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ABSTRACT 

Malignant pleural mesothelioma is an aggressive disease with limited treatment options. 

There is a need to explore new treatments for the disease. In recent years, the promising 

development of immunotherapy highlights the possibility of targeting the immune system for 

the treatment of cancer. One such approach is the use of neo-antigen cancer vaccines. To 

investigate the feasibility for the use of neo-antigen vaccines to treat mesothelioma, neo-

antigens in murine models of mesothelioma were identified. 

 

The first aim of this study was to predict neo-antigen candidates through the use of a 

genomics-based bioinformatics approach. Two mesothelioma and two lung cancer cell lines 

were selected for whole exome sequencing (WES) and RNA sequencing (RNA-Seq).  The 

mutation profiles of these cell lines was determined and neo-antigens were predicted using 

bioinformatic analyses. Mesothelioma cell lines have a moderate mutational burden 

compared to the lung cancer cell lines, and between 14-317 cell line specific neo-antigens 

were predicted across the four cell lines. 

 

The second aim was to determine which of these neo-antigen candidates were indeed 

immunogenic. Both host’s endogenous immune responses to neo-antigen candidates were 

screened in tumour bearing animals, and the immune response against these candidates in 

immunised non-tumour bearing animals (immune repertoire) was also determined. Up to 

70% of predicted neo-antigens were immunogenic but only one candidate, UQCRC2, elicited 

an endogenous immune response. Further, it was observed that there was high inter-animal 

variation in immune responses against neo-antigens in otherwise identical animals. 
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The third aim was to determine the effects of immune checkpoint blockade (ICPB) on neo-

antigen response, specifically the range (number) and magnitude of immune response to neo-

antigen. ICPB ‘unmasked’ an additional neo-antigen, UNC45A, and increased the magnitude 

of immune responses. Further investigation on the inter-animal variation found that the 

magnitude of pre-treatment responses to UNC45A correlated with the therapeutic outcome 

of immune checkpoint blockade. 

 

Finally, the efficacy of neo-antigen vaccine was assessed. Vaccination with the two neo-

antigen candidates did not result in tumour regression in the AB1 mesothelioma model. 

Interestingly, vaccination with UQCRC2 abrogated the anti-tumour effects of the adjuvants. 

Reversing a pre-existing low UNC45A immune response did not improve ICPB outcome. 

 

These observations showed that immune responses to neo-antigens are rare and likely to be 

suppressed in the host. The presence of detectable pre-existing neo-antigen response could 

potentially be a novel biomarker for clinical prediction of ICPB response. Identification and 

selection of neo-antigens for a vaccine approach requires further optimisation in order to 

select for effective clinical targets. 
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1.1 Malignant pleural mesothelioma  

Mesothelioma is the malignant neoplasm of the mesothelium which includes the peritoneum, 

pericardium, pleura and tunica vaginalis. Malignant pleural mesothelioma (MPM) is the most 

common form of mesothelioma and accounts for more than 90% of all cases (Attanoos and Gibbs, 

1997). The key causative carcinogen of MPM was shown in the 1960s to be asbestos fibres (Wagner 

et al., 1960) where more than 80% of MPM were associated with asbestos exposure (Sterman and 

Albelda, 2005). 

 

Asbestos has exceptional heat insulation and combustion resistance properties and has been widely 

used in construction and other industries (Roggli and Vollmer, 2008, Pass et al., 2005). There was 

an increase in awareness of asbestos carcinogenesis in the 1980s which resulted in tighter 

regulation and the eventual ban of its use in more than 50 countries. Many living in the Western 

world have been exposed to asbestos due to its widespread use, and thus they still carry the risk of 

developing mesothelioma. Moreover, asbestos fibres are still present in many buildings and are still 

being used in China, India, Russia and some developing countries (Frank and Joshi, 2014). 

 

There are two main types of asbestos fibres, serpentine and amphibole. The only form of serpentine 

fibre is chrysotile, which is characterised by a long and curly structure and pliability. Comparatively, 

amphiboles are short, needle-like and brittle. There are several forms of amphiboles including 

crocidolite which is more likely to cause MPM compared to other forms of asbestos (Gibbs and 

Berry, 2008). It is thought that the short and thin structure allows the fibres to better penetrate the 

lung epithelium and induce carcinogenesis through constant inflammation (Robinson et al., 2005), 

physical disruption of the mitotic process (Meacham and Morrison, 2013) and DNA damage from 

reactive oxygen species (Weitzman and Graceffa, 1984). Carbon nanotubes which have a similar 
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structure and properties to asbestos can induce asbestos-induced mesothelioma in animals 

(Chernova et al., 2017). 

 

Australia has one of the world's highest incidence rates of mesothelioma. The age-standardised 

incidence rate in 2016 in Australia was 2.5 cases per 100,000 population (AMR, 2017), with Western 

Australia having the highest incidence rate at 4.5 per 100,000. The incidence rate in Australia peaked 

in 2003 with 3.2 per 100,000. However, the highest overall number of new cases was reported in 

2014. It has been projected that the number of mesothelioma cases is to increase further between 

2014-2021 (Robinson, 2012).   

 

There are three histological subtypes of mesothelioma, epithelioid (60% of cases), sarcomatoid (20% 

of cases) and biphasic (20% of cases) (Inai, 2008). The characteristics of epithelioid mesothelioma 

are oval to cuboidal tumour cells whereas the more aggressive sarcomatoid form is characterised 

by spindle-shaped tumour cells (Husain et al., 2009). Patients with biphasic mesothelioma present 

a mix of both epithelioid and sarcomatoid tumour cells. 

 

MPM is associated with poor prognosis and has a low median survival of between 9 and 12 months 

(Robinson et al., 2005) and differs for different histological subtypes. Epithelioid histology tends to 

have the most prolonged median survival at 11.1 months while sarcomatoid tends to be the most 

aggressive with the shortest survival of 3.9 months  (HQIP, 2014). Biphasic MPM has an intermediate 

median survival of 7.3 months. 

 

MPM has a long latency period of 20 to 40 years post asbestos exposure. The median age at the 

time of diagnosis is 73 years (range of 66-79 years) (HQIP, 2014). More than 80% of cases occur in 

males (HQIP, 2014, AMR, 2017) which is attributed to the occupational nature of asbestos exposure 



 4 

(Beckett et al., 2015). Asbestos exposure can also occur outside the workplace. For example, the 

wives of workers handling asbestos can be exposed domestically when they laundered the work 

clothes of their husbands (Ferrante et al., 2007). The duration of exposure to asbestos significantly 

increases the risk and rates of MPM, but the age in which exposure occurred does not make a 

difference (Reid et al., 2018). Further, low exposure correlates with a longer latency period 

(Metintas et al., 1999), with women that were exposed domestically showing a longer latency period 

(Reid et al., 2014).  

 

Conventional therapy has been disappointing and there have only been modest increases in median 

survival; which may be related to better diagnosis techniques (Musk et al., 2011). With first line 

combination chemotherapy, median survival was reported to be 12 months (Vogelzang et al., 2003) 

while a combination of surgery, radiotherapy and chemotherapy can improve median survival to 19 

months (Flores et al., 2006). However as not all patients are suitable for surgery, there is a need for 

new options and ideas for the treatment of mesothelioma. One of the most promising cancer 

treatments in recent years is immunotherapy and the hope is that immunotherapeutics will benefit 

mesothelioma patients.  

 

1.2 The development of anti-cancer immunotherapies 

Immunotherapy approaches to cancer treatment is not a new therapeutic concept. Harnessing the 

immune system to counter tumours was first attempted in the 1890's by William B. Coley. Since that 

time various strategies have been employed. Figure 1.1 shows a timeline of some of the significant 

developments in immunotherapies. Simplistically the development of anti-cancer immunotherapy 

can be thought of as having occurred in three separate stages; the first generation of 

immunotherapies included bacterial products and cytokines; the turn of the century saw the 

development of the second generation of tumour immunotherapies check-point blockade 
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molecules and the next generation of personalised immunotherapeutics are currently being 

explored. 

 

1.2.1 First generation immunotherapy  

In the late 1800’s Coley used a mix of inactivated Streptococcal pneumoniae and Serratia 

marcescens bacterial proteins to stimulate the immune system and successfully treat patients with 

inoperable bone sarcoma (Coley, 1910, Nauts and McLaren, 1990). However, these promising 

results of near-complete regression in a several cancer patients (Nauts and McLaren, 1990) were 

overshadowed by the discovery of chemo- and radiation-based therapies which quickly became the 

mainstays of cancer treatment. Nevertheless, immunotherapy continued to develop in the 

shadows. The first generation of immunotherapeutics included the use of microbial products, 

soluble factors and immune modulators as well as vaccination with tumour associated antigens 

(TAAs). 
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Figure 1.1 Timeline showing the development of cancer immunotherapy. 
BCG: Bacillus Calmette-Gurien, IL-2: Interleukin-2, IFN-α: Interferon-α, CTLA-4: Cytotoxic T Lymphocyte-associated Antigen 4, CAR: Chimeric Antigen 

Receptor, TAA: Tumour-Associated Antigens, MUM-1:Melanoma Ubiquitous Mutated Protein,  CDK4: Cyclin-Dependent Kinase-4, PD-1: Programmed 

Death 1, NSCLC: Non-Small Cell Lung Carcinoma.
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1.2.1.1 Microbial products 
Coley is now considered the "Father of Immunotherapy" (McCarthy, 2006) as the bacterial 

proteins in Coley Toxin's stimulated the host immune response against cancer as well as the 

bacteria. Following Coley's results, the use of different microbial products to stimulate the 

immune system against cancers was further tested. One of the most intensively studied 

microbial products was Bacillus Calmette-Gurien (BCG), an attenuated strain of 

Mycobacterium Bovis which was used as a vaccine for tuberculosis. In 1929, it was observed 

that patients with tuberculosis had a reduced incidence of cancer at autopsy (Pearl, 1929). 

This gave rise to the notion that immune stimulation by BCG might have a role in cancer 

treatment. The first record of BCG being used in treating cancer was reported in 1935 

(Holmgren, 1936). Subsequent controlled trials in the 1970s failed to show any significant 

benefit of BCG in the treatment of most cancers except for bladder cancer (Morales et al., 

1976). Today, BCG is still used in the treatment of some early stage non-invasive bladder 

cancer through direct instillation into the bladder (Kamat et al., 2015).  

