2016; Ma et al., 2017). 

radiotherapy also induces chemokines CXCL9 and CXCL16 which recruit CD8+ and 

helper CD4+ T cells into the tumour microenvironment (TME) (Shevtsov et al., 

2019). The activated DCs can then also release CXCL10 in response to RT, 

activating their interferon gene pathways which will recruit IFN-γ secreting CD8+ T 

cells, or they can migrate to the lymph nodes where they can activate more T cells 

(Ishikawa et al., 2009; Ma et al., 2017).  

Activated T-cells are then able to facilitate tumour clearance by recognizing 

specific tumor-associated neoantigens on cancer cells and mediating anti-tumour 

cytotoxic activity. A more comprehensive overview of this specific anti-tumour 

immune response is covered in Chapter 1 of this thesis.  

There are three broad T-lymphocyte populations of interest that play a role in the 

immune mediated anti-tumour response that we are investigating. The first are 

CD8+ T cells, which are generated in the thymus and express both a T-cell receptor 

and the dimeric co-receptor CD8+(Zhang and Bevan, 2011).  For the purposes of 
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the results section of this chapter we define CD8+ T-cells as being 

CD45+/CD3+/CD8+/CD4- populations. 

The second set of T-cells are the CD4+ T cells, which play a role in regulating the 

immune response to antigens. They are able to differentiate into various different 

subtypes in response to specific signals which allows them to aid the anti-tumour 

response in multiple ways. Primarily they provide help for CD8+ T cells expansion 

during the immune response and they also facilitate the formation of CD8+ 

memory T cells (Borst et al., 2018). CD4+ T cells also contribute to tumour 

clearance by the release of cytokines and can in some circumstances eliminate 

tumour cells directly through cytotoxic functions (Quezada et al., 2010). CD4+ T 

cells exhibit membrane expression of the cluster of differentiation 4 (CD4) 

glycoprotein. While other non-T-cells also express this marker, they can be 

excluded by requiring co-expression of the cluster of differentiation 3 T cell co-

receptor (CD3) as an essential T-cell marker (Luckheeram et al., 2012). CD4+ T-cells 

can be further distinguished into subtypes, but for the general purposes of this 

chapter (except where otherwise mentioned), we define CD4+ T-cells as being 

CD45+/CD3+/CD4+/CD8-/FOXP3- populations. 

The third T-cell population of interest are regulatory T cells (Tregs). Tregs are 

responsible for the homeostasis and self-tolerance of the immune response. In 

humans Tregs can be very heterogenous but in laboratory mice they are more 

homogenous and have less memory as they have been exposed to fewer 

pathogens (Akimova and Hancock, 2018). While there are a number of subsets of 

Tregs, functional Tregs are defined by expression of the transcription factor 

Forkhead box protein P3 (FOXP3) and constitute the vast majority of Tregs in mice, 

in contrast to humans where more splice variants of FOXP3 exist, some with 
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different expression and function (Peters et al., 2013). For the purposes of this 

chapter, we define Tregs as being CD45+/CD3+/CD4+/CD8-/FOXP3+ cells.  

Considering the importance of the T-cell mediated anti-tumour response in 

tumour clearance we sought to understand the differences over time in these 

populations, and their phenotypes, that may occur as a result of radiotherapy.  

The aim of this chapter was to investigate the changes in selected key T-cell 

populations and their profiles of immune checkpoint target expression, in both 

the draining lymph nodes and the tumour microenvironment. These experiments 

used the murine malignant mesothelioma cell line AB1 (Chapter 2.2), and our 

previously described radiotherapy technique (Chapter 2.3 & 2.4), deploying flow 

cytometry to identify cell subsets, phenotypes, and proportions. The use of a 

computational network in the form of self-organizing maps was used in the 

strategy to explore and identify co-expression cell phenotypes. These studies were 

undertaken both to understand the immune milieu following radiotherapy in this 

model, as well as to identify potential targets for modulating the immune 

response with commercially available checkpoint blockade immunotherapy in 

combination with radiotherapy in future experiments. 

4.2 Results 

4.2.1 The effect of radiotherapy on T-cell phenotype in tumour and draining 

lymph nodes 

The goal of this set of experiments was to examine the immune changes in the 

tumour and draining lymph nodes in response to radiotherapy. In order to 

accomplish this, tumours needed to grow to sufficient size for radiotherapy but 

still be small enough that tumours in untreated control mice would still be viable 

for study at the same time point. Therefore, the size selected for experimental 
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work was informed by both radiosensitivity and practicality for harvesting tissue 

for analysis. 

The hypothesis was that the activation of immune response by radiotherapy 

would be identifiable through comparison of the expression profile of anti-tumour 

immune cells and that they would differ from those cells in an untreated tumour. 

Before this experimental work started, in this model it was unclear the time it 

would take for such differences to arise or how long the duration of any changes 

in immune cell phenotypes would last. 

To accommodate these unknown factors in the model and to test the hypothesis 

we inoculated mice simultaneously with 5x10^5 tumour cells on each of the left 

and right flanks (Chapter 2.1 & 2.2.8) and randomized the mice into experimental 

and control groups (Chapter 2.2.10). Experimental mice received 18Gy (3 x 6Gy) 

to a single left flank tumour (Chapter 2.3). On days 5, 7, and 10 following 

treatment, mice from each group had both tumours and their respective draining 

lymph nodes harvested for flow cytometry(Chapter 2.5), focusing on enumeration 

and characterization of lymphocyte subsets and expression of the immune 

checkpoint molecules CTLA-4, PD-1, TIM-3, and OX40 (Figure 13).  

Treated tumours did not demonstrate a significant difference in CD8+ T-cell 

proportions as a percentage of total CD3+ T-cells at the first two time points, 

however on day 10 there were fewer CD8+ T-cells in irradiated tumours when 

compared to control mice (p < 0.0365) but not when compared to contralateral 

non-irradiated tumours in irradiated mice (p > 0.05). All tumours (treated, 

untreated, and control) showed a trend towards a decreased proportion of CD8+ 

T-cells over time (Figure 14A). 
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There was no noticeable difference across treatment groups or time points in the 

ratio of CD4+ T cells (CD3+/CD45+/CD4+/CD8-/FOXP3-) and Treg cells 

(CD3+/CD45+/CD4+/CD8-/FoxP3+) within the tumours (Figure 14D). The ratio of 

CD8+ / Treg cells remained similar across treatment groups, but the CD8+ / Treg 

cell ratio decreased over time as the CD8+ populations decreased (Figure 14C). At 

the earliest time point, on day 5, there was a decreased ratio of CD8+ / CD4+cells 

in the radiotherapy treated tumours although it was not significant (p = 0.0539), 

as the ratios dropped for all groups over time and became similar (Figure 14B).  

In the draining lymph nodes, a similar trend was observed with CD8+ T-cells, 

comprising a slightly lower proportion of CD3+ cells in the treated tumours and 

trending towards a decreased percentage of the CD45+CD3+ overall with time 

(Figure 14E).  The CD4+ T-cells and Treg populations were more consistent across 

treatment groups and time in the lymph nodes. Their ratios to each other and 

CD8+ cells are shown in Figure 14F-H. 
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Figure 13- Experimental design A) Mice were subcutaneously inoculated with 5 x 10^5 AB1 cells to each of the 
left and right flanks on Day 0 (black). Tumours grew to the planned experimental size and mice were 
randomised into experimental and control groups. Experimental groups received 18Gy (3 x 6Gy) on day 14 to 
the tumour on the left flank only. 5 days post radiotherapy (red) control, treated, and untreated tumours in a 
treated mouse (n = 5) were harvested alongside their corresponding draining lymph node. This was repeated 
for n=5 mice per group on days 7 and 10 post radiotherapy (red). Samples were disassociated and stained for 
analysis by flow cytometry. B) Cell were sorted on co-expression of CD3 and CD45 surface marker expression. 
CD4 and CD8+surface markers were used to distinguish T cell types, with further gating on FoxP3 to annotate 
the Tregs. Compensation matrix for the flow data and gating strategy performed in FlowJo 10.2 software.    
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Figure 14 - Effector T-cell infiltrates in tumour and draining lymph nodes – Percent population of CD45+/CD3+ 
living cells for each marker in the tumours for each treatment group (control, untreated, and treated) for each 
time point (day 5, 7, and 10). A and E) CD8+ cells defined as CD8+/CD4- population cells of the percent parent, 
in both tumour and lymph nodes respectively.  CD4+ T-cells defined as CD4+/CD8-/FOXP3- populations and 
Tregs defined as CD4+/CD8-/FOXP4+ populations. B,C,F,G) CD*+ cells over CD4+ and Tregs respective ratios of 
percent population log10 y axis D and H) CD4+/Tregs ratios in tumours and lymph nodes respectively percent 
population log10 y axis. (*: p <= 0.05, **: p <= 0.01, ***: p <= 0.001, ****: p <= 0.0001) 
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4.2.2 Immune checkpoint blockade target molecule expression on T-cell 

infiltrates within tumour and draining lymph nodes following radiotherapy 

over time 

In exploring the immune checkpoint profiles of CD8+ T cells, CD4+ T cells, and Tregs, 

the analysis has been separated in to two parts in this section. The first is the 

overall expression of the markers on these cell types which can give us a very 

broad view of the immune milieu.  

CD8+ T cells in tumour 

PD-1 expression on CD8+ T-cells stayed consistent in all three groups until day 10, 

at which point there was a significant decrease in PD-1 expression in treated 

tumours compared to untreated tumours and untreated mice groups (p < 0.02). 

PD-1 expression on CD8+ T cells was also significantly decreased at day 10 

compared to days 5 and 7 in treated tumours (p <= 0.001). TIM-3 expression 

increased from day 5 to day 7, and then decreased for all treatment groups on day 

10 (p <= 0.01). TIM-3 expression also increased significantly higher in the mice 

treated with radiotherapy in both the treated and untreated tumour on day 7 

(p=0.022). OX40 expression showed a similar trend to TIM-3 with a rise and fall 

over time, only this time the treated mice had a lower expression than the control 

mice on day 7 (p=0.036) before all groups decreased expression once again on day 

10 (p < 0.02). Finally, CTLA-4 was more highly expressed on CD8+ T cells on day 5, 

with expression decreasing in treated tumours at day 7 and lower expression in all 

groups by day 10 (p <= 0.001). These data are summarized in Figure 15A. 

CD4+ T cells in tumour 

 PD-1 expression did not change significantly within treatment groups in CD4+ T-

cells across time. However, PD1 expression was decreased in treated tumours as 
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compared with untreated tumours and control mice at days 5 and 10 post RT. TIM-

3 expression was higher in the radiotherapy treated tumours at day 5 when 

compared to untreated and controls, but levels decreased on days 7 and 10 to 

match the levels in the untreated and control tumours. OX40 expression again 

displayed an opposite trend to TIM-3 showing decreased expression in 

radiotherapy treated tumours compared to untreated contralateral tumour and 

controls on day 5, before all groups increasing OX40 expression at day 10 (p <= 

0.0001) with the treated tumours showing the lowest expression. CTLA-4 

expression showed two trends in CD4+ T cells. First, control and contralateral 

untreated tumours demonstrated a decrease then increase in CTLA4 expression 

over time. Second, treated tumour CTLA-4 expression decreased over time. 

Summarized plots for these data are shown in Figure 15B. 

Regulatory T cells in tumour 

Treg expression of PD1 and CTLA-4 did not differ significantly with time in any 

treatment group, however expression was non-significantly lower in the treated 

tumours for both day 7 and 10 compared to the untreated and control tumors. 

TIM3 expression remained low for all groups over all three time points. OX40 

expression in Tregs increased over time for all groups (p <= 0.001) but treated 

tumours consistently displayed decreased expression compared to control 

tumours and untreated tumours at all time points (Figure 15C)  

CD8+ T cells in draining lymph node 

In the draining lymph nodes, CD8+ T cell expression of CTLA4 was lower on day 10 

compared to day 5 and 7 over all treatment groups (p <= 0.0001), but higher 

expression was observed in the treated group at day 10 when compared to control 

and untreated tumours (p=0.020). OX40 expression shows the same trend as in 
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tumours with expression being significantly higher at day 7 than at days 5 or 10 (p 

<= 0.0001). PD1 expression was high on days 5 and 7 but dropped significantly at 

day 10 for all treatment groups (p <= 0.0001). TIM-3 expression remained low for 

all CD8+T cells between all days and all treatment groups in the lymph nodes 

(Figure 16A) 

CD4+ T cells in draining lymph node 

Unlike in the tumours, the CD4+ T cells in draining lymph nodes initially expressed 

low levels of CTLA4 across all groups on day 5. This expression increased on day 7 

and dropped at day 10 (p <= 0.0001). OX40 and TIM-3 expression remained low 

for all groups across all time points, but PD1 expression was lower in lymph nodes 

from mice who received radiotherapy both in tumour and untreated tumors 

compared to control mice on Day 5 and 10. 