 

The profound effect of microbial products on the immune system has been well 

characterised. Pathogen-associated molecular patterns such as methylated CpG motifs on 

bacterial DNA, or endotoxins produced by bacteria (subsequently identified as 

lipopolysaccharides) signal through Toll-like receptors (TLR) to activate the innate and 

adaptive immune response (Shimada et al., 1985). A consequence of TLR activation by BCG is 

the production of immune modulatory soluble factors (Carswell et al., 1975). Although the 

earliest attempts at treating cancer with microbial products led to mixed results, therapeutic 

manipulation of the immune system using soluble factors became a strategy for the 

treatment of cancer. 
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1.2.1.2 Cytokines and immune modulators 
Molecular dissection of the immune response during the 1970's and 80's led to the discovery 

and isolation of various small molecular messengers collectively known as cytokines, and 

there was great interest in their therapeutic potential as anti-viral and anti-cancer agents. 

Cytokines are secreted proteins that can act in an autocrine, paracrine or endocrine fashion. 

In general, they are classed as pro- or anti-inflammatory though their action may be 

pleiotropic and influenced by other cells and factors present. Of the nearly 100 separate gene 

products coding for proteins with cytokine-like activity, interleukin (IL)-2 and interferon (IFN)-

α are the only two that have been approved as single agents for the treatment of cancer. 

 

IL-2 is a T-cell growth factor that activates and expands T-cells. A partially purified form of the 

cytokine was first tested in two melanoma patients and induced T-cell proliferation in the 

blood (Bindon et al., 1983). Molecular cloning and the production of recombinant IL-2 enabled 

the administration of large amounts of IL-2 as therapy. High dose IL-2 treatment was able to 

induce tumour regression in some patients with metastatic cancer (Rosenberg et al., 1985, 

Rosenberg et al., 1987). This led to several high dose IL-2 studies in patients with metastatic 

cancers. Patients with metastatic melanoma or renal cell cancer are more likely to respond to 

high dose IL-2 treatment than other cancer types, with objective response rates of 

approximately 15%, and complete responses reported in about 10% of treated patients. IL-2 

is currently approved for use in the treatment of renal cell carcinoma and metastatic 

melanoma (Rosenberg, 2014). Despite the success of IL-2 immunotherapy, there are 

significant dose-related side effects from the treatment including fevers, chills, flu-like 

symptoms, leaky capillaries and loss of liver and kidney functions. Treatment-related 

mortalities are reported to be less than 1%. 
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IFN-α is one of six human type I interferons initially cloned in 1980 which regulate anti-viral 

responses (Muller et al., 1994). It has multiple functions, including inducing expression of 

major histocompatibility complex (MHC) class I molecules, maturation of dendritic cells and 

activation of cytotoxic T-lymphocytes (CTLs) (Lee and Margolin, 2011). The first clinical trial of 

IFN-α was performed in 33 patients with different solid malignancies (Kirkwood et al., 1985). 

Of these, 23 cases had metastatic melanoma, and two patients had a complete response and 

were tumour-free after 2.5 years. A meta-analysis of 14 randomised clinical trials reported 

that IFN-α was associated with significant improvement in disease-free survival in melanoma 

patients, but no optimal treatment dose or regime was identified (Mocellin et al., 2010). In 

addition, IFN-α was shown to be effective for the treatment of leukemia (Golomb et al., 1986, 

Quesada and Gutterman, 1986). It is currently approved for use in patients with hairy cell 

leukemia, melanoma and non-Hodgkin lymphoma. 

 

1.2.1.3 Vaccination strategies 
Following the success of anti-bacterial and anti-viral vaccines, efforts were made to develop 

therapeutic vaccines against cancer. There were two main approaches trialled for cancer 

vaccines, (i) using whole tumour cells as immune targets and (ii) focusing on generating 

immunity against tumour-associated antigens (TAAs). 

 

1.2.1.3.1 Vaccination with whole tumour preparations 
Various strategies to therapeutically vaccinate cancer patients with whole tumour cells have 

been trialled, including using preparations of irradiated autologous or allogenic tumour cells 

alone or in combination with immunostimulating adjuvants. Tumour cell vaccines have been 

tested in most cancer types, but most work has been done in lung cancer, colorectal cancer, 

melanoma, renal cell cancer and prostate cancer (Guo et al., 2013). These whole cell vaccines 
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would, in theory, represent the whole spectrum of antigens within the cancer and provide 

the most coverage of potential immune targets. 

 

While several promising vaccines have been proposed, autologous and allogeneic vaccines 

have failed to achieve significant clinical outcomes. CANVAXIN and GVAX-GM-CSF are two 

examples of whole-cell vaccines which have been rigorously evaluated. CANVAXIN, is a 

polyvalent vaccine consisting of three irradiated melanoma cell lines. The vaccine 

demonstrated promising results in numerous phase II trials, but in two subsequent 

randomised phase III trials no efficacy was demonstrated. The trials were terminated early, 

and development of the agent was ceased. GVAX-GM-CSF, a prostate cancer vaccine 

consisting of two irradiated allogenic tumour cell lines modified to secrete the immune 

modulator, granulocyte-macrophage-colony-stimulating factor (GM-CSF), was similarly 

successful in early trials but also failed to complete randomised phase III trials due to a lack 

of efficacy. There are currently no approved whole allogeneic tumour cancer vaccines in the 

clinic (Finn, 2018). 

 

1.2.1.3.2 Vaccination with Tumour-Associated Antigens 
Several antigens preferentially expressed by tumours and recognised by the immune system 

(collectively known as TAAs) have been characterised since the 1990s. There are broadly four 

subclasses of TAA categorised based on the normal pattern of tissue expression, these classes 

are (i) cancer-testis, (ii) differentiation (iii) overexpressed and (iv) oncofoetal antigens. 

 

Briefly, cancer-testis antigen expression is usually restricted to germ cells, but are aberrantly 

expressed in tumour cells. The first human T-cell TAA described, melanoma antigen family 
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(MAGE)-A1, is a cancer-testis antigen and was identified in 1991 (van der Bruggen et al., 

1991). Differentiation antigens are usually expressed specifically by particular differentiated 

cells types. For example, glycoprotein (GP)-100, is a differentiation antigen as it is typically 

expressed only by melanocytes and is overexpressed in melanoma cells (Kawakami et al., 

1994). The third class of self-antigens are often overexpressed in tumour cells such as Wilm's 

tumour gene product (WT)-1 (Guo et al., 2005). Lastly, oncofoetal antigens are from proteins 

where expression is usually restricted to the period of foetal development. These TAAs 

include alpha-feto protein, carcinoembryonic antigen and 5T4 oncofoetal antigen. 

 

TAAs are attractive targets for therapeutic interventions particularly for vaccination 

strategies, as these antigens are common to many patients. Cancer vaccines have been 

trialled using many TAAs including MAGE-A3, and GP-100 and in most instances these 

vaccines can induce an antigen-specific T-cell response (Buonaguro et al., 2011, Melero et al., 

2014), but had disappointing clinical outcomes. Currently, the only approved anti-TAA vaccine 

is Sipuleucel T manufactured by Denderon LLC. It is a dendritic cell (DC) vaccine targeting the 

differentiation antigen, prostatic acid phosphatase. The vaccine significantly improved 

survival by at least four months when compared to placebo in a phase III trial (Kantoff et al., 

2010) and is currently used for the treatment of metastatic hormone-refractory prostate 

cancer (Anassi and Ndefo, 2011).  

 

The overall clinical response rate of TAA-directed vaccines was reported to be only 2.6% in a 

meta-analysis of 440 patients that received different vaccines (Rosenberg et al., 2004). The 

disappointing clinical efficacy of TAA directed vaccines has been attributed to the fact that 

TAA expression occurs in healthy tissue (Coulie et al., 2014). Most immune cells targeting 
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them are likely to have been subjected to central and peripheral immune tolerance, and will 

not be available for subsequent activation by the vaccine to target the tumour (Coulie et al., 

2014). Another drawback associated with anti-TAA vaccines is that they can occasionally 

result in autoimmune toxicities such as vitiligo, diabetes, thyroiditis and ocular toxicity 

(Chianese-Bullock et al., 2005).  

 

1.2.2 Second generation immunotherapy 
Despite occasional success stories following attempts to harness the immune system using 

microbial products, cytokines and vaccines to treat cancer patients globally, treatment results 

were mostly ineffectual and particularly plagued by severe side effects when attempts were 

made to use purified recombinant proteins. Development of second-generation 

immunotherapy compounds such as checkpoint molecule inhibitors has seen a resurgence of 

interest in immunotherapy. 

 

Several immune modulatory molecules were identified in the late 1980's and early 1990's. 

Unlike soluble cytokines, these molecules were generally found as ligands or receptors on cell 

surfaces. These molecules hold the immune response in check, ensuring that the immune 

response is adequate to protect against infection or other assault, and damage to healthy 

tissue is limited. The concept has been explained as analogous to having ‘accelerators' and 

‘brakes' (Pardoll, 2012), where the ‘accelerators' upregulate and drive immune responses, 

while the ‘brakes' serve as controls that downregulate and stop immune responses. For 

example, CD40 is an ‘accelerator' expressed on antigen presenting cells (APCs) where it is 

involved in the process of co-stimulating T-cells, CD40 activation results in the initiation and 
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progression of immune responses. On the contrary, cytotoxic T lymphocyte-associated 

antigen (CTLA)-4 and programmed death (PD)-1 are ‘brakes' that inhibit immune responses. 

 

CTLA-4 was first identified in 1987 (Brunet et al., 1987). It binds to the T-cell co-stimulatory 

receptor, CD28, with high affinity and avidity and competes with other CD28 ligands (B7-1/B7-

2) present on APCs. The binding of CTLA-4 to CD28 prevents the ligation of B7-1/B7-2 which 

is a required co-stimulatory signal for T-cell activation and proliferation. Therefore, the 

binding of CTLA-4 results in the inhibition and suppression of an immune response. Indeed, 

the absence of CTLA-4 in knockout mice resulted in uncontrolled immune activation and lethal 

autoimmune effects (Tivol et al., 1995, Waterhouse et al., 1995). In 1996, Allison and 

colleagues investigated the possibility of targeting CTLA-4 for cancer therapy through the 

removal of suppression. They showed that the administration of α-CTLA-4 monoclonal 

antibodies in a murine colon carcinoma resulted in tumour regression and complete 

responses (Leach et al., 1996). Following the successful pre-clinical studies of α-CTLA-4, two 

humanised antibodies (Ipilimumab and Tremelimumab) were developed and entered clinical 

trials in 2000. The first demonstration of clinical efficacy of α-CTLA-4 was reported in 

metastatic melanoma (Phan et al., 2003), with two complete and one partial response seen 

in 14 treated patients. In a phase III trial of melanoma patients, α-CTLA4 demonstrated 

statistically significant survival benefits (Hodi et al., 2010). 

 

Another key immune checkpoint inhibitor is PD-1 receptor and its ligands PD-L1 and PD-L2. 