Regulatory T cells in draining lymph node 

Tregs in lymph nodes expressed less CTLA4 than Treg in tumour in each group, but 

with Treg in lymph nodes from treated mice (both radiotherapy and untreated 

flank lymph nodes) expressing more than those from control mice tumours. OX40 

expression showed the same trend between the treatment groups as CTLA4, but 

PD1 expression did not hold the same trend over time with treated tumours 

displaying no consistent pattern of difference than controls at different time 

points. TIM3 expression was consistent between all three time points and showed 

no statistically significant difference between treatment groups. 

These data were also explored through a heatmap (Figure 17) which allowed rapid 

assessment of commonality between expression profiles across cell types. After 

unsupervised-hierarchical clustering (Chapter 2.6.6) of checkpoint blockade 
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expression from all tumour and lymph node samples across all treatment and time 

points a few interesting features emerge. 

The first is that the low TIM-3 expression in all T-cell populations assessed 

becomes more apparent. The feature that is more readily visible using this 

approach is that the clustering of samples by expression grouped them closely by 

time point. This suggests that when combining all cell types into the same sample 

the biggest driver of change in bulk checkpoint expression in tumour and draining 

lymph nodes is time. This, in turn, demonstrates the importance of looking at 

individual cell phenotype changes following radiotherapy. 

Lastly, the new feature that is revealed by the heatmap is how unique the profile 

of treated tumours appears compared to either control or contralateral untreated 

tumours. While this visualization is not able to quantify these types of co-

expression and multi-parameter interactions, it does identify the need to explore 

co-expression phenotypes in the T cell subtypes. In the next section this is 

explored with a different approach using computational methods to examine the 

high dimensionality of co-expression. 
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Figure 15- Tumour T cells Checkpoint Expression – A) CD8+ T cells Checkpoint expression. Percent of CD8+ T cells that 
expressed detectable CTLA4, OX40, PD-1, and TIM-3 by flow cytometry. B) CD4+ T cells Checkpoint Expression. Percent 
of CD4+ T cells that expressed detectable CTLA4, OX40, PD-1, and TIM-3 by flow cytometry. C) Treg Checkpoint 
Expression. Percent of Treg cells that expressed detectable CTLA4, OX40, PD-1, and TIM-3 by flow cytometry (*: p <= 
0.05, **: p <= 0.01, ***: p <= 0.001, ****: p <= 0.0001). 
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Figure 16 - Draining Lymph Node T cell Checkpoint Expression. A) CD8+ T cell Checkpoint expression. Percent of CD8+ T 
cells that expressed detectable CTLA4, OX40, PD-1, and TIM-3 by flow cytometry. B) CD4+ T cells Checkpoint Expression. 
Percent of CD4+ T cells that expressed detectable CTLA4, OX40, PD-1, and TIM-3 by flow cytometry. C) Treg Checkpoint 
Expression. Percent of Treg cells that expressed detectable CTLA4, OX40, PD-1, and TIM-3 by flow cytometry (*: p <= 
0.05, **: p <= 0.01, ***: p <= 0.001, ****: p <= 0.0001) 
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Figure 17- Checkpoint molecule expression heatmap. Each row is a complete sample combined all cell types for each checkpoint (columns). Samples were first supervised clustered 
by sample location (Lymph nodes and Tumours) then unsupervised-hierarchical clustering of checkpoint blockade expression from all cells in a sample. Samples labeled for day (Red 
Day 5, Orange Day 7, Purple Day 10), for Treatment (Dark Grey Control, Light Grey Untreated, Ivory Radiotherapy Treated), and location (Tumor Lavender, Node Blue).Tumours 
overall checkpoint expression clustered with treatment but more so with age of the tumours over any other factor. Treg expression of OX40 in the tumour appearing biphasic over 

time while CD8+ OX40 expression was higher in the early timepoints than dropped off over time.   
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4.2.3 High dimensional clustering of checkpoint markers 

Evaluating and analyzing all possible combinations of markers on all cell populations can 

be difficult and time consuming by traditional manual gating strategies, and as such in 

practice all combinations of markers are not explored and valuable information may be 

missed (Fear et al., 2018). 

To overcome this shortcoming, a self-organizing map (SOM) approach can be used which 

uses automatic gating by unsupervised clustering and identifies meta clusters to find cell 

expression profiles on the T-cells that would be missed by looking at single expression 

markers alone (Figure 18). SOMs used in this capacity have the additional advantage of 

not downsampling (sample reduction) the data, which can potentially identify low 

frequency clusters as well as being able to capture subtle differences between clusters 

based on their differential marker profiles. 

For validation purposes, and to maintain consistency in analysis, the same compensation 

matrix from FlowJo was imported into flowCore to generate the SOMs. Phenotypes 

identified from the SOM as statistically different were then compared to the manual 

gating strategy from 4.2.1 in FlowJo and used for all statistical (Wilcox test) comparisons.  

This approach is used as a starting point for exploration of the data, and to break down 

and examine clusters (groups of cells with similar protein marker detection phenotypes) 

and meta clusters (groups of clusters with similar marker profiles) to gain an 

understanding of the immune landscape inside the tumours (Figure 19) and the lymph 

nodes (Figure 20). The full method of how this works and how it was implemented is out 

lined in Chapter 2.6.6. 

One of the meta clusters that is identified by this analysis is the distinct TIM-3+PD1+ CD8+ 

T cells in the tumour population that does not express the other checkpoint markers, 
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otherwise highly expressed in this cell type at this location (Figure 19A). The rest of the 

CD8+ T cell combination clusters all meta-cluster tightly together (Figure 19A -Yellow). 

This profile was observed in all the treated, untreated, and control groups when mapped 

to the same minimal spanning tree. 

For the purposes of this study and analysis, this approach is most useful in identifying 

clusters that are more pronounced or missing in the different treatment groups. 

Comparing the SOMs of radiotherapy treated regions and control tissue, clusters of 

interest were identified by detecting a >2-fold increase or decrease in cell population. 

When looking at the CD45+/CD3+ populations in the tumours, the first two clusters that 

are identified are a group of CD4+/FOXP3- cells that co-express high PD1 with medium 

OX40 and a cluster that co-expresses high PD1 and high OX40 that reduces in frequency 

in the radiotherapy treated tumours (Figure 21A). Decreased co-expression of these two 

markers on the CD4+/FOXP3- populations was seen at all time points on day 5, 7, and 10 

in the radiotherapy treated tumours (p <= 0.05). 

The second cluster identified by this approach was CD4+/FOXP3+ population co-

expressing PD-1 with OX40 in the tumours (Figure 21B). This population of cells 

decreased in the early time points post-radiotherapy on day 5 & day 7 (p <= 0.05) but 

then normalized with the control and untreated groups by day 10.  

The above approach was used on the samples from the lymph nodes in which two 

populations were identified on day 7. The first cluster identified from day 7 was 

CD4+/FOXP3- co-expressing CTLA4 and PD-1 with an increase in the radiotherapy treated 

group compared to the control (p <= 0.05) (Figure 22A). The second cluster is a 

population of quadruple negative CTLA4-/PD1-/TIM3-/OX40- cells that are CD4+/FOXP3- 

(p <= 0.05).  
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Process of creating Self-organizing maps from flow data 

 

Figure 18- Generating self-organizing maps for high dimensional data – Data was exported from FlowJo, manually 
gated to remove dead cells, doublets, and CD45- populations. Using FlowCore the data was imported, concatenated, 
scaled, and transformed to a data matrix (see methods 2.6.6). The matrix was then used to train the self-organizing 
map in FlowSOM and clusters can be visualized. Next a minimal spanning tree is generated with the cluster nodes and 
meta clustering from consensus nodes are added to visualization. 
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Figure 19- Self organizing map tumours in minimal spanning tree - Unsupervised analysis of the phenotype of CD8, 
CD4, FoxP3, TIM-3, PD1, CTLA4, OX40, CD3 in live CD45+ cells harvested from tumours. A concatenated file with for 
each time point was subjected to unsupervised clustering analysis. Representative data for day 7 tumours shown. A) 
Cells were clustered into 49 nodes and represented in a minimal spanning tree (MST) with colour coding the 9 meta-
cluster consensus identified of the Live/CD45+ cells in the tumour. Size of circles are proportional to the number of cells 
represented in each node and triangles in the star charts are representative in size to the mean intensities of each 
marker for the cells in that node. B) Fold expression change on SPADE map to MST for CD4+, CD8+, and FoxP3+.The 
connectivity via edges gives information regarding the degree of similarity between cell populations in the tree. This 
process identified clusters of co-expressing molecules groups for comparison based on our dataset in the tumours. 
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Figure 20- Self organizing map lymph node minimal spanning tree. Unsupervised analysis of the phenotype of CD8, 
CD4, FoxP3, TIM-3, PD1, CTLA4, OX40, CD3 in live CD45+ cells harvested from draining lymph nodes. A concatenated 
file with for each time point was subjected to unsupervised clustering analysis. Representative data for day 7 lymph 
nodes shown   A) Cells were clustered into 49 nodes and represented in a minimal spanning tree (MST) with colour 
coding the 9 meta-cluster consensus identified of the Live/CD45+ cells in the lymph nodes. Size of circles are 
proportional to the number of cells represented in each node and triangles in the star charts are representative in size 
to the mean intensities of each marker for the cells in that node. B) Fold expression change on SPADE map to MST for 
CD4+, CD8+, and FoxP3+.The connectivity via edges gives information regarding the degree of similarity between cell 
populations in the tree. This process identified clusters of co-expressing molecules groups for comparison based on 
our dataset in the lymph nodes.  



85 

 

 

Figure 21- Identified clusters from self-organizing maps in tumours – Comparison of treatment group clusters mapped 
to the same minimal spanning trees identified two clusters of interest with >2 fold changes. Clusters identified were 
then graphed on the same data and gating strategy as in section 4.2.1 from FlowJo and not from the detection values 
in flowCore  A) Re-evaluating the identified CD45+/CD3+/CD8-/CD4+/FOXP3-cluster confirmed statistically significant 
differences in cell populations co-expressing PD1 & OX40 B) Percent CD45+/CD3+/CD8-/CD4+/FOXP3+ populations co-
expressing PD1 & OX40 also revealed differences at day 5 and day in the radiotherapy tumours (*: p <= 0.05, **: p <= 
0.01, ***: p <= 0.001, ****: p <= 0.0001). Node sizes and star graphs artificially increased in scale for readability and 
are not proportional to the number of cells in the node.  
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Figure 22 - Identified clusters from self-organizing maps in draining lymph nodes - Comparison of treatment group 
clusters mapped to the same minimal spanning trees identified two clusters of interest with >2 fold changes. Clusters 
identified were then graphed on the same data and gating strategy as in section 4.2.1 from FlowJo and not from the 
detection values in flowCore A) Re-evaluating the identified CD45+/CD3+/CD8-/CD4+/FOXP3-cell populations co-
expressing PD1 & CTLA4 B) Percent CD45+/CD3+/CD8-/CD4+/FOXP3- populations lacking expression of CTLA4, PD1, 
OX40, TIM3 (*: p <= 0.05, **: p <= 0.01, ***: p <= 0.001, ****: p <= 0.0001). Node sizes and star graphs artificially 
increased in scale for readability and are not proportional to the number of cells in the node. 
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4.3 Discussion 

Radiotherapy is an essential pillar of cancer treatment, and with advancements in technology 

and delivery approximately 60% of patients receive palliative or curative irradiation as part of 

their treatment for solid tumours (Orth et al., 2014). The ionizing radiation also activates the anti-

tumour response from the immune system (Wu et al., 2017). With the growing field of cancer 

immunology and understanding how the immune system plays a role in cancer development, 

there is interest in better understanding  how radiotherapy and the immune system interact 

(Sharma and Allison, 2015). This chapter examines the T cell response to radiotherapy with 

respect to expression of common, clinically relevant immune checkpoint molecules, and 

considers how these changes might be exploited in order to augment treatment. 

4.3.1 Effects on T cell subtypes 

Exposure to ionizing radiation within the tumours did not show any increase in the CD8+ 

population at day 5 and day 7 but did show a decrease in both treated tumour and the 

contralateral tumours in treated mice as percent of total CD3+ T cells at day 10. The limitation of 

this measurement approach is that it is proportional to the total population of CD45+/CD3+ cells, 

which includes CD4+ T cells. Thus, the findings here must be taken in context of shifts in both the 

CD8+ and CD4+ populations (which include the Tregs). 

Hence, the trends seen in Figure 14 between treatment groups are mirrored in the CD8+ 

percentage and in the CD4+ ratios, of which Tregs make up a small fraction of the total population. 

While CD4+ T cells generally do not have direct antigen presentation with the tumour cells (there 

are exceptions) they are exceedingly important in the anti-tumour response (Linnemann et al., 

2015). One of the ways they do this is through the promotion of cross-priming CD8+ T cells to the 

tumour cells by the way of the dendritic cells and CD40 ligand-mediated activation which 

increases their availability to prime CD8+ T cells (Spel et al., 2013). Other groups have found 

increased CD4+ cells in the tumour microenvironment after ionizing radiation in both primary and 
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contralateral non-irradiated tumours, particularly when combined with checkpoint blockade 

(Dewan et al., 2009). This concurrent increase in both CD8+ and CD4+ numbers could be masking 

our ability to observe changes in proportions of infiltrating T cell subsets compared to our control 

group. 