The PDCD gene, which codes for PD-1, a transmembrane molecule that induces programmed 

cell death was first identified in 1992 (Ishida et al., 1992). The binding of PD-1 to PD-L1 results 

in the inhibition and termination of an antigen-specific response (Gianchecchi et al., 2013). 
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This allows tumour cells presenting PD-L1 to escape immune surveillance. Indeed, the 

blocking of PD-1 or PD-L1 was shown to be able to aid tumour eradication in mice (Hirano et 

al., 2005). The first human clinical trial with α-PD1 in 39 patients with five different cancer 

histologies resulted in tumour regressions in five patients (Brahmer et al., 2010). From 

multiple independent studies, PD-1 blockade induces a clinical response in 26-38% of treated 

patients with advanced melanoma (Topalian et al., 2014, Hamid et al., 2013, Robert et al., 

2014). In a number of phase I trials, PD1 targeted therapy has been shown to be effective in 

other malignancies such as classical Hodgkin's lymphoma, advanced gastric cancer, head and 

neck cancer, bladder cancer and breast cancer (Chen and Han, 2015), with objective response 

rates of more than 20% in a number of studies. 

 

Compounds targeting CTLA-4 and PD-1 are currently approved by the U.S. Federal Drug 

Administration (FDA) and agencies in several other jurisdictions including Australia for single-

agent use in the clinic. Ipilimumab (α-CTLA4) has been approved for use in melanoma, 

colorectal cancer and renal cell carcinoma (NCI, 2018a). while Nivolumab and Pembrolizumab 

(α-PD1) are approved for a number of cancer types such as classical Hodgkin lymphoma, 

colorectal cancer, hepatocellular carcinoma, melanoma, non-small cell lung carcinoma 

(NSCLC), renal cell carcinoma, head and neck squamous cell carcinoma, microsatellite 

instability-high or mismatch repair-deficient cancers and urothelial cancer (NCI, 2018b, NCI, 

2018c).    

 

More studies are being conducted to determine the potential of other checkpoint inhibitors 

and accelerators. One such receptor is glucocorticoid-induced tumour necrosis factor related 

(GITR) protein which inhibits regulatory T-cell (T-reg) function while activating CD8+ T-cells 
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(Knee et al., 2016). Targeting GITR in many different murine tumour models including 

mesothelioma either delayed tumour growth or induced tumour regression (Coe et al., 2010, 

Cohen et al., 2010, Fear et al., 2018, Ko et al., 2014). At the same time, combining multiple 

immune checkpoint therapy agents also appears highly promising in the clinic. A phase III trial 

showed longer progression-free survival and higher objective response rates in advanced 

melanoma patients receiving both CTLA4 and PD-1 blockade compared to single-agent 

therapy (Wolchok et al., 2017). Currently, more than 100 clinical trials involving multiple 

malignancies are underway to evaluate combined CTLA4 and PD1 blockade. While we are just 

beginning to unravel the full potential and effects of immune checkpoint blockade, the 3rd 

generation of immunotherapies are currently being developed. 

 

1.2.3 Next generation immunotherapy 
The next generation of immunotherapeutics focuses on engineered therapies that are 

antigen-specific and can be personalised. These therapies target tumour specific antigens 

including TAAs and neo-antigens. The two main approaches are chimeric antigen receptor 

(CAR) T-cell therapy and neo-antigen vaccination. 

 

1.2.3.1 Chimeric Antigen Receptor T cell therapy 
CAR T-cell therapy is a form of adoptive cell transfer which uses autologous T-cells that 

express either chimeric B-cell or T-cell receptors that have been genetically engineered. In 

CAR T-cells an extracellular B-cell or T-cell receptor domain which recognises a specific 

antigenic target is coupled with a constitutively activated intracellular activation domain that 

replicates the T-cell activation process. CAR T-cell therapy has been successful in the 

treatment of CD19+ B-cell malignancies resulting in a 50-90% overall response rate using CD19 

targeting T-cells (Neelapu et al., 2017), and has FDA approval for use in this malignancy (Liu 
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et al., 2017). Unfortunately, toxicities are common with more than 80% of patients developing 

cytokine release syndrome following CAR T-cell therapy (Turtle et al., 2017). Other than 

cytokine release, toxicities can also be caused by tissue damage to healthy tissue due to cross-

reactivity or to normal cells expressing the target antigen (Brudno and Kochenderfer, 2016). 

In the case of α-CD19 normal B-cells are also depleted as a result of therapy.   

 

1.2.3.2 Neo-antigen vaccination 
Neo-antigens arise from somatic mutations that occur during the oncogenic process and can 

also originate from splicing errors. These genetic and protein alterations result in the 

expression of novel epitopes that may be recognised by the immune system. In theory, neo-

antigens are tumour specific, and their use as treatment targets could potentially overcome 

issues of tolerance and toxicity seen when targeting TAAs. It is therefore hypothesised that 

neo-antigens would be better vaccination targets than TAA. Further, many neo-antigens are 

patient-specific, and thus treatment can be personalised. 

 

In pre-clinical models, therapeutic neo-antigen vaccination has produced promising results 

with one study reporting tumour cures in 90% of vaccinated mice (Table 1.1). Reported pre-

clinical vaccination strategies vary and have included using peptides (Castle et al., 2012, Gubin 

et al., 2014, Yadav et al., 2014), peptide stimulated DCs (Duan et al., 2014) and RNA-based 

strategies (Kreiter et al., 2015), with or without different adjuvants to stimulate an anti-

tumour response. The models also vary but in general utilise ectopically grown tumours 

(usually subcutaneous models) and treatments commencing early when tumours are small 

(three to 10 days after tumour inoculation). 
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Table 1.1 Neo-antigen vaccination studies in murine models 
Cell line 
 

Tumour type Vaccine formulation Vaccine schedule1 Response Reference 

B16F10 Melanoma SLP + Poly-IC Day 3 & 10 Delay in tumour growth Castle et al., 2012 
CMS5 MCA-sarcoma Peptide pulsed 

irradiated APCs 
Day -14 & -72 60-100% protected Duan et al., 2014 

 
d42M1-T3 MCA-sarcoma SLP + Poly-IC Day 3, 9 & 15 85% cured Gubin et al., 2014 
MC38 Colon carcinoma SLP + Poly-IC  

+ α-CD40 
Day 10 80% cured Yadav et al., 2014 

 
B16F10 
CT26 

Melanoma 
Colon carcinoma 

RNA vaccine Day 1, 4, 8, 11, 15, 
22, 29 & 36 

60% cured 
Reduced metastatic tumours 

Kreiter et al., 2015 
 

1Days post tumour inoculation 
2 Prophylactic setting 
SLP: synthetic long peptides 
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In the clinical setting, there have been only a few small studies of neo-antigen vaccination 

(Table 1.2). The first neo-antigen vaccine study was performed in 2015, in three melanoma 

patients who had previously been treated with chemotherapy, surgery and ipilimumab (α-

CTLA-4) where one patient had a complete response to ipilimumab and two had stable 

disease before vaccination. The patients received autologous DCs pulsed with patient-specific 

neo-epitope peptides as a vaccine, and all three patients saw an increase in neo-antigen 

specific immune response post vaccination (Carreno et al., 2015). The two patients with 

ongoing disease had stable disease 8-9 months post vaccination. 

 

In 2016, a neo-antigen vaccine case study was also reported. A lung cancer patient who had 

previously failed to respond to vinorelbine and erlotinib, a tyrosine kinase inhibitor, received 

eight doses of a vaccine with eleven neo-antigen peptides administered subcutaneously in 

conjunction with topical imiquimod as an adjuvant (Li et al., 2016). The patient developed an 

immune response to 54% (6/11) of neo-antigen candidates incorporated into the vaccine and 

the lung tumour nodules reduced in size. However, the patient succumbed to complications 

from his liver metastasis. 
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Table 1.2 Therapeutic neo-antigen vaccination studies in patients 

Tumour type Number 
of 
patients 

Previous 
treatment 

Vaccine formulation Clinical response (Survival range) Reference 

Melanoma 
Stage III 
 

3 Surgery 
Chemotherapy 
α-CTLA-4 

Peptide pulsed DC 1 CR  
2 SD (8-9months)  

Carreno et al., 2015 
 

Lung Cancer 
Stage IV 
 

1 Chemotherapy 
EGFR inhibitor 

SLP + Imiquimod PR Li et al., 2016 

Melanoma 
Stage III/IV 

6 Surgery with 
curative intent 

SLP + Poly-ICLC 4 SD (20-32months) 
2 Relapse,  
 

Ott et al., 2017 
 

Melanoma 
Stage III/IV 

13 Surgery1 
Radiotherapy 
α-CTLA-4 
 

RNA vaccine 8 SD (12-23 months) 
5 Relapse 

Sahin et al., 2017 
 

1All patients had surgery and some received other modes of treatment such as radiotherapy and α-CTLA-4. 
SLP: synthetic long peptides, Imiquimod: Toll liked receptor 7 adjuvant, EGFR: Epidermal growth factor receptor, CR: Complete response, PR: 
Partial response, SD: Stable disease 
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Two recent, systematic human neo-antigen vaccination studies, both in melanoma patients 

with a high probability of recurrence have shown promising results. The NeoVax study 

vaccinated patients using synthetic long peptides (SLPs) (Ott et al., 2017) and the IVAC 

mutanome study used an RNA based neo-antigen vaccine strategy (Sahin et al., 2017). In both 

studies, vaccination elicited specific CD8+ and CD4+ T-cell responses against the neo-antigens 

in the vaccine. The IVAC mutanome study was also shown to increase the magnitude of pre-

existing anti-neo-antigen T cell responses. Of note, the NeoVac study showed that only a low 

percentage of the neo-antigen specific T-cells identified were able to recognise autologous 

tumour cells. This suggests that either neo-antigen peptides were not endogenously 

presented on the tumour cells or that the vaccine generated neo-antigen specific T cells were 

non-functional. 