A more direct approach to examining any differences in T cell subset infiltration might be to re-

explore treated tumours histologically. While this was considered, it was not felt to be a valid 

approach for this set of experiments.  The use of multiple time points and the size differential 

between responding treated tumours and contralateral or control tumours would have made 

this comparative analysis challenging, especially when accounting for differences in field 

selection bias between large and small samples, in the context of a small number of samples. 

Another approach could have been to add a microsphere counting standard to the flow 

cytometry samples. This would allow analysis of ratios from absolute numbers of T cells in the 

tumour or lymph node in relation to all other cells harvested from the sample. This feature could 

be added if this experiment is repeated in the future. 

The differences observed between the treatments therefore could be explained by either 

changes in the percent of Tregs, an increase or decrease in CD8+ T cells proportional to a change 

in CD4+ T cells, or some combination of the two.  

Another feature that should be noted is that the size of radiotherapy-treated responding tumours 

is similar to the size of control tumours at earlier time points (e.g. day 5), deviating away from 

growth trajectory of the control untreated and contralateral tumours over time, with the largest 

difference seen at day 10. There does not appear to be any batch effect induced by the original 

tissue mass difference in the gross analysis of T cell subtype surface markers. However, this point 

should be considered during analysis of the flow cytometry data. While draining lymph nodes 

were not weighed in this experiment, dissociation produced similar cell numbers regardless of 

treatment group. 
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4.3.2 Effects on checkpoint expression on T-cell infiltrates 

Changes in checkpoint molecule expression may be important in understanding which clinical 

immune checkpoint blockade therapies would be useful in augmenting the efficacy of this 

ubiquitous treatment modality. In this section, four classes of clinically available therapeutically 

targetable immune checkpoint molecules were evaluated for expression on the three previously 

identified T cell subtypes. 

In my study, PD1 expression in treated tumours decreased significantly on CD8+ T cells (p<0.02) 

in treated tumours and non-significantly in CD4+ T cells whilst showed no difference on Tregs on 

day 10 when compared to the control untreated tumours. The stability of the PD1 surface maker 

detection is a positive indication for immune mediated tumour activity; both murine and human 

studies have shown that decreased PD-1 pathway activation activates and expands Treg cells 

which can then abrogate the activity of tumor-reactive PD-1+ effector T cells (Kamada et al., 

2019). CD8+ T cells demonstrate reduced cytotoxic function, or exhaustion,  during tumor 

progression (Baitsch et al., 2011; Wherry, 2011). PD1 expression has been considered an 

indicator (although not cause) of this exhaustion phenotype (Chapon et al., 2011; Fourcade et al., 

2010) our observation of decreased PD1 expression on CD8+ T cells 10 days post irradiation may 

suggest a more active anti-tumour response from the T cells present. In order to investigate that 

hypothesis, I would need to conduct further additional experiments specifically examining 

activation and exhaustion pathways through RNA seq or run additional flow cytometry panels to 

use conventional markers CCR7, CD27, and CD62L. 

The CTLA4 markers did not change significantly in the tumours for CD8, CD4, or Treg T cell 

populations, however there was a trend in increased CTLA4 in the lymph nodes from day 5 to day 

7 before reduction in all samples on day 10. While no differences were seen between treatment 

it’s possible this is a sign of less T cell activation at this time point or increased migration by this 

time point in this model. While these experiments need to be repeated for power, it does not 

appear to be a staining artifact in the experiment as all samples on the same day were stained 
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with the same master mix and the CTLA4 staining did pick up signal on day 10 in the tumour 

samples but did not pick them up in the lymph nodes. We also know there are cells and events 

in the lymph nodes from the other markers and stains. With the expression levels consistent in 

the treated tumours as compared to controls, this could be a good inhibitory target for 

checkpoint blockade therapy in this model. 

The increased detection of TIM3 in the tumours and the draining lymph nodes across CD8, CD4, 

and Treg T cells in the radiotherapy treated mice could be indicative of a number of factors. TIM3 

by itself as marker in connected to different phenotypes. Originally described as a marker for 

CD8+and CD4 T cells producing interferon-γ, it is now seen as a co-expression marker for 

exhaustion and dysfunction while playing a role in multiple co-inhibitory pathways (Monney et 

al., 2002; Wolf et al., 2020). Without more data we can’t say for certain if more cytotoxic T cells 

are being activated, more T cells are reaching exhaustion, or if post radiotherapy intratumoural 

effects are causing co-inhibitory upregulation of the receptor independent of pathway activation. 

In order to explore what this might mean, it’s important to look at the co-expression of these 

cells (explored in the next section with this marker panel) and conduct future experiments 

looking at the transcriptome with an enrichment analysis to determine which pathways, of many 

now associated with TIM3 are being upregulated, if any. 

Perhaps the most interesting general checkpoint marker phenotype was OX40 expression. In the 

draining lymph nodes CD8+and CD4 T cells did not differ much over time in treated mice vs 

untreated mice, but the Tregs showed more expression than the untreated controls. This might 

suggest increased activation of the Tregs in the lymph nodes following radiotherapy treatment. 

In the tumours it is a different story with Tregs general OX40 expression increasing with time in 

all treatment groups from day 5, 7, to 10, but with the radiotherapy treated tumours being lower 

than the controls. This might suggest a degree of Treg inhibition induced by primary or secondary 

effects in the tumour microenvironment from the radiotherapy. Within the CD4+ population in 

the tumours on day 10 there was an increase in OX40 expression in all samples from previous 
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time points. However, it was statistically (p<0.05) less on day 10 in the radiotherapy treated 

tumours compared to the control untreated mice. This might suggest there is some CD4 

inhibitory effect occurring the radiotherapy treated tumours which could make for an interesting 

target of stimulation with checkpoint blockade. The CD8+population of T cells in the tumour 

increased dramatically their detectable OX40 expression in the tumour from day 5 to day 7, and 

then dropped back down again in day 10 for all treatment groups with the tumours and the lymph 

nodes, with the radiotherapy tumours being statistically lower (p<0.05). This transient effect is 

either real or an artifact. To verify if it is real these experiments would need to be repeated with 

more mice. If it is an artifact it is hard to pinpoint the origin of technical batch effects. The OX40 

stain for each time point for all treatment groups for tumours and lymph nodes was prepared in 

the same master mix. If there was no anti-OX40 antibody (or too little) at time point day 5 we 

should see little signal for all samples. However, we see quite good signal in the Tregs on day 5 

in the lymph nodes. The other possibility is that there are no CD8+cells there to stain or that the 

samples were bleached from external light exposure. Again, we see high signal detection in 

CD8+cells for CTLA4 and PD1 markers for day 5 which suggest neither of these are the case. Lastly, 

could there have been too much anti-OX40 on the day 7 experiment, which could also generate 

this artifact. Inspecting the CD4 T cell OX40 consistent signal on day 7 when compared to day 5 

and 10 also suggests this was not the case. There could be other technical and biological batch 

effects occurring here; the only way to further explore this would be to repeat this set of 

experiments and see if the transient increase is still observed. 

4.3.3 Co-expression of checkpoint marker detection 

The use of machine learning through SOM comparison identified four T cell phenotypes which 

demonstrated statistically significant changes in proportions over the course of radiotherapy 

treatment. Two were identified in the tumour infiltrating T cells and two were found in the lymph 

nodes. 
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The first population that was originally identified by SOM 2-fold changes in event numbers and 

then validated by comparing event counts from the manual gating strategy described above in 

the tumours was a group of CD4+/FOXP3- co-expressing PD1 with OX40. This population was 

decreased in treated tumours in Day 5, 7, and 10 (p <0.05) when compared to untreated controls 

and contralateral tumours, only contralateral tumours, and only control untreated tumours 

respectively. OX40 pathway activation is associated with CD4 T cell differentiation and 

accumulation of functional subsets (Walker et al., 2000; Zander et al., 2015). With the PD1 

negative control signal co-expression in this phenotype decreasing in the radiotherapy treated 

tumours, it might show an increased activated population of CD4 T cells in these tumours. In 

order to verify this, additional assays looking at more activation markers would be necessary, 

either by sorted flow panels or RNAseq analysis.  

The variance from the mean in the treated tumours and contralateral tumours compared to the 

untreated mice tumours suggests both that these effects might be related to tumour regression 

and that any findings would have to be repeated in greater numbers of mice to increase the 

power of the experiments. The latter being straight forward with the former requiring a different 

experimental design that could allow for sampling tumour at multiple time points from the same 

mouse, as these mice were culled at tumour capture points it is unclear the differences in specific 

mice might have occurred in regard to specific responses beyond the probability of being in the 

mean response from the previous chapter (Chapter 3). Furthermore, the variance in the 

radiotherapy treated tumours might be a batch effect induced by the difference smaller tumour 

sizes on the final day 10 harvest from tumours that decreased in size as a response to treatment, 

whereas the untreated control tumours were more uniform in size and mass. 

The second population identified in the tumours by SOM and verified with traditional gating 

strategies was a group of CD4+/FOXP3+ cells that were co-expressing PD1 with OX40. These cells 

were decreased in irradiated tumours compared to tumours in nontreated mice and the 

contralateral tumour in treated mice for day 5 and day 7 (p <0.05.). There are some potential 
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explanations that might explain this with the assumption that in mice FOXP3 can be used as a 

surrogate marker for Tregs. The first, is that radiotherapy and the corresponding increased 

immune signaling (as described at the beginning of this chapter) might be pushing CD4+ Tregs to 

become CD4+ effector cells. OX40 co-expression in Tregs has been shown to downregulate FOXP3 

expression and predict Treg conversion to CD4 effector cells in tumours (Zhang et al., 2018). 

Another possibility however could be a combination of heightened activation of Tregs which both 

increases their expression of CTLA4 that would move them out of this phenotype with the 

increased radiation induced migration of T cells and Tregs from the tumour to the lymph nodes 

which increased the activated Treg population in the draining lymph node (Nakanishi et al., 2018). 

To explore this hypothesis the cells from the tumour and lymph nodes would have to be assessed 

for tumour and lymph specific T cell trafficking markers such as CCR4 and CD62L respectively, 

and due to the location of our subcutaneous model perhaps skin specific T cell trafficking markers 

CD62P and CD62E (Wei et al., 2006). This could be done by either a targeted flow panel for these 

trafficking markers or through cell sorting and bulk RNAseq or single cell RNA sequencing. The 

transient nature of this observed phenotype change suggests it is induced by early immune 

signals from radiotherapy and tumour cell death which is supported by both hypotheses.  

Using the same methods in the tumours, a population of CD4+/FOXP3- co-expressing CTLA4 & 

PD1 was discovered to be increased in the draining lymph nodes of tumours treated with 

radiotherapy and in the contralateral tumour in treated mice on day 7 (p <0.05.). It is known from 

the literature that T cells upregulate CTLA4 and PD1 in response to activation (Montler et al., 

2016). One hypothesis that might explain this observation at this time point is an activation event 

of the CD4+ T cells in the lymph nodes and the aid and activation of cross-priming with dendritic 

cells. In order to explore this hypothesis, we would need more data on the both the T cells 

themselves and the dendritic cells they are interacting with. Conducting future flow cytometry 

experiments that pre-sorted T cells and dendric cells could allow for a larger, more targeted panel 

for both groups that could explore their activation states in more detail. Single cell sequencing of 
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the lymph nodes would also elucidate the same answers, furthermore, allowing the exploration 

of other interacting immune cells and their phenotypes.  

The second lymph node population identified by SOM and verified by post-hoc flow cytometry 

gating was CD4+/FOXP3- T cells with a CTLA4-/PD1-/TIM3-/OX40- phenotype. The literature 

suggests these are naïve CD4+ T cells which are precursors to effector and memory T cell subsets 

(Eagar and Miller, 2019). A temporal decrease in this population in mice treated with 

radiotherapy might indicate a transition before day 10 of more naïve cells in the lymph nodes 

being primed and activated. The timing of events in the lymph node on day 7 would coincide with 

an increase in the ratio of CD4+ T cells compared to CD8+ T cells in the tumour at day 10, 

presumably either expanded from resident population or migrated from the lymph node. 

Additionally, if the first population of CD4+ T cells identified above are indeed activated T cells 

exposed to antigen, it would also explain the decrease in naïve CD4+ T cells at this same time 

point. Further experiments would be required to verify this new hypothesis based on these 

finding. Single cell sequencing of sorted T cells from the lymph nodes would allow additional 

phenotyping of these populations including activation pathways and cell trajectory analysis. The 

use spatial transcriptomics on tissue sections could also deliver the similar information while 

added new insights into the cellular compartmentalization of the immune cells in the tumour 

microenvironment.  

Overall, the results in these chapters show targetable receptors for checkpoint blockade 

immunotherapy for both inhibitory and stimulatory pathways that could be of pathological and 

disease clearance benefit. The unique cell types identified in this chapter require further 

investigation that was outside the scope and timeframe of these studies but would benefit from 

future exploration and experiments designed to specifically to address them. Furthermore, all 

findings would be improved with additional mice to increase the power of all observations. Also, 

by changing the experimental design to allow for further time points to be examined or multi-
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treated tumour mice for multiple time point harvesting and disease burden outcomes to be 

compared with the T cell phenotypes. 
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Chapter V:  Modulation of Radiotherapy 

Response with Checkpoint Blockade 

Immunotherapy
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5.1 Introduction 

The concept that the efficacy of radiotherapy has an immune component is not a new one, 

with the first experiments demonstrating this in 1979 (Slone et al., 1979) However, it would 

not be explored in depth until decades later, when radiation-induced immunogenic death 

would be defined and characterized (Frey et al., 2012; Kroemer et al., 2013; Matzinger, 

1994). In the previous chapter not only were the impacts of the immune system once again 

demonstrated, but new characteristics were also observed in the mesothelioma tumour 

model used.  