 

In the NeoVac vaccination study, all six patients had previous surgical resection with curative 

intent before vaccination. Following vaccination, four of the six patients showed no signs of 

tumour recurrence for up to 32 months. In the remaining two patients, tumour reoccurred 

but interestingly had a subsequent complete response to α-PD-1 administered post 

vaccination (Ott et al., 2017). In the IVAC mutanome study vaccination prevented or reduced 

the rate of metastatic disease in the subsequent 24 months post vaccine period, with eight 

patients remaining tumour free at the time of publication (Sahin et al., 2017). Of the five 

patients that had a relapse after vaccination, two patients receive Pembrolizumab (α-PD-1), 

and one patient had a complete response. Together, these studies demonstrate that it is 

possible in a clinical setting to identify and target neo-antigens using a personalised vaccine 

approach, and induce a specific CD4+ and CD8+ T-cell response, however, the clinical 

effectiveness of this strategy will require more extended follow-up periods. 
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1.3 Immunotherapeutic approaches for the treatment of MPM 
MPM is an immunogenic tumour. Serologic responses detected to both shared and private 

antigens in patients with MPM strongly suggest that MPM induces a tumour specific immune 

response (Robinson et al., 2000). However early attempts at treating MPM with 

immunotherapy were mostly disappointing. One of the early attempts included the use of 

BCG in the 1970s with 30 patients (Webster et al., 1982). While the investigators reported 

improved quality of life and improved survival rate in the group with better prognosis, there 

was little response to therapy documented. The use of cytokines and immune modulators 

including IL-2 (Castagneto et al., 2001), recombinant IFN-α (Christmas et al., 1993), IFN-γ 

(Boutin et al., 1994) and GM-CSF (Davidson et al., 1998) were also attempted. One of the 

more promising results was that IFN-γ was able to induce responses in 45% of patients with 

stage I disease (Boutin et al., 1994). However overall response rates were only 13%, similar to 

those seen with IL-2 (20%) (Castagneto et al., 2001) and IFN-α (12%) (Christmas et al., 1993). 

These response rates were no better than standard therapy, but a few robust responses 

lasting several years were observed. 

 

1.3.1 Vaccination approaches for the treatment of MPM 
Vaccination approaches have also been investigated for the treatment of MPM including 

using whole cell vaccines and TAA vaccination. One study combined GM-CSF administration 

along with autologous tumour lysate and found that while the treatment generated tumour-

specific immunity in 32% of patients, no clinical responses were observed (Powell et al., 2006).  

 

Despite high levels of TAA expression in MPM, attempts to vaccinate with TAAs have been 

unsuccessful. Up to 72% of epithelioid cases are reported to be triple positive for WT-1, 

mesothelin and cancer antigen 125 (Mucin 16) while only 2% of all cases are triple negative 
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(Eguchi et al., 2017). Further WT-1 expression was found in 97-98% of both epithelioid and 

non-epithelioid MPM making TAAs such as WT-1 a very attractive vaccination target. While 

vaccination with the WT-1 TAA was able to induce WT-1 specific immune response (Krug et 

al., 2010, Zauderer et al., 2017), the clinical responses have been disappointing with only a 

modest improvement in progression-free survival and overall survival seen compared to the 

control arm (Zauderer et al., 2017).  

 

1.3.2 Immune checkpoint inhibitors for the treatment of MPM 
The potential of immune checkpoint blockade is also currently being heavily investigated in 

MPM. Clinical trials have looked at single agent checkpoint inhibitors as well as combination 

treatments (Table 1.3). Preliminary data was promising with a phase II trial showing a disease 

control rate of 38% with Tremelimumab (α-CTLA4) treatment (Calabro et al., 2015). However, 

in more robust evaluation, no significant improvement in median survival between treatment 

and placebo was observed (7.7 vs 7.3 months) (Maio et al., 2017). Prembrolizumab (α-PD-1) 

in a phase IB trial had an overall response rate of 20% with a median survival of 18 months, 

with four patients reported to have ongoing responses two years after initiation of therapy 

(Alley et al., 2017). While another PD-1 inhibitor, Nivolumab, resulted in objective response 

rates of 20-30% in two separate studies (Goto et al., 2017, Quispel-Janssen et al., 2018). From 

these early data, it appears that overall response rates are not outstanding for MPM.   

 

Combination therapy of α-CTLA4 and α-PD-1 also resulted in an objective response rate of 

27% (Calabro et al., 2017, Zalcman et al., 2017). The DREAM trial where Durvalumab (α-PD-

L1) was given in combination with standard platinum-based chemotherapy saw a remarkable 

objective response rate of 61% (Nowak et al., 2018). The high response rate seen in 
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combination chemo-immuno therapy compared to chemotherapy alone (30-40%) or 

immunotherapy alone is thought to be due to the immunogenic cell death due to 

chemotherapy where more antigens are made available. More randomised clinical trials are 

needed to evaluate the effects of chemo-immuno combination therapy, and the mechanisms 

would also require further investigation. 
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Table 1.3 Reported results from checkpoint inhibitors trials in MPM 

Trial name or identifier Phase Agent(s) No. 
subjects 

ORRa Median survival 
(months) 

Ref 

 
Single-agent  

      

   MESOT-TREM-2008 II Tremelimumab1 29 7% 10.7 Calabro et al., 2013 

   MESOT-TREM-2012 II Tremelimumab 29 14% 11.3 Calabro et al., 2015 

   DETERMINE IIb Tremelimumab 382  4.5% 7.7 Maio et al., 2017 

   KEYNOTE-028 Ib Pembrolizumab2 25 20% 12 Alley et al., 2017 

   MERIT II Nivolumab2 34 29.6% NR Goto et al., 2017 

   NCT02399371 II Pembrolizumab 65 19% 11.5 Desai et al., 2018 

   NIVOMES I Nivolumab 34 24% 11.8 Quispel-Janssen et al., 

2018 

   JAVELIN Ib Avelumab3 53 9.4 % 10.9 Hassan et al., 2018 

 

Combination  
      

   NBIT-MESO-1 II Tremelimumab + 

Durvalumab3 

40 27.5% 16.6 Calabro et al., 2017 

   MAPS-2 II Ipilimumab + Nivolumab 54 27.8% NRd Zalcman et al., 2017 

   DREAM II Durvalumab + 

Pem/Pte 

31 61% NRd Nowak et al., 2018 

1Ipilimumab or Tremelimumab – α-CTLA4  
2Pembrolizumab or Nivolumab - α-PD1 
3Durvalumab or Avelumab - α-PD-L1 

ORR: overall response rate, Pem/Pt:  pemetrexed and cisplatin standard therapy, NR: not reported, NRd: not reached 
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1.3.3 Current trials of immunotherapeutics for MPM  
There are currently several ongoing trials looking at not only checkpoint inhibitors but also 

CAR T-cell therapy and vaccination in MPM. Summaries of current trials using the three 

different approaches that are registered with the U.S. National Library of Medicine (NIH, 

2018) are listed in Tables 1.4, 1.5 and 1.6.  

 

There are 13 ongoing clinical trials registered to further investigate checkpoint inhibitors 

alone or in combination in various settings (Table 1.4). This includes the neoadjuvant setting 

where checkpoint inhibitors are given to shrink tumour mass before surgery. With success 

seen in the DREAM trial, there are currently three trials (NCT02784171, NCT02899195 and 

NCT03228537) looking at combining checkpoint inhibitors with chemotherapy in the hope 

that it will indeed result in better outcomes for patients.   

 

CAR T-cells engineered to target mesothelin were shown to be able to induce long-term 

remissions in an orthotopic animal model of mesothelioma (Adusumilli et al., 2014). 

Currently, multiple trials are being conducted to assess the efficacy of mesothelin targeting 

CAR T-cells in MPM patients (Table 1.5). These trials pre-select for patients that are either 

mesothelin positive, are epithelioid or exclude sarcomatoid histologies. With more than 90% 

epithelioid mesothelioma positive for mesothelin (Eguchi et al., 2017) and only 20% of 

sarcomatoid found to be positive (Inaguma et al., 2017), pre-selection would increase the 

probability that tumour cells can be positively targeted. Other than mesothelin, one trial is 

targeting WT-1 with CAR T-cells (NCT02408016).  
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Table 1.4 Ongoing checkpoint inhibitor trials in MPM 

Trial identifier  Phase Agent Setting 
Target 
enrolment Study design 

CONFIRM III Nivolumab2 3rd line or beyond 366 Two arms (randomised) 

NCT02707666 I Pembrolizumab2 Neoadjuvant  15 Single arm (non-randomised) 

NCT02399371 II Pembrolizumab 2nd or 3rd line  65 Single arm (PD-L1 expression 

threshold) 

NCT02141347 I Tremelimumab1 2nd or 3rd line 734 Single arm (non-randomised) 

PROMISE-Meso III Pembrolizumab 2nd line 144 Two arms (randomised) 

INITIATE II Ipilimumab1 + Nivolumab 2nd line or beyond 36 Single arm (non-randomised) 

CHECKMATE-743 III Ipilimumab + Nivolumab 1st line 600 Two arms (randomised) 

NCT02592551 II Durvalumab3 + Tremelimumab Neoadjuvant 20 Three arms (randomised) 

NCT03075527 I Tremelimumab + Durvalumab 2nd line or beyond 40 Single arm (non-randomised) 

NCT02784171 II Pembrolizumab + Pem/Pt 1st line 126 Three arms (randomised) 

NCT02899195 II Durvalumab + Pem/Pt 1st line 55 Single arm (non-randomised) 

NCT03228537 II Atezolizumab + Pem/Pt 1st line 55 Single arm (non-randomised) 

NCT03175172 II  Pembrolizumab + CRS-207  2nd or 3rd line 35 Single arm (non-randomised) 
 

1Ipilimumab or tremelimumab – α-CTLA4  
2Pembrolizumab, Nivolumab or Atezolizumab - α-PD1 
3Durvalumab - α-PD-L1 
4Includes other tumour types 

Pem/Pt:  pemetrexed and cisplatin standard therapy, CRS-207:  live-attenuated Listeria monocytogenes encoding human mesothelin 
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Table 1.5 Ongoing CAR-T-cells trials in MPM 

Trial identifier  Phase Agent Setting Target enrolment 
NCT02159716 I α-Mesothelin CAR T-cells 2nd or beyond1 192 

NCT02580747 I α-Mesothelin CAR T-cells 2nd or beyond3 202 

NCT01583686 II α-Mesothelin CAR T-cells + IL-2 + Fluda/Cyclo 2nd line and beyond3,4 1362 

NCT01355965 I α-Mesothelin CAR T-cells 2nd line or beyond5 18 

NCT02414269 I α-Mesothelin CAR T-cells + Cyclo 2nd line and beyond3 362 

NCT02408016 II α-WT1 CAR T-cells + Cyclo + IL-2  2nd line or beyond6  20 
1Epithelioid MPM 
2Includes other tumour types 
3Mesothelin positive 
4Treatment resistant 
5Excludes sarcomatoid 
6WT-1 positive and HLA-A*02:01 positive 

DCs: Dendritic cells, Fluda/Cyclo: Fludarabine and cyclophosphamide, Cyco: cyclophosphamide, WT-1: Wilms tumour protein-1, IL-2: 

Interleukin-2 
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Other agents targeting mesothelin are also under investigation, including three trials 

evaluating Amatuximab, a chimeric humanised IgG1 monoclonal antibody (NCT01521325, 

NCT00325494 and NCT02357147) (Table 1.6). Amatuximab has been shown to block adhesion 

of tumour cells and enhance antibody-dependent cytotoxicity killing of mesothelin positive 

tumour cells (Baldo and Cecco, 2017).  