Previous studies have shown shifts in T cell functionality, phenotype, and even TCR diversity 

following radiotherapy, but characterizing these changes and leveraging them for increased 

response has been a difficult transition preclinically (Brix et al., 2017; Muroyama et al., 2017; 

Rudqvist et al., 2018). With the advent of checkpoint blockade immunotherapy, for which 

the 2018 Nobel Prize in medicine was awarded, there has been an increase in studies 

examining the efficacy of available checkpoint blockade compounds in murine cancer 

models in the hope of eliciting an increased tumour response. Most popular have been 

studies using anti- PD-1 and anti-CTLA4 antibodies in a wide array of cancers both as 

individual line of therapy and in conjunction with other therapies (Gubin et al., 2014; Larkin 

et al., 2015; Wolchok et al., 2013). 

This chapter will look at augmenting the tumour immune response to radiotherapy by 

modulating the checkpoint molecules examined in the previous chapter using anti-PD1, 

anti-CTLA4, anti-TIM3, and anti-OX40 monoclonal antibodies.  

After T cells are activated they express CTLA-4, which out-competes CD28  for binding to 

CD80/86 on antigen presenting cells (Chambers et al., 2001). The transduction of 

stimulation signals into T cells is thus blocked  (Qureshi et al., 2011). By inhibiting the binding 

of CTLA-4 using monoclonal antibodies, T cells are primed against the antigen when normal 

CD86/80 and CD28 interactions occur, allowing a functional T cell response.  
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Similarly, the PD1 programmed cell death receptor (PD1) begins its expression following T 

cell activation. However, this receptor interacts more directly with the tumour cells 

themselves. The tumour cells express the ligand (PD-L1) which binds to the PD1 receptor on 

the T cells and activates an inhibitory signal that diminishes T cell proliferation and prohibits 

the release of cytokines (Alsaab et al., 2017). By blocking this signaling, T cells that interact 

with tumour cells can remain active rather than progress to an exhausted phenotype. 

T-cell immunoglobulin mucin 3 (TIM3) is an immune checkpoint molecule that is expressed 

on a variety of T cells (CD4, CD8, Tregs) as well as macrophages, dendritic cells, and 

monocytes. This inhibitory co-receptor was first thought to play an important role in 

maintaining peripheral tolerance in autoimmunity and transplantation, however it has 

become evident with recent studies the importance of TIM3 on T cells in cancers can inhibit 

effective immune responses (Tang et al., 2019).  

OX40 is a costimulatory receptor that can be expressed by activated immune cells. When 

co-stimulation occurs on T cells, it activates T cell signaling pathways that enhance 

expression of both cytokines and cytokine receptors and also anti-apoptotic molecules 

(Croft, 2010). Activating this pathway with therapeutic antibodies can enhance T cell 

response and aid in circumventing tumour resistance to the immune response and first line 

immunotherapy agents. 

With the addition of checkpoint blockade (both single agent and combination therapy) to 

radiotherapy, I hypothesized that increased immune response to radiotherapy will lead to 

further decreased tumour burden and increased survival in the murine model of 

mesothelioma. Furthermore, studies have demonstrated the potential for engaging the rare 

off target effects (abscopal effect) to allow radiotherapy to impact tumours at distal 

locations more frequently than would be expected  from this modality of treatment by 

deploying similar immunotherapies (Demaria et al., 2005; Deng et al., 2014; Grimaldi et al., 

2014). While these data suggest synergistic effects, limitations in understanding dosage, 

timing, and toxicity have hindered clinically relevant progression of this approach.  
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Through the following studies in this chapter, it is hoped that more light can be shed on 

these questions and on the potential for abscopal effects or synergy in the AB1 

mesothelioma model which may inform how radiotherapy and immunotherapy can be 

combined clinically. 

5.2.1 The effect of single agent checkpoint blockade immunotherapy with radiotherapy 

on the abscopal response  

This set of experiments used the murine dual tumour model with the goal of identifying any 

evidence of the abscopal effect with the addition single agent immunotherapy. I 

hypothesized that checkpoint blockade immunotherapy would further modulate the 

immunological response to radiotherapy and improve treatment response in a tumour 

distal from the radiotherapy site. 

In order to investigate this hypothesis BALB/c mice were subcutaneously inoculated with 

AB1 tumours on both left and right flanks. Mice were then randomized into groups as 

described in Table 3. Tumours were grown to a minimum of ~25mm^2 prior to radiotherapy 

treatment and given one of four monoclonal antibody checkpoint blockade 

immunotherapies (Figure 23A). 
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Table 3 - Treatment groups for single agent immunotherapy in dual tumour model 

Group Treatment Number of Mice (n) 

1 Untreated Control 5 

2 Radiotherapy Alone 5 

3 anti-CTLA4 5 

4 anti-PD1 5 

5 anti-OX40 5 

6 anti-TIM3 5 

7 Radiotherapy + anti-CTLA4 5 

8 Radiotherapy + anti-PD1 5 

9 Radiotherapy + anti-OX40 5 

10 Radiotherapy + anti-TIM3 5 

*Note: all radiotherapy groups were treated on left side only and the contralateral lesion did not receive 

radiotherapy. 

Untreated control mice and radiotherapy control mice in which a single tumour was treated 

with radiotherapy without systemic therapy responded as observed in previous 

radiotherapy-alone experiments (Chapter 3), with tumour shrinkage and growth delay at 

only the irradiated site (Figure 23B) as compared with untreated controls.  

These data were able to confirm in our model that both the left and right tumours in any 

one mouse responded symmetrically to systemic checkpoint blockade monotherapy. Figure 

24 A and B and Figure 25 A and B confirm this observation in anti-PD1, anti-CTLA4, anti-

OX40, and anti-TIM3, with no statistically significant difference in responsiveness between 

left and right tumours (Table 4). 
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Table 4 - Mixed Model ANOVA Single Agent Checkpoint Therapy Symmetry 

Treatment (n=5) dF F p-value 

Control Left vs Right 56.02 0.05 0.98 

Anti-PD1 Left vs Right 60.02 1.16 0.28 

Anti-CTLA4 Left vs Right 99.76 1.01 0.32 

Anti-OX40 Left vs Right 48.08 0.51 0.48 

Anti-TIM3 Left vs Right 60.06 1.00 0.32 

Mixed Model Anova Table (Type 3 tests, KR-method). Degrees-of-freedom method: kenward-roger. Signif. 

codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘+’ 0.1 ‘ ’ 1 

 

The primary aim of this experiment was to investigate an enhanced (abscopal) response 

over that observed from checkpoint blockade alone, in the contralateral tumours that had 

not received radiotherapy. No detectable abscopal effect was observed in the untreated 

side of the mice treated with any of anti-PD1, anti-CTLA4, anti-OX40, or anti-TIM3 and 

radiotherapy (p > 0.10) (Figure 26). 
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Figure 23 – Single Agent Checkpoint Blockade with Radiotherapy in Dual Tumours Experimental Setup & Controls - A) 
BALB/c mice were inoculated on day 0 with 5x10^5 AB1 cells to their right and left flanks. Anti-CTLA4 was given on 
day 10, followed by radiotherapy on days 11, 12, and 13. Anti-PD1, anti-TIM3, and anti-OX40 groups were treated on 
days 14, 16, and 18. Mice were monitored until experimental endpoint of either combined tumour burden of 
1000mm^3 or complete cured for 4 weeks. B) Control untreated mice and radiotherapy alone mice controls (n=5 e 
ach), each colour represents a different mouse in the respective treatment group. 

 

 



103 

 

 

Figure 24 - Single Agent anti- PD-1 & anti-CTLA4 with radiotherapy in dual tumour mice – A) anti- PD-1 with and 
without radiotherapy (n=5). No systemic response was observed from single agend anti-PD1therapy. Anti- PD-1 mice 
were observed for a shorter time due to reaching total tumour burden faster with no response to single agent therapy. 
B) anti-CTLA4 with and without radiotherapy (n=5). Efficacy of systemic anti-CTLA4 therapy was observed bilaterally 
and symmetrically. Each colour represents a different mouse in the respective treatment group.   
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Figure 25 - Single Agent anti-OX40 & anti-TIM3 with radiotherapy in dual tumour mice – A) anti-OX40 with and without 
radiotherapy (n=5) B) anti-TIM3 with and without radiotherapy (n=5). Both groups were monitored for shorter periods 
of time before cull (x-axis) due to non-response to either single agent checkpoint therapy and reaching maxium 
allowable tumour burden thresholds. Each colour represents a different mouse in the respective treatment group. 
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Figure 26- Abscopal analysis in un-irradiated tumours in irradiated mice treated with checkpoint blockade therapy – 
Distal untreated tumours from Figure 23 A compared with control untreated tumours and tumours that received 
systemic checkpoint blockade immunotherapy A) anti- PD-1 showed no abscopal effect (p=0.10) when comparing 
tumour size in mice treated with checkpoint alone (n = 10 tumours) and non-irradiated tumours in irradiated mice 
with anti- PD-1 (n =5 tumours)  B) anti-TIM3 showed no abscopal effect when comparing tumour size in mice treated 
with checkpoint alone (n = 10 tumours) and non-irradiated tumours in irradiated mice with anti-TIM3 (n =5 tumours) 
C) anti-OX40 TIM3 showed no abscopal effect when comparing tumour size in mice treated with checkpoint alone (n 
= 10 tumours) and non-irradiated tumours in irradiated mice with anti-OX40 (n =5 tumours) D) anti-CTLA4 showed a 
systemic response in un-irradiated mice, but there was no evidence of an additional impact of contralateral 
radiotherapy in non-irradiated tumours in irradiated mice. Significance calculated by Mixed Model Type 3 Anova KR-
method.  
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5.2.2 The effect of single agent checkpoint blockade immunotherapy with radiotherapy 

on the local tumour response  

Experiments in 5.2.1 explored the potential to induce abscopal effects from radiotherapy by 

adding single agent checkpoint blockade immunotherapy. However, these experiments 

were unable to answer the question of whether single-agent immunotherapy plus 

radiotherapy could increase response at the irradiated tumour site, because the maximum 

duration of experiments was determined by the combined maximum allowable size of 

tumours as determined by the institutional Animal Ethics Committee. Hence, mice with one 

tumour which was exposed to ineffective systemic therapy and did not receive radiotherapy 

had to be culled as the max allowable tumour burden was reached before the longer-term 

results of combination therapy on the treated tumour could be assessed. 

In order to examine this specific question, a new experiment was designed using BALB/c 

mice bearing single AB1 tumours, treated with checkpoint blockade with or without 

radiotherapy (Figure 27A). Mice were inoculated on day 0 (n=5 per group) and treated 

with checkpoint blockade immunotherapy (anti-PD1, anti-TIM3, or anti-OX40) on days 8, 

10, and 12 (  
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Table 5). For combination-treated mice, this was followed by 3 fractions of 6 Gy on days 

13, 14, and 15 (total 18 Gy). 
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Table 5 - Treatment Groups for Single Agent Checkpoint Blockade Therapy Plus 
Radiotherapy in Single Tumour Bearing Mice 

Group Treatment Number of Mice (n) 

1 Untreated Control 5 

2 Radiotherapy Alone 5 

3 anti-PD1 5 

4 anti-OX40 5 

5 anti-TIM3 5 

6 Radiotherapy + anti-PD1 5 

7 Radiotherapy + anti-OX40 5 

8 Radiotherapy + anti-TIM3 5 

 

Control untreated tumours and radiotherapy-alone control tumours responded similarly 

to other experiments; however more complete responses (cures) were observed in the 

radiotherapy alone group in this experiment (Figure 27B) now that the observation 

period was able to be extended. This led to a statistically significant increase in survival 

in mice receiving radiotherapy to the single tumour as compared with control mice (* p 

= 0.027) (Figure 29A). 

Mice treated with anti- PD-1 alone demonstrated dichotomous results, with both 

responders and non-responders within the same treatment group, but with the addition 

of radiotherapy all mice had a complete response to treatment (Figure 28A). There was 

a statistically significant increase in survival between mice treated with anti- PD-1 alone 

and those treated with the combination of anti- PD-1 and radiotherapy (* p = 0.049) 

(Figure 29B). 
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Tumours treated with anti-TIM3 alone showed no kinetic growth difference or survival 

benefit compared to control untreated mice (p = 0.30)(Figure 28B), (Figure 29C). The 

addition of radiotherapy increased the proportion of responders, resulting in a survival 

benefit (* p = 0. 0027), (Figure 29C).  Tumours responded to anti-OX40 alone similarly to 

when combined with radiotherapy (Figure 28C) and the combination exhibited no 

survival benefit over anti-OX40 alone (p = 0.94 ) (Figure 29D). 
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Figure 27 - Experimental design for single tumour mice with single agent checkpoint & radiotherapy A) Mice were 
inoculated with AB1 mesothelioma cells to their flank on day 0 and treated with corresponding mono-immunotherapy 
agents before receiving 3 fractions of 6Gy of radiation. Mice were then monitored until 4 weeks tumour free or until 
the tumour burden reached the ethical endpoint. B) Control mice inoculated with AB1 mesothelioma cells untreated 
control and radiotherapy alone control base lines for comparison to checkpoint treatment. 
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Figure 28 - Single tumours treated with radiotherapy & checkpoint blockade immunotherapy. A) Anti- PD-1 alone at 
this time point led to tumour regression in 2 out of 5 mice. Following the addition of radiotherapy, a decrease in 
tumour burden was observed in all 5 mice. B) Anti-TIM3 did not have a discernible tumour burden impact by itself. 
However, anti-TIM3 in combination with radiotherapy resulted in a decrease in tumour burden in all 5 treated mice C) 
Anti--OX40 alone and with radiotherapy saw tumour burden decrease in 4 of the 5 and 5 of the 5 mice respectively.  * 
Decreased tumour burden was classified by any decrease in tumour volume between measurements after treatment. 
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Figure 29- Single tumours with radiotherapy & checkpoint blockade immunotherapy survival. A) Radiotherapy alone 
demonstrated a survival benefit (p = 0.027) compared to no radiotherapy. B) anti- PD-1 did not offer a survival benefit 
over untreated control mice (p =0.37); similarly, there was no statistically significant survival benefit for anti- PD-1 
combined with radiotherapy when compared with radiotherapy alone.). C) Anti-TIM3 did not provide a survival benefit 
compared to untreated control mice (p=0.30), similar to anti-PD1, the combination with radiotherapy did not provide 
a survival benefit beyond radiation alone. D) anti-OX40 did provide a survival benefit over untreated mice (p = 0.0014), 
but combination did not provide a survival benefit over radiotherapy alone with no statistically significant difference. 
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5.2.3 The effect of single agent checkpoint blockade immunotherapy with radiotherapy 

on the local large tumour response  

In animal cancer models, treatments are commonly more effective in smaller, as compared 

with larger tumours. Because the effectiveness of treatments in small tumours may have 

obscured any synergistic effects of combination therapy, we explored this question by 

treating mice with larger tumours using individual checkpoint blockade immunotherapy 

with radiotherapy. 

To allow the tumours to grow to a larger size, treatment was delayed until day 13 (Figure 

30). Tumour size was statistically significantly larger (Figure 32)(p < 0.0005) when compared 

to experiments in 5.2.2 with tumours at day 10 having a mean of 30.7 mm2 and day 13 

having a mean of 38.7 mm2. Mice were then treated with radiotherapy and/or single agent 

checkpoint blockade as set out in Table 6. 

Table 6- Large single tumour single agent treatment groups 

Group Treatment Number of Mice (n) 

1 Untreated Control 5 

2 Radiotherapy Alone 5 

3 anti-PD1 5 

4 anti-OX40 5 

5 anti-TIM3 5 

6 anti-CTLA4 5 

7 Radiotherapy + anti-PD1 5 

8 Radiotherapy + anti-OX40 5 

9 Radiotherapy + anti-TIM3 5 

10 Radiotherapy + anti-CTLA4 5 
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When compared to the previous single tumour experiments with treatment on day 10, a 

statistically significant difference in tumour growth kinetics was observed for all treatment 

groups in day 13 treated mice, except for the anti-CTLA4 treatment group which did not 

have a corresponding comparator (Table 7)(
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Figure 31). For this comparison, the growth kinetics were compared starting from a baseline 

on the first day of treatment for each experiment. 

Table 7- Comparing Day 10 and Day 13 treated tumour response by tumor growth kinetics 
starting from first day of treatment respectively for each group. Significance calculated by 
Mixed Model Type 3 Anova KR-method .  

Day 10 vs 13 p-value 

Radiotherapy **0.001 

Anti-TIM3 ***<0.001 

Anti-PD1 ***0.001 

Anti-OX40 ***<0.001 

Radiotherapy + Anti-TIM3 *0.027 

Radiotherapy + Anti-PD1 ***0.001 

Radiotherapy + Anti-OX40 ***<0.001 

 

Combination anti-TIM3 with radiotherapy was more effective than anti-TIM3 alone in 

decreasing tumour burden (p < 0.001) but was less effective than radiotherapy alone (p = 

0.139), (Figure 30). Similar results were observed with anti-OX40 and radiotherapy 

compared to anti-OX40 alone (p < 0.001) and radiotherapy alone (p=0.100). However, both 

anti- PD-1 and anti-CTLA4 combined with radiotherapy were more effective combinations 

than checkpoint blockade only controls (p < 0.001 for both) and were also more effective 

than the radiotherapy alone control (p < 0.001 and p = 0.018 respectively). 
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Large tumour experimental design 

 

Figure 30- Large Tumour Experimental Design – A) BACLB/c mice were inoculated with 5x10^5 AB1 cells to their left 
flank on day 0 and received either no treatment (control untreated), radiotherapy alone, checkpoint alone (anti-PD1, 
anti-TIM3, anti-OX40, or anti CTLA4), or combination single agent checkpoint therapy with radiotherapy. Treatment 
started when on day 13. B) Untreated controls and radiotherapy alone control growth curves. Radiotherapy treatment 
to larger tumours resulted in fewer durable responses (33%) when compared to smaller tumours see Figure 27 (75%) 
treated the same way (p = 0.12). 
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Large tumour growth kinetics response to checkpoint blockade and radiotherapy 

Figure 31 - Large tumour response to combination therapy – A) anti-TIM3 alone did not reduce tumour growth in 
either larger or smaller tumours (Figure 28), but when combined with radiotherapy produced more responding 
tumours (any tumour shrinking after treatment) (100%) as compared with radiotherapy alone (Figure 30) (66%). B) 
anti- PD-1 as a single agent was less effective when treating larger tumours than smaller tumours, with reduced 
response and shorter duration of response; combined with radiotherapy, efficacy and anti- PD-1 was improved over 
radiotherapy alone. C) anti-OX40 was also less effective in larger tumours compared to when used in smaller tumours, 
but still demonstrated a measurable effect. Combining anti-OX40 with radiotherapy improved treatment responses 
over either anti-OX40 alone or radiotherapy alone. D) anti-CTLA4 resulted in a measurable response in 1 mouse, but 
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when combined with radiotherapy, 100% of mice demonstrated a reduction in tumour burden, with subsequent 
progression occurring in one of 5 mice. 
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Day 10 vs Day 13 tumour size comparison 

 

Figure 32- Day 10 vs Day 13 size comparison: Day 10 tumours had a mean area of 30mm2 and a median of 29mm2, 
while day 13 had a mean 39mm2 and median 38mm2. Wilcoxon signed rank test showed a statistically significant 
difference (p = 0.00038) 
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5.2.4 Exploring secondary tumour models to allow investigation of the abscopal effect 

without reaching maximal tumour burden 

I hypothesised that the lack of detectable change in the contralateral tumour in the 

experiments described in 5.2.1 could be an artefact of the short duration of post-treatment 

observation. The time frame required to develop an effective immune response in which 

could be observed as change in tumour growth kinetics could be beyond the time frame 

during which these experiments reached their end point for ethically approved combined 

tumour size. 

I examined two changes to the experimental design to address this issue. The first was 

delaying the inoculation day of the contralateral tumour. Since this tumour does not receive 

direct radiotherapy, its early growth only adds to the total tumour burden without adding 

growth kinetics information. However, there is potential for staggered inoculation to slow 

the growth of the second tumour or even prevent its formation completely if the inoculation 

of the first tumour acted as a vaccine.  

The second approach was to inoculate fewer cells into the contralateral tumour site. With 

fewer cells seeding the tumour, it would take longer to grow, allowing for a longer 

observation period. The drawback of this approach is that if not enough cells are seeded, 

the tumours may fail to grow, and the lag phase to create extra cellar matrix may also hinder 

the growth kinetics in early implantation. 

The experiments below were designed to explore both solutions to determine the best 

model for further examining abscopal responses. The first set inoculated BALB/c mice 

contralateral tumours with a decreasing number of AB1 cells (groups in Table 8) (Figure 33) 

in the context of a standard contralateral inoculation. 
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Table 8 - AB1 Cell Inoculation Dilution Series Groups 

Group Left Tumour Cells Right Tumour Cells Number of Mice (n) 

1 5x10^5 5x10^5 5 

2 5x10^5 1x10^5 5 

3 5x10^5 5x10^4 5 

4 5x10^5 1x10^4 5 

 

Mice inoculated with the same concentration of cells in each flank grew symmetric tumours 

as seen in previous experiments. Mice that received 1x10^5 saw a small delay in the early 

time points for tumour size, growth kinetics changes (p = 0.001). Mice inoculated with 

5x10^4 cells however showed a dichotomous response with all tumours taking longer to 

form but then half of them beginning to grow with normal rates and the other half growing 

with a delayed rate (p <.0.001), (Figure 34) the results of which demonstrated a median 5-

day survival benefit (p = 0.011) over the controls.  Lastly, the 1x10^4 group had an extended 

time delay in growth with some tumours never forming before the primary tumour reached 

experimental end point.  

The next of set of experiments addressed the impact of delaying the time of inoculation of 

the contralateral tumour. Mice were inoculated days 3, 6, and 9 on the right flank and day 

0 on the left flank. (Table 9), (Figure 35). There were no growth kinetic changes when 

controlling for inoculation day, but all delays had a survival benefit (p = 0.0027), although 

all inoculation delays examined had a similar impact. 
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Table 9- Delayed inoculation Dual Tumour Experimental Groups 

Group Left Tumour Cells Right Tumour Cells Number of Mice (n) 

1 Day 0 Day 0 5 

2 Day 0 Day 3 5 

3 Day 0 Day 6 5 

4 Day 0 Day 9 5 

 

 

 



123 

 

 

Figure 33- Tumour seeding variation experimental design – BALB/c mice were inoculated on day 0 with 5x10^5 AB1 
tumour cells on their left flank and either 5x10^5, 1x10^5, 5x10^4, or 1x10^4 AB1 cells to their right flank, 5 mice per 
group. Mice were monitored until end of experiment when they reached total tumour burden of 1000mm^3 
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Figure 34 – Results from varying inoculation cell amounts A) decreasing AB1 cells had a significant change to tumour 
growth kinetics in all groups. 1x10^5 cells saw a change (p = .001) , 5x10^4 (p  <.001), and 1x10^4 (p  <.001). B) Survival 
benefit of median 50% 5 day increase was seen at 5x10^4 (p = 0.011). Tumour growth kinetics significance calculated 
by Mixed Model Type 3 Anova KR-method. Cox Model used for survival analysis.  (n = 5 mice) 
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Figure 35 - Delayed tumour inoculation experimental design – BALB/c mice were inoculated on their left flank on day 
0 with 5x10^5 cells and then split into 4 groups. The first group received an inoculation to their right flank of 5x10^5 
on day 0, with groups two, three, and four receiving their second inoculation to their right flank on day 3, 6, and 9 
respectively. Mice were then monitored until experimental endpoint of tumour burden 1000mm^3 was reached. 
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Figure 36- Variation day seeding inoculation results – A) All tumours showed similar growth kinetics when adjusted 
for inoculation day. B) There was a survival benefit for all delayed inoculation groups (p = 0.0027) with day 6 having a 
50% mean survival benefit of 8 days. Tumour growth kinetics significance was calculated by Mixed Model Type 3 
Anova KR-method. Cox Model used for survival analysis.  (n = 5 mice) 
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5.2.5 Combination dual checkpoint blockade with radiotherapy in single tumour bearing 

mice 

To assess the impact of dual checkpoint blockade therapy at the site of radiotherapy an 

experiment was designed using a single tumour model. This allowed us to accurately follow 

the mice long enough to determine if the responses were durable while not limiting the post 

treatment monitoring time of the mice due to advancing size of the secondary tumours. To 

recap, mice with dual tumours otherwise succumbed to combination tumour burden 

endpoints as outlined in the animal welfare and ethics use before differences could be 

observed. 

BALB/c mice were inoculated with 5x10^5 AB1 mesothelioma cells to their left flank on day 

zero (Figure 37) and treated with single agent or dual agent checkpoint blockade (Table 10) 

on day 14 following radiotherapy on day 18 following results from experiments in 5.2.3. 