 

Ongoing trials are currently investigating several vaccination strategies which either use DCs 

to deliver tumour antigens or target a TAA directly using either peptide-based vaccine or using 

a viral vector (Table 1.7). The DENIM trial will evaluate autologous DCs pulsed with an 

allogeneic tumour cell lysate as a vaccine. The WT-1 TAA is being studied in both a DC-based 

approach and also as a peptide vaccine emulsified in an incomplete Freud’s adjuvant 

(montanide). As previously described, more than 97% of mesothelioma regardless of 

histology are WT-1 positive and would be an attractive target. The Trovax vaccine targets 5T4 

using an attenuated strain of vaccinia virus as a vector. To date, there have been no 

vaccination clinical trials targeting neo-antigens in MPM. 
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Table 1.6 α-Mesothelin monoclonal antibody trials in MPM 

Trial identifier  Phase Agent Setting Target enrolment 
NCT01521325 Pilot Amatuximab 2nd or beyond1 62 
NCT00325494 I Amatuximab 2nd or beyond1 242 
NCT02357147 II Amatuximab +Pem/Pt 1st line 108 

1No prior treatment three months before enrolment 
2Includes other tumour types 
Pem/Pt:  pemetrexed and cisplatin standard therapy 
 
 
 
Table 1.7 Ongoing vaccination trials in MPM 

Trial identifier  Phase Agent Setting Target enrolment 
DENIM II DCs + allogenic tumour cell lysate 1st line maintenance 230 
MESODEC II DCs pulsed with WT1 + Pem/Pt 1st line 32 
NCT01265433 I WT1 montanide vaccine + GM-CSF Adjuvant 31 
NCT01890980 III WT1 montanide vaccine + GM-CSF Adjuvant 60 
NCT01569919 II TroVax + Pem/Pt 1st line 26 

DCs: Dendritic cells, WT-1: Wilms tumour protein-1, Pem/Pt:  pemetrexed and cisplatin standard therapy, Trovax: 5T4 tumour associated 
protein vaccine. 
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1.4. Tumour neo-antigens 
Neo-antigens, as the name suggests are new antigens not previously seen by the host. The 

first neo-antigen was reported in 1995 (Wolfel et al., 1995). Since then, over 170 neo-antigens 

that induce a demonstrable immune response have been identified in a range of tumour types 

(Olsen et al., 2017). Neo-antigens can arise via tumour associated alterations at the DNA, RNA 

or protein processing levels. They have been identified using a variety of methodologies 

including T-cell cloning as well as proteomic techniques. Currently, there is intense interest in 

identifying neo-antigens using genomics methods coupled with immunogenicity prediction 

techniques. The immune response to the genomics-bioinformatics identified neo-antigens is 

an area of much focus to develop neo-antigens targeting immunotherapeutics  

 

1.4.1 Origins of neo-antigens 
Neo-antigens can arise as a consequence of simple as well as complex tumour associated 

genomic alterations. Simple alterations include non-synonymous single nucleotide changes 

and small nucleotide insertions or deletions (indels). While complex changes can arise from 

both indels and chromosomal rearrangements. Neo-antigens can also be generated from 

aberrant RNA splicing events, and abnormal protein processing. 

 

Single nucleotide changes can result in the expression of a mutated protein that differed from 

the native by a single amino acid and induces a T-cell response. The first neo-antigen 

identified was a somatic single nucleotide change in the Cyclin-Dependent Kinase (CDK)-4 

gene in a melanoma patient (Wolfel et al., 1995). Indels can also result in the generation of 

novel open reading frames (neo-ORFs) and thus generate unique peptides which are 

immunogenic. Indel derived neo-antigens were identified in both a colorectal cancer patient 

and a melanoma cell line in the TGFβIIR and P14ARF gene (Huang et al., 2004, Linnebacher et 
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al., 2001). Large chromosomal rearrangements also have the potential to generate both novel 

ORF and fusion proteins which could generate neo-antigens. Indeed, T-cell responses have 

been demonstrated to neo-epitopes that arise in one of the best known leukemia cancer 

fusion protein BCR-ABL with a number of neo-antigens identified for different HLA restrictions 

(Yotnda et al., 1998a, Bocchia et al., 1996, Bosch et al., 1996, Cullis et al., 1994, Makita et al., 

2002, ten Bosch et al., 1995). Other chromosomal rearrangements derived neo-antigens have 

been identified from both known fusions such as ETV6-AML1 in acute lymphoblastic 

leukaemia (Yotnda et al., 1998b, Yun et al., 1999), PML-RARalpha in promyelocytic leukaemia 

(Gambacorti-Passerini et al., 1993) and SYT-SSX1 in synovial sarcoma (Worley et al., 2001) as 

well as in novel fusions such as LDLR-fucosyltransferaseAS (Wang et al., 1999). 

 

Theoretically, neo-antigens can arise from any process that generates a unique peptide. For 

example, neo-splice sites which are a result of other mutation events could generate neo-

splice variants of the native peptide sequences. These aberrant splice peptides could 

potentially generate an immune response. A recent bioinformatic analysis of sequencing data 

followed by the analysis of publicly available proteomic data from over 8,000 samples in The 

Cancer Genome Atlas (TCGA) database found potential neo-epitopes generated from neo-

splice sites within the sequencing and proteomics data (Kahles et al., 2018).  

 

Neo-antigens can also arise at the protein processing level. An example of such aberrant 

peptide splicing has been demonstrated within the TYR (tyrosinase) gene where a novel 

epitope consisting of spliced and reordered peptide fragments has been observed (Dalet et 

al., 2011).  
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Another potential source of splice neo-antigens is mutations in splicing factors. To date, no 

specific neo-antigen due to a mutated splice factor had been identified, and neither had neo-

antigen prediction been done. However, these mutations could, in theory, result in 

alternative splicing patterns and potentially generate an entire spectrum of neo-epitope. 

Mutations in splicing factors such as U2AF1 (Brooks et al., 2014) and SF3B1 (Furney et al., 

2013) has been shown to generate a very different landscape of splicing patterns not present 

in healthy cells. 

 

1.4.2 Methods of neo-antigen identification 
 
1.4.2.1 T cell cloning identification of neo-antigen 
One of the primary methods of neo-antigen identification is the T-cell cloning method. Briefly, 

this method utilises cDNA expression libraries from tumour RNA and tumour-reactive CTL 

clones to identify neo-antigen targets. The first step of the process was to isolate CTL clones 

that were reactive against autologous tumour cells. Subsequently, cDNA expression libraries 

from tumour RNA were generated and transfected into APCs. The isolated tumour-reactive 

CTL clones were used to identify transfected APCs that induced an immune response. A 

positive response suggests that the APCs contain a cDNA fragment from the tumour that the 

CTLs recognise. Molecular cloning of the fragment would then further narrow down the 

genetic region of the target antigen. Peptides within the region of interest were then 

generated and screen to determine the specific neo-antigen epitope. This method had been 

extensively used since the 1990s, and the majority of neo-antigens identified before 2012 

were found using the T-cell cloning technique (Tran et al., 2017). 

 



 33 

1.4.2.2 Proteomic identification of neo-antigens 
One of the fundamental requirements for generating an antigen-specific immune response is 

the presentation of the antigenic peptide by the MHC class I molecule. Through the use of a 

proteomic approach, it is possible to identify neo-antigen peptides that are bound to MHC 

molecules. The tyrosinase spliced neo-antigen described earlier was identified using such an 

approach. The MHC molecules and associated bound peptides were immunoprecipitated 

from the tumour cell line of a melanoma patient. The bound peptides were subsequently 

eluted from the MHC molecule, and peptide sequences were identified using mass 

spectrometry (Dalet et al., 2011). Other tumour antigens have been identified with this 

approach, including the melanocyte differentiation protein GP-100 (Cox et al., 1994). In 

addition to identifying peptides that are presented on the MHC, this approach has the added 

advantages of being the ability to identify non-genomics defined altered peptides, such as 

alterations seen with the peptide spliced tyrosinase antigen and post-translationally modified 

neo-antigens. An example of the latter being the identification of 61 phosphorylated peptides 

that were tumour specific in hematologic malignancies (Cobbold et al., 2013).  

 

1.4.2.3 Genomics-bioinformatic neo-antigen identification 
In the last six years, researchers have embraced the power of next-generation sequencing 

(NGS) technologies to try and identify neo-antigens (Figure 1.2). The seminal study using such 

an approach was on a murine melanoma cell line (Castle et al., 2012). Briefly, the B16F10 

tumour cell line underwent whole exome sequencing and somatic single nucleotide variants 

(SNVs) were called using publicly available algorithms. Those SNVs that were predicted to 

result in a translated protein product with an altered peptide sequence were then identified. 

Using additional publicly available algorithms, the binding affinity of each mutated peptide 

for C57BL/6 MHC class I were predicted. Of the 563 expressed, non-synonymous mutations 
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identified, 50 candidates (based on confidence levels, mRNA expression level and predicted 

binding affinity) were chosen and corresponding SLPs were used to vaccinate naïve non-

tumour bearing mice. The authors demonstrated that there was a T-cell repertoire to 16 of 

50 candidates (Castle et al., 2012).  

 

The genomics-bioinformatic approach to neo-antigen identification has been validated in two 

retrospective studies (van Buuren et al., 2014, Fritsch et al., 2014). In the first study, analysis 

of 17 neo-antigens previously identified by T-cell cloning methods and that originated from a 

non-synonymous SNV showed that 15 could be identified through using in silico predictions 

based on the genomics-bioinformatics approach (van Buuren et al., 2014). Another study 

evaluated 40 known neo-antigens (including those arising from neo-ORFs) that were mostly 

identified by T-cell cloning approach (Fritsch et al., 2014), and showed that that in silico 

predictions were able to identify a majority of these neo-antigens positively. These two 

studies showed that such an approach is sensitive and could be used to identify neo-antigens. 

 

Since the first study by Castle et al., variations of the neo-antigen discovery pipeline have 

been successfully used in both animal models (Creaney et al., 2015, Duan et al., 2014, 

Matsushita et al., 2012, Yadav et al., 2014, Kreiter et al., 2015) and human studies to identify 

and study a range of new neo-antigens (Cohen et al., 2015, Linnemann et al., 2015, Robbins 

et al., 2013, Sahin et al., 2017, Snyder et al., 2014, Stronen et al., 2016, Tran et al., 2014, van 

Rooij et al., 2013, Wick et al., 2014, Hirsch et al., 2017) (Figure 1.2). These studies convincingly 

showed that this approach is feasible for identifying patient/tumour specific neo-antigens. Of 

note, most studies have focused on identifying neo-antigens arising from SNV, as the 

currently available mutation detection algorithms can identify SNVs with higher confidence 
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than indels or chromosomal rearrangements (Hasan et al., 2015, Kroigard et al., 2016, Liu et 

al., 2016). An interesting observation is however that only a small percentage of the 

genomics-bioinformatics identified neo-antigens had been demonstrated to induce an 

immune response. 
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Figure 1.2 Genomics and bioinformatics approach to neo-antigen identification. 
Overview of the process.  

DNA and RNA are obtained from biopsied tumour material.  

The genetic material were sequenced using next-generation sequencing (NGS) platforms. Either whole genome sequencing (WGS) or whole 

exome sequencing (WES) is for DNA and whole transcriptome (RNA-seq) is performed for RNA. WES is routinely preferred as an efficient 

methods of sequencing protein coding exons where neo-antigens are more likely to be encoded. 

During bio-informatics analysis, somatic mutations are identified through the use of variant calling algorithms on the WGS/WES data. 

Immunological features of the resultant mutated peptides were predicted. A commonly used feature is MHC class I binding affinity. The 

expression of these somatic mutations were determined form the RNA-seq data. 

Potential candidates are selected, typically based on a combination of immunological features score and the expression of the mutation.  

Finally immunological response (T-cell) responses to these selected candidates are  determined by immunoassays such as Enzymed linked 

Immuno-Spot (ELISpot) assay. 

WT: Wild type, MUT: Mutant
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1.4.3 Presentation of neo-antigens 
In order to generate an immune response, neo-antigens have to be expressed, processed and 

then presented to the immune system (Figure 1.3A). Briefly, gene sequences encoding for 

neo-antigens have to be transcribed into mRNA, translated into proteins, degraded by the 

proteasome and presented to the immune system via one of three different pathways.  

 

The class I pathway is where endogenous proteins are presented on the MHC class I to CD8+ 

cytotoxic T-cells (CTLs). Endogenous proteins are cleaved by the proteasome, loaded on the 

transporter associated with antigen processing (TAP) protein and transferred to the MHC 

class I molecule. The class II pathway is where exogenous proteins are taken up and processed 

by APCs such as dendritic cells. The proteins are processed through the MHC class II pathway 

and presented on the MHC class II to either activate CD4+ T-helper cells or CD4+ T-reg. The 

third pathway or cross-presentation pathway is where exogenous proteins are taken up by 

APCs, processed through the class I pathway and presented on MHC class I (Figure 1.3A).  

 

The characteristics of peptides that are presented on the MHC class I differ from those 

presented on the class II molecules (Figure 1.3B). The MHC I molecule has a binding groove 

that has a ‘closed’ conformation where the peptide fits within the entire groove. The peptides 

that bind to it are 8-11 amino acids in length with the majority being 9-10 amino acids long 

(Holland et al., 2013). The binding affinity is highly dependent on the key residues near or at 

the N- and C- termini of the peptide sequence which are known as the ‘anchor’ residues. The 

anchor residues bind to two amino acid binding pockets through hydrogen bonds.  
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Comparatively, the MHC class II molecule has a more ‘open’ confirmation where the peptide 

is more exposed on the surface. There are four amino acid binding groove/pockets (P1, P4, 

P6 and P7) which binds the central ‘core epitope’ binding motif through hydrogen bonds 

(Holland et al., 2013). The ‘open’ confirmation enables MHC class II to bind to longer peptides, 

between 12-20 amino acids in length, with peptide flanking regions at the N- and C- termini. 

These flanking regions are not involved in the binding of the peptide to the MHC class II 

molecule but can interact with the T-cell receptor (TCR) (Sant'Angelo et al., 2002). 

 

A neo-antigen encoding peptide could be presented by either MHC class I or class II and in 

some cases both. (This is illustrated in Figure 1.3C). One example of a dual binding peptide is 

the NY-ESO-1 melanoma TAA. It has overlapping Class I and II binding sites with NY-ESO-1157-

165 peptide being restricted to the HLA-A2 MHC class I allele and NY-ESO-1161-180 restricted to 

the HLA-DP4 MHC class II allele (Khong et al., 2004). A protein can also have distinct class I 

and class II epitope. An example is the influenza hemagglutinin (HA) viral antigen where the 

HA533-541 is restricted to the BALB/c H-2Kd class I molecule and the HA126-138 epitope is 

restricted to the murine BALB/c I-Ad class II molecule (Marzo et al., 1999b).  

 

Viral antigens are also a specific type of neo-antigen, and a great deal of research has focused 

on identifying and understanding immune responses against them. Such work has lead in 

part, to the development of in silico prediction algorithms and there are now a several T-cell 

(as well as B-cell) epitope prediction algorithms (Soria-Guerra et al., 2015), including netMHC, 

NetMHCII and the Immune epitope database and analysis resource (IEDB). 



 39 

 
Figure 1.3 Presentation of antigens to T-cells.  
Cartoon of A. presentation of antigens through different pathways to a different subset of T-cells (MHC I pathway to CD8+ T-cells; MHC II 
pathway to CD4+ T-cells; Cross-presentation pathway to CD8+ T-cells), B. cross section of the peptide-MHC binding complex and C. Dual Class I 
and class II epitopes. 
MHC: Major histocompatibility complex, TCR: T-cell receptor, CTL: Cytotoxic T-cells, T-reg: Regulatory T-cells T-helper: Helper T-cells
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1.4.4 Predicting immunogenicity of neo-antigens 
Variations in the genomics-bioinformatics neo-antigen identification pipeline most frequently 

involve the steps to predict the potential immunogenicity of the translated protein product 

of identified genetic mutations. One of the most commonly used algorithms predicts for MHC 

binding affinity. Algorithms have been developed to predict peptide binding affinity to both 

MHC class I and class II. Further, algorithms have been developed to predict other factors 

involved in the peptide processing pathway such as proteasomal cleavage and TAP 

processing.  

 

MHC class I binding affinity predictions are the most commonly used for several reasons. From 

the biological perspective, MHC class I epitopes induce CD8+ CTLs that are crucial in killing 

tumour cells, therefore, identifying class I epitopes are of importance in understanding and 

generating anti-tumour immune responses. From the mathematical point of view, class I 

predictions are ‘easier’ to make as the ‘closed’ confirmation of MHC class I binding groove 

greatly limits the length of peptide (Rammensee, 1995) and the binding is highly dependent 

on the interaction between two anchor residues of the peptide and the binding pockets on 

the MHC molecule (Deres et al., 1993). Furthermore, large data sets provide empirical 

evidence supporting class I binding prediction algorithms. The list of T-cell peptides curated 

in version 3 of the IEDB epitope database has 96,830 peptides to 294 different class I alleles 

in different species (IEDB, 2018).  

 

Algorithms to predict MHC class II binding affinity are less frequently used for neo-antigen 

prediction and have been shown to have lower predictive performance when compared to 

class I predictions (Nielsen et al., 2010). Despite having large numbers of class II T-cell epitopes 
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curated in IEDB (249,323 peptides), the ‘open’ confirmation of MHC class II peptide groove 

means that the variable length (13-20 amino acids) of class II epitopes (Chicz et al., 1993) and 

variable peptide flanking region lengths (Vignali et al., 1993) increases the difficulties of 

prediction.  

 

Algorithms have been developed to predict TAP transportation (Peters et al., 2003), peptide 

cleavage sites (Nielsen et al., 2005), conformational stability of the MHC-peptide complex 

(Jorgensen et al., 2014) and immunogenicity of the peptide (Calis et al., 2013). There are also 

algorithms that combine different prediction features such as the netCTL algorithm which 

combines peptide cleavage, TAP transportation and binding affinity (Larsen et al., 2007). 

 

Some neo-antigen prediction strategies also take into account the difference between the 

wild-type peptide and the predicted neo-antigenic peptide in terms of MHC-binding affinities 

and the properties and locations of the altered amino acids. The differential aggretopicity 

index (DAI) was first described by Duan et al. It is a wild type-mutant differential binding index 

which naturally selects for epitopes with mutation predominantly on the anchor residues 

which affects binding affinity. By using the DAI index, immunogenic peptides were identified 

in two murine cancer models (Duan et al., 2014).  

 

A recent algorithm has also been developed to estimate neo-antigen ‘fitness’, a concept that 

incorporates factors such as the clonal status of the mutation, differential binding affinities 

and homology to known immunogenic epitopes (Luksza et al., 2017). While there have not 

been any reports using the fitness score to identify neo-antigens positively, it has been shown 

that high ‘fitness’ neo-antigens rather than quantity of neo-antigens was correlated with 
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survival in pancreatic cancer (Balachandran et al., 2017) and was correlated to response to 

checkpoint blockade (Luksza et al., 2017).  

 
The factors that would positively contribute to the identification of neo-antigen targets 

remains contentious and unclear. Further, most algorithms lack accuracy and require further 

improvement. In a bid to identify best practices and to improve algorithms to better predict 

neo-antigens, a consortium of more than 30 partners involving universities, non-profit 

organisations and companies were established in 2016 and named Tumour neoantigEn 

SeLection Alliance (TESLA) (Biotechnology, 2017). 

 

The identification of neo-antigens can allow us to track and understand neo-antigen 

responses during the disease and treatment. This would allow the development of neo-

antigen directed immunotherapeutics such as CAR-T-cells and neo-antigen vaccination by 

identifying the ideal neo-antigens targets, approaches and possible combination with other 

immunotherapies to enhance treatment outcomes. 

 

1.4.5. Model neo-antigens 
In the cancer setting, a number of neo-antigens have been identified (Olsen et al., 2017) but 

the majority of research into the immune response against cancer neo-antigens has involved 

pre-clinical animal tumours engineered to express model neo-antigens such as influenza HA 

(Marzo et al., 1999a, Marzo et al., 1999b, Nowak et al., 2003) and the chicken ovalbumin 

(OVA) (Broom et al., 2010, Engelhardt et al., 2012, Jackaman et al., 2003, Takeda et al., 2017). 

These model neo-antigens in the pre-clinical setting are powerful tools with both MHC Class 

I and Class II epitopes present within these proteins and CD4+ and CD8+ transgenic T-cell 

clones/animals available for the study of neo-antigen immune responses.  
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In mesothelioma, pre-clinical models using model neo-antigens have been used to show that 

the tumour draining lymph nodes is the main, and almost exclusive, site for tumour antigen 

presentation and cross-priming of CTLs (Marzo et al., 1999a). Apoptosis of tumour cells 

induced by treatments such as chemotherapy increases the cross-presentation of neo-

antigens and cross-priming of T-cells (Nowak et al., 2003). It was also shown that while neo-

antigen specific CD4+ T-cells alone do  not provide protection, they are necessary for a robust 

anti-tumour response (Marzo et al., 1999b). This was further shown to be due to the neo-

antigen CD4+ T-cells maintaining neo-antigen specific CTLs numbers and facilitating the 

trafficking of CTLs into the tumour (Marzo et al., 2000a).  