Table 10 - Single Tumor Dual Checkpoint Treatment Groups 

Group Treatment Number of Mice (n) 

1 Control No Treatment 5 

2 Radiotherapy 5 

3 Anti-TIM3 5 

4 Anti-PD1 5 

5 Anti-OX40 5 

6 Anti-TIM3 + Anti-PD1 5 

7 Anti-TIM3 + Anti-OX40 5 

8 Anti- PD-1 + Anti-OX40 5 

9 Anti-TIM3 + Anti- PD-1 + Radiotherapy 5 

10 Anti-TIM3 + Anti-OX40 + Radiotherapy 5 

11 Anti- PD-1 + Anti-OX40 + Radiotherapy 5 
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Dual checkpoint blockade did not have a statistically significant impact on tumour growth 

compared to single agent therapy for tumours at this size except for anti-OX40 & anti- PD-1 

vs anti-OX40 (p=0.021), (Table 11) (Figure 38).. Surprisingly, combining anti-OX40 with anti- 

PD-1 demonstrated a non-significant trend towards decreased effectiveness' of anti- PD-1 

(p=0.096). The addition of radiotherapy didn’t decrease the tumour growth statistically for 

anti-TIM3 & anti- PD-1 (p=0.28), however it was statistically beneficial in terms of growth 

kinetics in anti-TIM3 with anti-OX40 and anti- PD-1 with anti-OX40 (p=0.006 and p<0.001 

respectively)(Figure 38). 

 

Table 11- Comparing growth kinetics of combination treatment. Significance calculated by 
Mixed Model Type 3 Anova KR-method 

Groups P value 

anti-TIM3 & anti- PD-1 vs anti-TIM3 .41 

anti-TIM3 & anti- PD-1 vs anti-PD1 .94 

anti-TIM3 & anti-OX40 vs anti-TIM3 .79 

anti-TIM3 & anti-OX40 vs anti-OX40 .76 

anti-OX40 & anti- PD-1 vs anti-PD1 .096 

anti-OX40 & anti- PD-1 vs anti-OX40 *.021 

anti-TIM3 & anti- PD-1 vs anti-TIM3 & anti- PD-1 + Radiotherapy .28 

anti-TIM3 & anti-OX40 vs anti-TIM3 & anti-OX40 + Radiotherapy **.006 

anti- PD-1 & anti-OX40 vs anti- PD-1 & anti-OX40 + Radiotherapy ***<.001 
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Single tumour dual checkpoint therapy with radiotherapy growth kinetics 

 

Figure 38- Single tumour dual checkpoint combination radiotherapy. Combining checkpoint blockade compounds did 
not statistically improve tumour response when compared to single agent therapy. The addition of radiotherapy 
improved all combinations of checkpoint blockade except for anti-TIM3 & anti- PD-1 (p = 0.28). Mixed Model Type 3 
Anova KR. 
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5.3 Discussion 

5.3.1 Radiotherapy with single agent checkpoint blockade therapy 

These initial experiments attempted to demonstrated three critical components of our experimental 

model in response to these therapy combinations. The first was to confirm the assumption in our 

model that each checkpoint blockade immunotherapy would impact both tumours symmetrically. 

There was some evidence to support this hypothesis in some but not all the agents under study, from 

work in our lab that was then unpublished  (Zemek et al., 2020). With differences in checkpoint 

inhibitor antibodies, possible mesothelioma divergent cell lines, and different genetic sources of 

BALB/c mouse models, there could be impact on the immune response to tumours and the response 

to checkpoint blockade therapy from our labs previous findings. Using checkpoint blockade alone, we 

observed symmetrical responses - validating our murine model to test additional hypotheses. 

The second component to demonstrate was that there was no detectable abscopal effect with these 

single agent checkpoint therapies combined with radiotherapy at these specific doses and schedules. 

The treatment schedules were chosen based on previous experiments in our lab and some limited 

literature on combining different checkpoints with radiotherapy in murine models. With the results 

of these first section 5.2.1 experiments, we identified a baseline in our models’ for the abscopal 

effects. 

The third goal was to examine the localized responses to combined radiotherapy plus checkpoint 

blockade on irradiated tumours themselves. However, because untreated, distal, tumours grew 

faster, euthanasia of animals needed to be carried out before the longer-term effects on locally 

irradiated tumours could be observed. We therefore decided to examine this separately, using a 

single-tumour model. 

5.3.2 Single agent immunotherapy with radiotherapy on single tumour bearing mice 

To further investigate the impact of checkpoint blockade on irradiated tumours, we used a single-

tumour model – allowing extended monitoring of tumour outgrowth.  
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The major limitation of the findings of these experiments comes down to how effective radiotherapy 

proved to be on tumours at this early day 14 time point. With 4 out of 5 tumours being cleared in the 

controls and a statistically significant survival benefit between radiotherapy and sham treatment (p 

= 0.027), it left little room in the power of the experiment to statistically detect an improvement of 

radiotherapy alone. While the addition of radiation did improve survival for mice treated with a single 

checkpoint therapy for all but one compound, anti-OX40, checkpoint blockade did not statistically 

significantly increase the survival compared to radiotherapy alone. The addition of anti- PD-1 and 

anti-TIM3 to radiotherapy did in fact increase the total amount of mice cured (no palpable tumour 

burden) from 80% to 100%, however the study was underpowered to statistically assess if this was 

real or just coincidence. 

One way to circumvent this dilemma would be to repeat these studies in a more radioresistant model. 

Based on the results from Chapter 3, we know there are two easy variables we can modulate to 

induce this radioresistance phenotype; firstly, by decreasing the dose of radiotherapy given, and 

secondly by delaying irradiation until tumours are larger. Due to the nature of the changes to 

molecular kinetics of decreasing the dose of radiotherapy and wanting to be able to compare growth 

kinetics withing the models to radiotherapy in other chapters, it made more sense within the body 

of this work to adapt the tumour size at treatment in order to achieve this goal. If the purpose of 

these experiments was to focus directly on the radiodynamics and modeling the murine 

mesothelioma response of radiation, then both should have been explored. Since these questions fall 

outside the scope of this thesis, moving forward to repeat the experiment with larger tumours was 

thus the next logical step. Although it should be noted that decreasing dose would impact all 

modalities of radiotherapy effectiveness. 

5.3.3 Single agent and combination agent checkpoint on larger tumours 

By postponing the first irradiation from day 10 to day 13, and thus increasing the size of treated 

tumours, we reduced the effectiveness of radiotherapy dose – both as a monotherapy, as well as in 

combination with anti-TIM3, anti-PD1, and anti-OX40 - when compared to treatment of day 10 

tumors. In all combinations the addition of radiotherapy improved the response of checkpoint 
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therapy, but only with anti- PD-1 therapy did checkpoint blockade also improve the response to 

radiotherapy alone with statistical significance. 

When examining the checkpoint blockade compounds anti-TIM3, anti-PD1, and anti-OX40 specifically 

and treating with paired compounds, it was observed that the only combination that showed a 

difference in the absence of radiotherapy was anti- PD-1 with anti-OX40 when compared to their 

respective single agent therapy controls. In the case of anti-OX40 alone the difference was statistically 

significant, but with anti- PD-1 alone the addition of OX40 showed a trend towards decreasing the 

impact of anti- PD-1 (although not statistically so). Work published in 2017 showed the timing of the 

treatment of combining anti- PD-1 and anti-TIM3 is hugely important in immune response 

(Messenheimer et al., 2017). There was not time in this study to experiment with all possible timings 

of every combination of checkpoint blockade molecule and compare them and was beyond the scope 

of the central thesis of radiotherapy response and augmentation in of the immune response. 

However, it would be worth exploring multiple timing options of checkpoint blockade to increase the 

synergy with radiotherapy in future experiments. 

The addition of radiotherapy increased the efficacy of treatment for all checkpoint combinations over 

single agent therapy except for anti-TIM3 & anti-PD1. However, it was anti- PD-1 and anti-OX40 

combined with radiotherapy that increased the survival benefit compared to radiotherapy alone. This 

provides the first evidence that combining these checkpoints together in treating local single tumours 

with radiotherapy can be beneficial in our murine model over radiotherapy alone. 

5.3.4 Combination checkpoint immunotherapy with radiotherapy in dual tumour model 

Before investigating the question of combination therapy on the abscopal effect in a multiple tumour 

model one must first solve the problem of tumour burden reaching maximum before the immune 

response can decrease the tumour burden at the adjacent site. This is the fundamental principle 

behind developing a new model that used either delayed inoculations or decreased AB1 cell line 

seeding.  
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Decreasing the number of cells inoculated into the mice did achieve the desired effect of increased 

survival due to decreased tumour burden. However, the growth kinetics of those tumours differed 

from primary tumour location in a way that makes it difficult to compare to previous data. This is 

likely due to the increased time required to establish tumour microenvironment and / or a change in 

the dynamics of the host immune system. Delayed inoculation on the other hand proved to both 

maintain consistent growth kinetics while also increasing survival by decreasing tumour burden. One 

concern we had was that by staggering inoculations we might be vaccinating for the tumour cell line 

and this would impact the growth. We did not observe see this and made our decision going forward 

to use this model system for long term monitoring of growth effects in the dual tumour model. 

5.3.5 Combination checkpoint therapy with radiotherapy 

As previously described combining the checkpoint blockade compounds did not overcome tumour 

resistance to a single checkpoint blockade compound. With no detectable change from checkpoint 

therapy alone, all improvements in tumour burden and survival from the radiotherapy alone control 

and the dual checkpoint plus radiotherapy is due to the synergy between the two therapies. This 

suggest that some factor or combination of factors of increased immunogencity, increased 

recruitment of immune cells, and perhaps the revascularization of the tumour microenvironment. To 

characterize which feature allows the therapy to overcome resistance would require different 

experiments outside the scope of this thesis but would make for an exciting avenue for research to 

exploit these findings and perhaps even come up with ways to augment the effect further. 
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Chapter VI:  General Discussion 
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6.1 General Discussion 

Radiotherapy plays an important role in the treatment of cancer. While historically radiotherapy has 

been used effectively palliatively in pleural mesothelioma(MacLeod et al., 2015) it has only recently 

overcome the hurdles necessary for consideration as a curative treatment (MacRae et al., 2019). As 

new delivery approaches and technologies expand the range of this modality in the clinical setting, 

our fundamental understanding of the basic biology of this treatment also increases. There are recent 

vast increases in our knowledge of the role of the immune system in successfully treating cancer with 

radiotherapy. 

Much of this increased knowledge base comes from pre-clinical models such as those used in this 

thesis. As the understanding of these immune interactions grows, improved treatments and methods 

of synergy with radiotherapy become possible. Since the research in this thesis was initiated, there 

have been other groups looking at similar or tangential approaches in murine models. Due to the 

relative rarity of pleural mesothelioma much of this work is completed in other cancer models but 

can still be informative about the immune response to cancer in the context of radiotherapy and 

immune modulation. 

In 2017 Owedia et al was able to show in an orthotopic model of head and neck squamous cell 

carcinoma in BALB/c mice that anti-PD-L1 therapy could benefit local response, and suggested that 

radiotherapy (10Gy) could even sensitize poorly immunogenic tumours to checkpoint blockade 

(Oweida et al., 2017). They also demonstrated that this effect was T cell mediated by abrogating any 

benefits of this treatment combination through depleting T-cells. Similar local tumour control was 

again seen in C57BL/6 mice treated with 27Gy over 3 fractions combined with anti-PD-L1 antibodies 

in a model of Lewis lung carcinoma (Wang et al., 2019). Their data also revealed increased CD8+ T cell 

infiltration with checkpoint blockade. This has previously been demonstrated but was also something 

we looked at in Chapter 3 as a ratio between CD4 and CD8+positive T cells. Understanding the specific 

immunological changes that occur following radiotherapy has been limited to specific cancer models 

in the literature. However, several studies have identified specific mechanisms limited to their model 

and immunotherapies that might be useful in the larger context of this biology but also currently 
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limited in their ability extrapolate to other cancers and different immunotherapies. One such study 

showed PD-L1 expression & T cell infiltration was associated with response with anti-PD-L1 treatment 

(Wang et al., 2019; Zhuang et al., 2018), while another showed the link between MHC Class II function 

and CD86 expression on tumours in IL 12 and viral vector therapy (Wu et al., 2018). Important in 

interpreting these results that not only do different models vary in radiosensitivity but also there is 

great variation in radiosensitivity among mesothelioma cell lines (Häkkinen et al., 1996). 

The oncology and radiation oncology communities have also taken a special interest in the potential 

of the abscopal effect for treating distal tumours. Initial reports led to excitement and a hope that 

this immunological phenomenon could be exploited using radiotherapy in combination with 

checkpoint blockade for hard-to-treat tumours and those in locations that are difficult to treat with 

local radiotherapy. This study joins others in trying to understand and harness an abscopal effect in 

murine models, with variable success. Treating C57BL/6 mice with anti- PD-1 therapy in combination 

with 16Gy in 2 fractions increased off target effects in a murine model of hepatocellular carcinoma 

(Yoo et al., 2021). Through flow cytometry the authors also noted increased dendritic cell activation 

in the draining lymph nodes and increased activated cytotoxic T cells in the non-irradiated tumours. 