 

Model neo-antigens have allowed in-depth analysis of the interaction of tumour and the 

immune system. However, in the tumour derived neo-antigen setting, research is still needed 

to determine the best way to identify potential neo-antigens and to understand more about 

the endogenous anti-neo-antigen immune response. Such studies will be for the development 

of new neo-antigen targeted vaccination strategies to treat cancer.  

 

1.4.6 Endogenous neo-antigen immune responses and immune repertoire 
The endogenous response to neo-antigens, which refers to a detectable in vivo T-cell 

response in a tumour bearing host is highly dependent on many factors. These include 

translation, loading and presentation of the peptide on the MHC on the tumour cell as well 

as TCR recognition and co-stimulation of the T-cell. This process can also be further 

complicated by the tolerization or suppression of immune responses. This meant that the 

detectable responses are potentially a subset of all possible immune responses (immune 

repertoire) that the host can generate against neo-antigens.  
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The majority of murine studies have examined the neo-antigen T-cell repertoire, principally 

by immunising non-tumour bearing mice to various doses of neo-antigen peptides or coding 

RNA. Between 43-80% of predicted neo-antigens were found to be immunogenic (Castle et 

al., 2012, Duan et al., 2014, Kreiter et al., 2015). Only two murine studies have examined the 

endogenous T-cell response, and response to a total of four neo-antigens was detected during 

tumour growth without any therapeutic intervention (Creaney et al., 2015, Yadav et al., 

2014). Of the 20 predicted neo-antigens in the AB1-HA murine mesothelioma that were 

tested, only one neo-antigen response was found (Creaney et al., 2015). While Yadav et al. 

use a combination of genomics and proteomics to identify seven neo-antigen candidates from 

170 predicted neo-epitopes, of which three were validated to be immunogenic. Another 

murine study has found in vivo neo-antigen responses in murine sarcoma model treated with 

α-PD-1checkpoint inhibitor (Gubin et al., 2014). 

 

All reported murine studies to date have used MHC class I prediction for the initial selection 

of epitopes. Neo-antigens can, however, induce either a CD8+, CD4+ or a both T-cell response 

as described in section 1.4. Indeed, repertoires of both CD4+ and CD8+ neo-antigen reactive T 

cells have been demonstrated in mice with more than 70% of responses found to be CD4+ 

restricted (Kreiter et al., 2015). 

 

Neo-antigen specific cells are rare or found at very low frequency in patients (Cohen et al., 

2015, Sahin et al., 2017, van Rooij et al., 2013). One study showed that endogenous neo-

antigen specific T-cells comprised of 0.003% to 3.3% of the total CD8+ T-cell population (van 

Rooij et al., 2013), and another reported neo-antigen specific T cell frequencies between 

0.002% to 0.4% of CD8+ T-cells (Cohen et al., 2015). Both studies used peripheral blood 
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samples from melanoma patients and used sensitive peptide-MHC multimers and flow 

cytometry to track responses before treatment. 

 

1.4.7 Neo-antigen immune responses and therapy 
It has been speculated that the lack of detectable responses to neo-antigens could be a 

reflection of immune suppression that occurs during tumour growth. T-cell repertoire to 

candidate neo-antigens have been demonstrated in HLA-matched healthy donors but not 

melanoma patients (Stronen et al., 2016). The ability to generate T-cell responses to neo-

antigens (five to six candidates) in multiple healthy donors show that there is an immune 

repertoire to these neo-antigens. The absence of neo-antigens responses in patients suggests 

that these responses could have been suppressed or even clonally deleted. 

 

In the clinical setting, treatment including chemotherapy (Wick et al., 2014) and 

immunotherapy (Kvistborg et al., 2014, Kvistborg et al., 2012, Rizvi et al., 2015) has been 

shown to either “broaden” or “enhance” the antigenic response. The broadening of response 

refers to the detection of responses that are previously undetected while enhancement refers 

to the increase in the magnitude of response or changes to the phenotypic functionality of 

the T-cells. 

 

In the case of an ovarian cancer patient which received chemotherapy, no neo-antigen 

responses in the TILs were detected prior to therapy. A neo-antigen response was 

subsequently detected in the TILs of the recurrent tumour (Wick et al., 2014). Broadening of 

responses was also observed in α-CTLA4 treated melanoma patients (Kvistborg et al., 2014). 

Analysis of the immune response to a total of 145 melanoma associated epitopes in 40 
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melanoma patients found 43 responses to 22 epitopes in pre-treatment PBMCs. The number 

of responses found after treatment was increased to 78.  

 

Checkpoint inhibitors have also been shown to increase the magnitude of the response (Rizvi 

et al., 2015). In the case of an NSCLC patient who has an exceptional response to α-PD-1 

treatment, detection of the neo-antigen reactivity in peripheral blood mononuclear cells 

(PBMCs) using MHC multimers found an increase of a neo-antigen specificity from 0.005% of 

CD8+ T-cells to 0.04% of CD8+ T-cells after treatment. 

 

The increase in the magnitude of response has been supported in pre-clinical models as well. 

α-CTLA4 treatment was shown to increase the frequency of the two neo-antigen responses 

in the tumour by 1.5-fold and two-fold respectively (Fehlings et al., 2017). It was further 

observed that treatment altered the phenotype of the neo-antigen specific TILs where 

activation markers such as CD25 and GITR as well as dysfunction markers such as PD-1 and 

Lag-3 were significantly altered. These changes have been primarily documented in CD8+ T-

cells while changes in response in CD4+ T-cells have not been well characterised. 

 

1.4.8 Vaccination with neo-antigens 
As described in section 1.2.3.2, four clinical neo-antigen directed vaccination trials have been 

reported to date. These pilot studies, in particular, the NeoVax (Ott et al., 2017) and IVAC 

mutanome studies (Sahin et al., 2017) have provided insights for neo-antigen vaccination in 

the clinic. 
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Both studies utilise a broadly similar genomics-bioinformatics approach to select neo-antigen 

candidates. While in house ranking and selection criteria were used, neo-antigens were 

selected based predominantly on MHC class I binding prediction and expression in both 

studies. In addition, the IVAC mutanome included MHC class II binding prediction as part of 

the selection process. The NeoVax had also included neo-ORFs prediction in the process. 

 

1.4.8.1 Ideal targets for vaccination. 
While recent neo-antigens studies show that they can be identified and immune responses 

can be generated in the clinical settings, it remains unclear what attributes contribute to a 

rejection antigen or an effective target to induce an anti-tumour response. Information from 

pre-clinical studies has provided some informative suggestions on additional approaches and 

attributes that can assist in identifying better targets. 

 

The low percentage of isolated T-cells lines recognising tumour cells from the NeoVax studies 

further highlights the limitations of current selection; inducing an immune repertoire 

response does not equate to the presentation of the peptide on the tumour cells and the 

recognition and killing of tumour cells. One of the ways to overcome this limitation is through 

the integration of the proteomics approach with the genomics-bioinformatics approach. 

Yadav et al. used such a combination approach and identified tumour rejection neo-antigens 

(Yadav et al., 2014). They first predicted for neo-antigen in two murine tumour cell lines (MC-

38 and TRAMP-C1) using a genomics-bioinformatics pipeline. Following which peptides were 

eluted from MHC molecules of the tumour cells and identified with MS. In the MC-38 murine 

colon carcinoma cell line, seven mutations were found to be presented on MHC class I where 

six were tested, and three were found to be immunogenic. Vaccination with these peptides 
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was found to induce tumour regression. Using a similar approach, a neo-antigen reactivity 

was identified in a melanoma patient (Kalaora et al., 2016).  

 

Studies in mice have also suggested that class II neo-antigens are excellent therapeutic 

targets. Vaccination with class II epitopes has been shown to result in tumour control of 

subcutaneous B16F10 melanoma and to reduce lung metastases in mice that were 

intravenously injected with CT26 colon carcinoma (Kreiter et al., 2015). When CD4+ depleting 

antibodies or CD40L-blocking antibodies were administered in these models, the anti-tumour 

effects were lost, evidencing the importance of CD4+ T-cells. 

 

Other recent reports also support the importance of CD4+ T-cell neo-antigen responses in 

tumour control (Schumacher et al., 2014, Tran et al., 2014). Both studies showed human CD4+ 

T-helper(TH)-1 responses to their respective neo-antigen. In one study, a neo-antigen 

therapeutic vaccine that targets a class II neo-antigen resulted in tumour control of 

established tumour bearing humanised mice (Schumacher et al., 2014). Another study 

showed stable disease in a patient after initial adoptive transfer of tumour infiltrating 

lymphocytes (TILs) that were 25% mutation-specific CD4+ TH-1 cells. Upon disease 

progression, a second treatment with a >95% pure population of the same T-cells induced 

tumour regression. 

 

These recent studies have shown the importance of CD4+ restricted neo-antigens in anti-

tumour immunity. Likely the targeting of neo-antigen targets in both the CD8+ and CD4+ 

compartments would be crucial to a sustained and effective anti-tumour response.  

 



 49 

1.4.8.2 Vaccination approaches 
Apart from the selection of neo-antigen targets, vaccine formulation and delivery approaches 

also play an important part in generating an anti-cancer immune response. Various strategies 

are current being explored with the Neo-vax and IVAC mutanome studies representing two 

of the main approaches.  

 

The most significant difference between the two studies were not their neo-antigen 

identification and selection methods but was in their vaccination formulation and delivery 

approach. Firstly, the antigenic targets differ as the NeoVax utilises clinical-grade long 

peptides while the IVAC mutanome utilises an RNA construct. The RNA constructs consist of 

multiple unique components which include untranslated region (UTR) and a proprietary 

fusion secretion peptide at the 5’ end. At the 3’ end, a unique MHC I trafficking domain was 

added followed by a UTR and poly A tail. Each construct codes for five neo-antigen candidates 

joined by linker sequences.  

 

The NeoVax peptide vaccine was administered with the adjuvant poly-ICLC (a stabilised form 

of the TLR 3 ligand, poly-IC) while the IVACMutanome RNA vaccine was administered without 

an adjuvant. The RNA vaccine was previously shown to be self-adjuvating where the unique 

MHC I trafficking domain was able to aid peptide processing and presentation to induce a T-

cell response (Kreiter et al., 2008). 

  

The administration route also differs between the two with the peptide vaccine delivery sub-

cutaneously while the RNA vaccine was administered directly into the inguinal draining lymph 

nodes through ultrasound guidance. Direct administration of RNA vaccines into the lymph 



 50 

nodes has been previously shown to elicit strong anti-tumoural immunity in mice (Kreiter et 

al., 2010). Of note, one common approach was the used of long sequences, where either SLPs 

between 15-30 amino acids in length or RNA constructs encoding peptides that are 27 amino 

acids in length were used. 