Another avenue that has been explored is using noncytotoxic low dose radiation on distal tumours in 

combination with anti- PD-1 therapy in a mouse model, to attempt to induce an abscopal effect (Yin 

et al., 2020).While they report increased abscopal findings, their conclusions on the scope of those 

findings has problems. The first and foremost being that delivery to secondary tumours is often 

impractical, and if it weren’t then therapeutic doses of radiotherapy could be given to the target 

tumour site. This study also has some methodological issues, including selection of inappropriate 

statistical tests in some experiments, and small sample sizes (n=3) resulting in limited power to detect 

the claimed differences. In addition, the ‘non-therapeutic’ radiation dose actually had a “significant” 

impact on tumour growth by their own calculations. Overall, the experimental assumptions were not 

met in that the addition of radiotherapy to the off-target tumours did impact tumour growth kinetics 

on its own. Therefore, the increased tumour regression compared to anti- PD-1 alone cannot be said 

to be from the off-target effects on the treatment of the primary tumour. Low dose radiotherapy has 

its place in cancer therapy, most notably the potential in tumours that develop frequent mutations 
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in response to radiotherapy. The Phase II clinical trial (NCT05010031) is looking at sparing side effects 

to healthy tissue by using decreased dose to tumours with ATM mutation (gene associated with DNA 

repair and radiation recovery) in order to achieve similar tumour regression. While this particular 

clinical trial is not looking at the abscopal effect specifically, it shows the merit and other logical 

processes of proposing low dose radiotherapy therapeutically, outside the scope of the pre-clinical 

study mentioned above. A more robust pre-clinical study could be designed to explore the potential 

for synergy between low dose radiotherapy and checkpoint blockade in metastatic disease.  

It is then no surprise that this combination of modalities is being explored in the clinical setting now 

that it is clearly established that radiotherapy does more than damaging the DNA of cancer cells. 

There is increasing data to support the impact of radiotherapy in modifying the tumour 

microenvironment (as also witnessed in this thesis), enhancing the immune response to tumour, and 

potentially synergising with immunotherapy (Demaria et al., 2016; Van Limbergen et al., 2017).  

In the clinical setting, a retrospective case series examined stereotactic radiosurgery combined with 

anti- PD-1 treatment in 58 patients with brain metastases from melanoma. The authors found no 

increased risk of toxicities; however increased local control of tumours was seen with the addition of 

anti- PD-1 to radiotherapy compared to 74 patients who received radiotherapy alone. This finding 

also translated to increased survival however notably this was not a randomised comparison (Nardin 

et al., 2018). While promising for local tumour control, prospective clinical studies are needed to 

better characterize and ultimately optimize the combination of modalities. 

Also in melanoma and with anti- PD-1 therapy, another study looked at the impact on secondary 

tumour locations of combining checkpoint blockade with hypo-fractionated radiotherapy (Roger et 

al., 2018). They were able to correlate responses to irradiated and unirradiated tumours and implied 

they achieved an abscopal effect. While it is not the purpose of this discussion to critique or attempt 

to specifically define what is truly abscopal and what is not, these data appear to support the theory 

that radiotherapy may enhance anti- PD-1 efficacy in difficult to treat patients. 
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In another retrospective attempt to demonstrate the promise of increasing the frequency of the 

abscopal effect with radiotherapy and checkpoint blockade, Aboudaram et al reviewed clinical data 

in metastatic melanoma patients who received anti- PD-1 therapy and concurrent radiotherapy 

(Aboudaram et al., 2017). 17 of 59 patients receiving anti- PD-1 antibody treatment also received 

radiotherapy, with a mean dose of radiation of 30 Gy in 10 fractions. In this retrospective cohort study 

they found objective response rates (complete or partial) to be significantly higher in the patients 

who also received radiation (64.7 vs. 33.3%, P=0.02). They reported one complete responder as a 

case of an induced abscopal effect. While responses were proportionally higher in those patients 

receiving radiotherapy, there was no significant difference in 6-month disease-free survival and 

overall survival rates within the noted limitations of a non-randomised retrospective case series. 

There are yet to be any appropriately powered completed clinical trials examining checkpoint and 

radiotherapy in mesothelioma. Indeed, this is partly due to the fact that checkpoint therapy has not 

been used as first line therapy in mesothelioma until the last year. However, this is being examined 

in other settings. A phase I study at MD Anderson Cancer Centre is combining radiotherapy in lung-

intact pleural mesothelioma or in the palliative setting with subsequent adjuvant pembrolizumab. 

The primary outcome measure of this study is treatment-related adverse events, however 

progression-free and overall survival will also be assessed (NCT02959463). 

Since the experimental work in this was conducted, there has been a positive clinical trial reporting 

the use of checkpoint blockade therapy in pleural mesothelioma that has changed the recommended 

standard treatment. The Checkmate 743 clinical trial randomised patients to a combination of the 

anti- PD-1 antibody nivolumab with the anti-CTLA4 antibody ipilimumab as a first line therapy, or 

standard combination platinum-based chemotherapy (Baas et al., 2021). As already discussed in the 

introduction of this thesis, first line systemic therapies have previously been limited to 

chemotherapy, and this positive clinical trial marks a departure from cytotoxic chemotherapy 

towards immunotherapy treatment. 605 patients were randomised into two arms. The experimental 

arm received nivolumab with ipilimumab (n=303) and the other arm received standard of care 

chemotherapy (n=302).  The study found that combination checkpoint blockade improved overall 

survival with and expected toxicity profile when compared to chemotherapy. However, the impact 
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was largely seen in patients with sarcomatoid and biphasic mesothelioma, and less benefit was 

observed in those with epithelioid disease. This opens the door for radiotherapy to be explored as a 

strategy to sensitize epithelioid mesothelioma to checkpoint blockade. As previously mentioned, and 

shown in this thesis (Chapter 1.5 / Chapter 4.2), radiotherapy can increase the immunogenicity of 

tumours. With checkpoint blockade now given as first line therapy, it will be possible to examine any 

additive or synergistic effects of radiotherapy on checkpoint blockade resistant epithelioid 

mesothelioma. An exciting study that could be explored in murine models would be to take an 

epithelioid murine model similar to RN5 (Blum et al., 2015) and a biphasic model AB12 (Davis et al., 

1992) , using our sarcomatoid control AB1 (Davis et al., 1992) to determine if radiotherapy could 

differentially sensitize tumours to checkpoint blockade therapy. However, given the limitations of 

murine models and the availability of appropriate patient cohorts, this may be best examined as a 

human clinical trial. 

Another key study using checkpoint blockade therapy mesothelioma is the phase II DREAM trial and 

the follow up phase III trial DREAM3R (Nowak et al., 2020) . The phase II DREAM trial, and the 

analogous phase II PrE0505 trial in the USA both combined the anti-PD-L1 antibody Durvalumab with 

cisplatin and pemetrexed as first line treatment. Combining both the immunotherapy benefits of 

checkpoint blockade with chemotherapy to increase immunogenicity of the tumours and expose 

them to the immune system gave a 6-month progression free survival which met the study endpoint 

for DREAM, and an overall survival of interest for PrE0505. DREAM showed a mPFS of 6.9 months and 

median duration of response of 6.5 months and together these two trial results spawned the phase 

III clinical trial DREAM3R (NCT04334759) to further explore how these combinations of therapies can 

be exploited together to increase survival in patients.  A similar phase III study in Canada 

(NCT02784171) is also looking at similar treatment combination, however using anti- PD-1 therapy 

(pembrolizumab) instead of anti-PD-L1 with cisplatin and pemetrexed, while the European Phase III 

trial BEAT-meso (NCT03762018) combines Bevacizumab and chemotherapy 

(carboplatin/pemetrexed) with and without anti-PD-L1. 

Similar to the melanoma studies discussed earlier, with checkpoint blockade making its way to first 

line therapy for mesothelioma, it opens the doors to future research and clinical trials exploring 
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radiotherapy with these monoclonal antibodies faster and allows optimization leading to better 

outcomes for patients. The importance of these seminal checkpoint blockade papers in 

mesothelioma cannot be understated. 

6.2 What’s next? 

There are five major things I would like to have addressed in this thesis, given more time and more 

funding, that would have decreased the ambiguity of the results presented in this thesis or given 

greater insight into the model. 

The first is to include markers in our panel to better distinguish T cell states such as central memory, 

naïve, effector memory, and terminal effector. With the inclusion of CD45RA and CCR7 we could have 

gained more information about the types of cells being impacted by radiotherapy. Combined with 

the machine learning approaches used, there could be new insights waiting to be discovered in the 

tumour microenvironment.  With the addition of CD38, HLA-DR, CD57, and CD95 we could also 

illuminate the activated T cells, exhausted/senescent, and T memory stem cells. However, with the 

available flow cytometer at the initiation of the study, we were limited to the number of fluorophores 

in our panel. To explore these additional markers would have required both doubling the cost of a 

second panel with enough overlap for binning the samples computationally, as well as the limiting 

factor of available draining lymph node tissue to stain and run two separate panels.  

Similarly, we did not have a sufficient available study budget to explore the tumour 

microenvironment through RNA sequencing. At the time of the studies, bulk tumour sequencing – 

and now more expensive single cell sequencing on sorted T cells could provide a treasure trove of 

information on the immune response to radiotherapy.  

As previously mentioned in another chapter, but worth mentioning again, machine constraints 

limited the total number of mice we could effectively use in the studies. Without this limitation of 

time further exploring our AB1 model in a quad tumour environment to allow multi-time point 

harvesting while maintaining tumour burden over time from sister tumours could provide insightful 
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as well as repeat these experiments in the AE17 model to determine if these findings are unique to 

AB1 or are more general to murine mesothelioma.  

Lastly, we attempted to get a baseline to our murine models in vitro using uracil analogs and markers 

for gammaH2AX to gain insight into both how sensitive they were to radiation and how quickly they 

can recover from DNA damage. Unfortunately, the machine approved to do these experiments was 

moved to a different facility that during these experiments we were no longer approved to enter. 

Logistics of academic science aside, our staff is now approved for entry and use of the equipment 

once again and the next PhD student will have the opportunity to explore this question. 

6.3 Conclusions 

The results of this thesis have demonstrated the immune changes in murine mesothelioma caused 

by radiotherapy can be exploited by checkpoint blockade immunotherapy to decrease the tumour 

burden in mice and increase survivorship. Furthermore, results showed the potential T cell migration 

and activation between tumour and draining lymph nodes. This could, if demonstrated to be true, be 

taken advantage of through lymph node targeting activation therapies and dendritic cell-based 

immunotherapies. Ultimately, radiotherapy delivered to a single tumour in a dual tumour model 

mouse combined with combination checkpoint blockade therapy increased survival in our murine 

model of mesothelioma. The outcomes likely accomplished by increased cell death in the tumour 

from radiotherapy leading to increased immune activity and activation with checkpoint blockade 

increasing the impact of the bystander effects and enhancing immunologically-mediated tumour 

clearance. 
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8 Appendix 

 

Appendix A: Radiotherapy Protocol 

This is the text, formatted as it appears in our accepted paper on the protocol and method for 

delivering radiotherapy to a dual tumour murine model. Formatting differs from the rest of thesis 

body. 
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SHORT ABSTRACT 
Delivering targeted image-guided radiotherapy and dose planning with a small animal irradiator 
in a single or dual subcutaneous flank tumor model. 
 
 
LONG ABSTRACT: 
Radiotherapy is a critical modality in treating solid tumors worldwide. Yet, there is still much to 
understand and study about its effectiveness, optimization, systemic responses, and combination 
synergies with other treatments. Modern approaches use image-guided stereotactic body 
radiotherapy to treat patients. However, clinical trials examining biological questions about the 
effect of radiotherapy in patients may be invasive and difficult to execute; more detailed studies 
can be designed using preclinical animal models. Previously, mouse models for radiotherapy did 
not replicate contemporary treatment planning, target dose calculations, and controlled 
targeting as used in patients, limiting the extrapolation of these results to human use. This article 
demonstrates the use of an image-guided small animal precision irradiation platform to enable 
more clinically relevant experiments exploring the nature and effect of radiotherapy on solid 
tumors. This method takes advantage of both new image-guidance technology and the decreased 
computational cost of dose calculations, and utilizes these in a dual tumor model that allows for 
study and analysis of treated and untreated tumors within the same mouse. Importantly, this 
method can be used to treat solid tumours of any origin histological subtype. Provided here is a 
practical step by step guide to the process, which supplements manualized information available 
on the instrument and will shorten the learning and optimization process for researchers who 
have not previously used this platform.  
 
INTRODUCTION: 
 
Half of all patients with cancer, either primary or recurrent, receive radiotherapy in Western 
countries(Allen et al., 2017; Baskar et al., 2012). Yet, there is still much to understand about radio-
resistance, the effects of radiotherapy on the immune response to cancer, and combination 
effects with systemic agents at different radiation doses. Modern approaches in humans use 
image-guided stereotactic body radiotherapy. However, clinical trials to examine questions 
around the effect of radiotherapy or radiotherapy combinations on the tumor or 
microenvironment in patients may be invasive and difficult to execute; more detailed studies can 
be designed using preclinical animal models(Wong et al., 2008). Until recently, the equipment for 
small animal irradiation using image-guided precision has not been available, but new micro- 
computed tomography (CT) devices have made these preclinical studies possible(Jensen et al., 
2013; Lindsay et al., 2014). 
 
Single and dual tumor murine subcutaneous flank models are a common approach to study 
cancers quickly and easily(Adumeau et al., 2018; Misiak et al., 2017; Wang et al., 2018a). Before 
modern small animal irradiation equipment was available, protocols required the creation of lead 
blocks and exposure calculations to static beams, injection of radioactive agents, or non-targeted 
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full body irradiation(Boström et al., 2018; Demaria et al., 2014; Du et al., 2017). These methods 
do not allow for efficient accurate tumor coverage of radiotherapy to be delivered with a uniform 
dose distribution within the tumor simultaneous to off-target tissue sparing.  
 
The method described below uses modern image guidance and dose calculation approaches 
similar to those used in the clinic, with the aid of the X-RAD SmART device (Precision X-Ray, North 
Branford, CT, USA). The device consists of an X-ray tube (generating up to 225 kVp, HVL 1.0 mm 
copper) mounted on a rotating gantry, photon beam collimators, moving animal stage and digital 
imaging panel, all remotely controlled. The system can capture high-resolution (~ 100 micron) 
cone-beam CT images and deliver precise static or dynamic arc radiation beams to small tumors. 
This allows for accurate doses to be delivered to the target tumor whilst sparing healthy tissue. 
Manufacturer’s instructions and training describe the use and operation of the machine to deliver 
radiotherapy to a target, but lack optimized strategies for timing, sparing healthy tissue, and 
animal movement. Without practical demonstration and documentation of key steps, a period 
of optimization and learning is required. This method outlines how to use this and similar 
machines for subcutaneous flank tumor targets while sparing critical structures such as the 
kidneys and secondary tumors (Figure 40). It also outlines how to use the SmART Plan treatment 
planning software (Precision X-Ray, North Branford, CT, USA) to accurately delineate targets and 
anatomical structures, define appropriate beams, and calculate and report dose. The following 
protocol supplements and optimizes the approach for irradiating single tumors in small animal 
models to answer the experimental questions of looking at treated and untreated tumors in the 
same animal and avoiding critical structures irrespective of the number of tumors implanted in 
the animal. 
 
PROTOCOL:  
 

1. Initialize small animal irradiator and connected computers 

1.1. Turn on irradiator from the console by switching the key to the “on” position. Initiate 
the warm up sequence if required by pressing the “x-ray on” button. 

1.2. While the machine runs its warmup procedure, turn on the controlling computers to 
activate camera monitors, controller software, and the radiotherapy planning 
software. 

2.  Position mouse in small animal irradiator   

N.B. All animal work was completed within the guidelines provided by the Animal 
Ethics Committee at the University of Western Australia. Procedures complied with the 
Animal Welfare Act 2002 and the Animal Welfare (Scientific Purposes) Regulations 2003, 
as well as The Australian Code for the Care and Use of Animals for Scientific Purposes 
produced by the National Health and Medical Research Council. 

WARNING: Do not bring conscious mice into the same room as the irradiator 
while it is delivering radiotherapy OR when it is in the warmup sequence. High-
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pitched frequencies produced will cause animal’s distress. One can leave the 
room during warmup or wear safety earmuffs if required to stay in the room. 
Note that the sounds produced during warmup are less intense to humans 
than the sounds produced while delivering treatment. 

2.1. Anesthetize mouse prior to placing it inside machine by placing in induction chamber 
with 5% isoflurane. 

2.2. Open the anesthesia circuit to allow anesthesia to the small animal irradiator before 
transferring the mouse to cabinet. 

2.3. Place paper towel or soft tissue down on platform and gently position mouse on its 
side into the nose cone to continue anesthesia. This keeps mouse sedated and eases 
clean up.  

2.4. Apply eye gel to each eye in order to prevent them from drying out and secure mouse 
to platform with Velcro or adhesive tape.  

2.5. Ensure aluminum imaging filter is in place and no collimators are attached before 
closing cabinet doors and decrease maintenance anesthesia to 2.5% isoflurane. 

3. Generate CT scan of Tumor Area 

3.1. In the Pilot software, after selecting researcher and study, click “scan” to open the 
imaging detector window.  

3.2. If first mouse being run in a set: Run a CBCT (cone-beam computed tomography) scout 
scan to properly position acquisition.  

3.2.1. After scan is complete, move target and scan preset to tumor and desired area 
NOTE: Make sure “Show Target” box is ticked and that “Lock volume to preset” is 
not ticked 

3.2.2. Once the tumor is properly positioned, click on “move stage” to reposition the target 
to the correct location in the machine. 

3.3. Begin the CBCT scan (can take 2-5 minutes). 

3.4. Save the DICOM files (Digital Imaging and Communications in Medicine) with the 
appropriate slope and intercept values for your scan dose. 

4. Dose Planning and Dose Calculations 

4.1. Continue maintenance concentration and flow rate for anesthesia and monitor mouse 
on webcam inside the machine. 

4.2. Open the dose planning software and import DICOM images. 

4.3. Crop image to required size and ensure all critical structures are in the field of view. 

4.4. Switch to the CT2MD (CT to Material and Density) screen and add and remove density 
objects as required for your experiment based on the histogram. 
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4.5. Using the contouring screen, create an empty structure and give it a name. 

4.5.1. Move the axial, sagittal, and coronal views to bring your target into view. Using the 
brush tool, contour out your tumor target with the aid of the density differences 
between the subcutaneous fat and muscle boundaries with that of the tumor and soft 
tissue. Move a few slices at a time until you have most of the tumor boundaries. 

4.5.2. Once complete, click on “Interpolate Contours” in order to connect and interpolate 
your boundaries as a three-dimensional object for beam targeting. 

4.6. Move to the “Beams” screen. Add a target and set the target dose for radiotherapy. 
Select the appropriate collimator based on tumor size and the surrounding tissue and 
add beams so as to avoid or minimize irradiation of critical structures. Where 
experiments and tumor growth permit, regardless of dynamic or static beams, 
attempt to keep beams symmetrical to ensure even dose distribution throughout the 
tumor. As the mouse is set on its side, static beams can be used to minimize 
radiotherapy to secondary structures and, importantly, to the secondary tumor. 

4.6.1. Repeat above step with multiple targets as necessary, until entire desired tumor area 
is covered. This can take between two to five minutes to complete depending on the 
complexity of the tumor growth if non-uniform.  

4.7. Move to the “Calculation” screen and set the estimated statistical uncertainty to a 
value to suit the particular experiment; the lower the percent the longer the 
calculation, while the larger the percent the potential for loss of accuracy of dose at 
the tissue site will occur. Optimization of the percent uncertainty will vary by machine 
and is a calculation that is completed separately. For this example, additional 
experiments  found that 10% had no statistically significant difference to 5% in this 
tumor model on this particular machine at this particular time. It may be necessary to 
verify this for different machines, tumor models, and age of machine. Leave the mode 
as “default” and use all CPU (central processing unit) cores before hitting “Start 
Calculation”. This last step can take 3-6 minutes or longer depending on the number 
of beams selected and the CPU cores available to the software to run the calculations.          
   
NOTE: While calculations are running this is a good time to change the filter and 
insert the appropriate collimator. 

4.8. Once calculation is complete, move to the “Visualization” screen and review dose 
distribution. Look for any hot spots or undesired tissue being irradiated as well as 
review the dose-volume histogram to ensure dose distribution to desired targets is 
within the experimental protocol. 

4.9. Click “Generate .ini” when ready to produce .ini file for the controller software 

5. Irradiate the Target Tumor 

Once back in the pilot software click on “Load Protocol” and select the .ini file 
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generated in the previous step. 

CAUTION: Before proceeding to next step, place safety earmuffs on as generator will 
produce high pitch noises. Ensure no other unanesthetized mice are in the same 
room. 

5.1. Click “Treat”, followed by “Start Beam” for each beam until the protocol is complete. Once 
treatment is finished, make sure to return the gantry to the starting position before removing 
the mouse from the machine. The time this step will take will vary by the amount of beams 
and the dose of each beam. In the experiments described above each beam took between 38 
seconds to 85 seconds to complete. 

5.2. After placing the animal back in its cage, wait until mouse is awake and reactive before 
leaving it unsupervised.  

 

 
REPRESENTATIVE RESULTS: 
 
Dose planning should allow visualization of the final target, beams, and dose distribution. Figure 
1 depicts the final image set after contouring the tumor and setting an isocenter for the 
radiotherapy target with the final beams. Figure 2 shows an example of segmentation of critical 
structures and dose volume histogram of treatment plan received after dose calculations are 
complete. 
 
 
 
Figure 39- Targeting Beams: Axial, coronal, and sagittal planes of CT showing segmented targeted tumor, isocenter target, and 

radiotherapy beams. 

 
 
 
 

Figure 40- Final Radiotherapy Distribution. A) Structures segmented out for calculation. Purple – Primary Tumor targeted for 
radiotherapy. Orange – Secondary Tumor to be spared. Green – kidneys (to be avoided). B) Dose Volume Histograms of 
treatment plan. Critical structures and target tumor shown. Kidneys (green), and right tumor (orange) lines are overlaid. 

 
 
 
DISCUSSION: 
This protocol allows for the controlled and targeted image-guided delivery of radiotherapy to a 
single subcutaneous tumor in a mouse, either with or without the presence of a second 
subcutaneous flank tumor. This detailed method allows researchers to reduce the time spent in 
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learning and optimization by conveying key information that we gained through experience in 
using this platform. Importantly, this detailed method also describes important steps to minimize 
animal distress or discomfort.  
 
This protocol solves the very real problem of delivering clinically relevant radiotherapy to pre-
clinical models in a safe and effective manner(Butterworth et al., 2017). While the field is 
growing, the need to properly validate preclinical radiotherapy protocols before taking the 
results to clinic has been discussed in the community at length and these new small animal 
technologies rise to the challenge of delivering those solutions; however, best practices and 
protocols on how to use those technologies in non-human models are still being developed and 
thus our paper presents an optimized approach for studying subcutaneous solid tumor models 
(Dolera et al., 2017; Hill, 2017; Koontz et al., 2017). 
 
Two issues that might arise are tumors that grow in unconventional shapes or in unplanned 
locations. To troubleshoot targeting various locations, the position of the mouse on the stage can 
be changed and the body rotated as required. Subcutaneous tumors specifically have the added 
benefit of being able to move and stretch with the skin and allowing more freedom to place them 
in a more practical position. For larger tumors, or tumors with abnormal shapes around critical 
structures, it is important to select the correct collimator size and shape to both ensure proper 
tumor coverage, and to limit unnecessary radiation to healthy tissue. 
 
For tumors that grow in irregular shapes or in tracts, multiple isocenters in different planes will 
be required to achieve the same result. It is thus imperative to explore the CT scan on all axes to 
ensure capture of the entire tumor in the segmentation.  
 
Note that to ensure precise and accurate dose delivery, it is important to check the irradiation 
device is calibrated according to an accepted protocol and has had geometric precision and dose 
delivery characteristics determined through a rigorous commissioning process. The device and 
planning system should be maintained via a routine quality assurance program. This method 
improves upon fixed radiotherapy delivery in the following ways: 
 

1. Radiation dose is more accurate and accounts for absorption of surrounding tissues with 
image-based Monte Carlo dose calculations. 

2. It ensures a uniform radiotherapy dose distribution within the tumor volume instead of 
hot and cold top and bottoms that occurs with a single-source beam.  

3. It minimizes dose to surrounding tissues and limits highest dose to tumor volume. 
4. It removes the need to expose the mouse and the researcher to additional lead used in 

traditional custom blocks and shields. 
 
For more effective quality control of dose planning and using DVH graphs, it can be helpful to 
segment different organs and structures in a gradient from the target site and not as one whole 
structure. Using the entire femur or kidney might be deceiving to the radiation exposure if the 
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only a small portion of the segmentation receives a small amount of radiation, it might appear to 
be zero on the graph when a closer inspection could show a small amount of radiation. This is 
more critical when irradiating around highly radiosensitive areas such as the lungs or neonate 
murine brains. This will be different depending on the experimental setup and murine models 
used but should not be ignored when designing experiments. 
 
Mice in this study were monitored until tumour burden reached limits defined in the approved 
animal ethics protocol through the University of Western Australia. Euthanasia by cervical 
dislocation was performed following anesthetization via isoflurane; sedation was first tested by 
gently pinching each paw to ensure the animal could not feel sensation or pain. 
 
All mice were monitored for discomfort and radiation side effects. No adverse reactions were 
observed in this subcutaneous irradiated tumour model with the doses of radiation used in these 
experiments.  
 
The first mouse of an experimental cohort can take up to 30 minutes to complete, but depending 
on experience with the irradiator and anesthesia instrument available, it is possible to complete 
an additional mouse every 20 minutes. Different animal irradiators, anesthesia equipment, and 
computational software may result in slight variations in this timeline. 
 
As mentioned in the protocol above, it bears repeating that the differences between irradiators, 
their accuracy, and beam spread will require optimization for individual instruments and dose 
planning software. As published by Wang et al 2018, these types of calculations and variance 
differ between technologies(Wang et al., 2018b).  
 
In the future, this method could be modified and optimized to automatically segment tissue, as 
well as to use MRI (Magnetic resonance imaging ) based images mapped to CT images for use in 
tumor models in which the lesion more closely resembles the density of surrounding tissue.  
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Appendix B: Multimodal tumour kinetics code reference 

Wesley Wilson, TumourGrowthAnalysis Package: Type 3 Mixed Model ANOVA Linear Model 

designed for analysis of tumour growth kinetics. Publication date  July 18, 2019, DOI: 

10.5281/zenodo.3341719. 
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