 

Despite the use of different formulation and delivery approach, both vaccines resulted in 

similar rates of neo-antigen responses. Up to 60% (Neovax) and 66% (IVAC mutanome) of 

selected neo-antigen candidates were found to be immunogenic. It is interestingly to note 

that while the NeoVax approach did not utilise class II prediction as a selection parameter but 

had a similar high proportion of CD4+ responses, 92% (of all immunogenic responses) as 

compared to 83% in the IVAC mutanome study. Between 16% and 26% of all responses were 

found to have both CD4+ and CD8+ responses. Furthermore, the NeoVax study was the first 

to identify immunogenic frameshifts neo-ORFs using a high throughput genomics-

bioinformatics approach. Despite the large numbers of neo-antigen responses identified, few 

were found to recognise autologous tumour cells. In the NeoVax study, only five out of 34 T-

cell lines found to be able to recognise and kill tumour cells. This lack of tumour recognition 

could suggest that a high number of neo-antigens would be ineffective. 

 

 
Taken together, these two studies have showcased the feasibility of using the sequencing-

bioinformatics approach to systematically deliver a neo-antigen vaccine that induces an 

immune response in the clinic. However, more studies are still required to inform on the 

selection of vaccine candidate selection and to further evaluate vaccination strategies. 

Further, clinical benefits are currently unclear with only the absence of recurrence in high-
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risk melanoma as a surrogate for clinical outcomes in these two studies. More robust clinical 

trials are currently needed to evaluate clinical benefits. 

 

1.4.8.3 Combination with Immune checkpoint blockade 
While neo-antigen vaccination alone has not been shown to be therapeutic in the clinic, the 

combination of tumour antigen vaccination and checkpoint blockade has already been 

hypothesised to have a synergistic effect. However, a study that combined GP-100 tumour-

self antigen vaccination with Ipilimumab (α-CTLA4) was shown to not improve overall survival 

of patients with metastatic melanoma compared to those receiving monotherapy (Hodi et al., 

2010). The overall response rate of the combination therapy was lower than Ipilimumab 

alone. The negative results could be attributed to GP-100 being a TAA. A neo-antigen vaccine 

could potentially be more effective in combination as they are tumour-specific and less likely 

to be tolerogenic.  

 

Indeed, observations in the NeoVac and IVAC mutanome study suggests the possibility of a 

synergistic effect between neo-antigen vaccination and immune checkpoint blockade. 

Patients in the NeoVac study that suffered a recurrence after the start of vaccination were 

subsequently treated with Pembrolizumab (α-PD-1) where both achieved complete 

radiological responses. Interestingly, it was shown that there was sustained neo-antigen T-

cell responses and novel responses after α-PD-1 treatment. This suggests that the 

combination of both neo-antigen vaccine and immune checkpoint blockade enhances and 

broadens the effect of neo-antigen response in these two patients. Similarly, a patient in the 

IVAC mutanome vaccination trial had vaccination ceased post-recurrence and the patient 

received α-PD1 which too resulted in complete clinical response.  
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The complete clinical response of these three patients that received both neo-antigen 

vaccination and immune checkpoint blockade do not offer conclusive evidence. However, 

these successes do highlight the possibilities of a synergistic effect with the two modes of 

therapies and warrants further investigation. 

 

1.5 Conclusion 
Immunotherapy has come a long way since the conception of immunosurveillance. While we 

are only beginning to see the potential and effects of immune checkpoint blockade in the 

clinic, next-generation personalised immunotherapuetics such as neo-antigen vaccination is 

currently being explored and developed. Targeting neo-antigen could be essential to curing 

cancer as these are the main targets of the immune system. The NeoVac and IVACMutanome 

studies have highlighted the potential and feasibility of the neo-antigen vaccination approach. 

With the promising results of NeoVac and IVAC mutanome, several clinical trials involving 

multiple malignancies such as breast cancer, pancreatic cancer and glioblastoma are currently 

ongoing (Hu et al., 2017, Tureci et al., 2016).  

 

The lack of effective treatment options in MPM and the potential that neo-antigens could 

offer warrants the investigation of neo-antigen vaccination in mesothelioma. Moreover, the 

effects of checkpoint blockade on neo-antigen responses and the potential of combination 

therapies need to be further investigated and could prove effective for MPM. 
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PROJECT OVERVIEW 
Neo-antigens represent important targets for potential immunotherapy. Mesothelioma is an 

ideal disease to study neoantigens because despite being a low mutation burden cancer, it is 

sensitive to immunotherapy, and presumably the targets of that immune attack are 

carcinogen-induced neo-antigens. Also, if neo-antigen vaccines can be developed for 

mesothelioma, and synergistic combinations identified, it raises the possibility that they could 

be utilised in other low mutation burden cancers.  

 

In this project, the feasibility of targeting neo-antigens in mesothelioma with a vaccination 

approach will be investigated. This study will provide critical pre-clinical data that could 

potentially affect the clinical translation of neo-antigen vaccines for mesothelioma patients. 

The anticipation is that neo-antigen vaccination would provide a cure for mesothelioma. 

 

In this study neo-antigens in murine mesothelioma models will be predicted using a 

genomics-bioinformatics approach. The AB1 and AE17 mesothelioma cell lines which were 

generated by exposing BALB/c and C57BL/6 mice, respectively, to asbestos (Jackaman et al., 

2003, Davis et al., 1992) will be investigated. These cell lines are highly similar to the human 

disease and have a similar mutational profile (Sneddon et al., 2017). The AB1-HA cell line, 

which has the influenza virus HA gene transfected into the AB1 parental cell line will also be 

included in this study. HA represents a model neo-antigen that can be studied along with 

mutations derived neo-antigens (Marzo et al., 1999b). As a comparison to other thoracic 

malignancies, two lung cancer cell lines, Line1 alveolar lung carcinoma and Lewis lung 

carcinoma will also be investigated. 
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The presence of an immune T-cell repertoire against predicted neo-antigens in naïve (non-

tumour bearing) mice will be determined. Tumour-bearing animals will be screened and 

evaluated for immune responses against these candidate neo-antigens. Effects and changes 

of these immune responses during immune checkpoint blockade therapy will also be 

evaluated. Finally, neo-antigen vaccination as a form of therapy for mesothelioma will be 

assessed.  
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The plastic ware used in this study was obtained from BD Bioscience (NSW, Australia) unless 

stated otherwise. All buffers that were used are presented in Appendix 1. 

 

2.1 Cell Culture 
All cell culture was performed with aseptic technique and disposable single-use plastic ware. 

Cell lines were cultured in 75cm2 culture flasks with 10mL of media and maintained at 37oC, 

in a humidified atmosphere of 5% CO2. All cell lines were tested by polymerase chain reaction 

(PCR)-based technique and found to be free of Mycoplasma spp. infection. 

 

2.1.1 Murine mesothelioma cell lines 
The AB1 murine mesothelioma cell lines were generated in 1992 following exposure of 

BALB/c mice to crocidolite asbestos (Davis et al., 1992). The AB1-HA cell line was engineered 

in 1999 by transfecting the PR8 influenza virus HA into the AB1 cell line (Marzo et al., 1999b). 

A gemcitabine resistance sub-clone of AB1-HA, AB1-HA GR250, was established in 2003 

(Nowak et al., 2003). The AE17 murine mesothelioma cell line was established in 2003 by 

exposing C57BL/6J mice to crocidolite asbestos (Jackaman et al., 2003). These cell lines have 

been maintained by NCARD at the University of Western Australia, Perth, Western Australia 

from original stocks.   

 

For AB1 and AE17 cells were cultured with RPMI-1640 (Gibco, Victoria, Australia) containing 

20mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Sigma-Aldrich, NSW, 

Australia) and supplemented with 10% foetal calf serum (FCS) (Invitrogen, Victoria, Australia). 

For antimicrobial control, 600μL at 50μg/L of gentamycin (Pfizer, NSW, Australia) and 500μL 

at 1x10-5 U/L of benzylpenicillin (CSL, Victoria, Australia) were added. This supplemented 

RPMI media, RPMI 10, was used for the standard culture of murine mesothelioma cell lines.   
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For AB1-HA the same RPMI 10 culture media was used with the addition of 400μg/mL G418 

(Sigma-Aldrich) for selection and maintenance of transfected clones. AB1-HA GR250 was 

cultured with AB1-HA media with the addition of 1.7μg/mL Gemcitabine (Hospira, VIC, 

Australia) to maintain gemcitabine resistance. Media used for culture of AB1-HA and AB1-HA 

GR250 cell lines was designated RPMI 10-HA. 

 

2.1.2 Murine lung cancer cell lines 
The Line1 murine alveolar carcinoma was established in 1974 (Yuhas et al., 1974). Original 

stocks were obtained from Professor Najat Eglimez, University of Louisville (KY, USA). Lewis 

lung carcinoma (LLC) cells were established in 1980 (Bertram and Janik, 1980). LLC cells were 

obtained from Cell Bank Australia (NSW, Australia). These two lung cancer cell lines were 

obtained initially from spontaneously arising tumours. 

 

Line1 and LLC were cultured with DMEM (Gibco) containing 20mM HEPES and supplemented 

with 10% FCS. For antimicrobial control, 600μL at 50 μg/L of gentamycin and 500μL at 1x10-

5 U/L of benzylpenicillin were added. This supplemented DMEM media, DMEM 10, is used for 

the culture of murine lung cancer cell lines.   

 

2.1.3 Passaging of cell lines 
Culture media was replaced every three to four days as needed. The old media was aspirated 

and the cells were washed with 10mL of warmed phosphate buffered saline solution (PBS) 

(Appendix 1) followed by adding 10mL of fresh culture media. When the cells reached 

approximately 80% confluence, they were passaged. The cells were washed with 10mL 

warmed PBS and 1.5mL of warmed 0.25% trypsin from porcine pancreas (Sigma-Aldrich) was 

added. The flasks were incubated at 37oC, in a humidified atmosphere of 5% CO2 for 3 to 5 
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minutes until the cells were detached from the flask’s surface. A further 8.5mL of warm 

culture media was added and the mixture was transferred to a 15mL tube. The cells were 

centrifuged at 300g for 5 minutes at room temperature (RT). The supernatant was removed 

by aspiration and the cell pellet was suspended in 1mL culture media. In general, between 

1x105 and 5x105 cells were seeded into a new 75cm2 flask and made up to 10mL volume with 

culture media and incubated in the incubator. 

 

2.1.4 Cell Counts 
The trypan blue exclusion method was used to determine cell counts. Following trypsin digest 

and washing, an aliquot of 10μL was removed from the 1mL cell suspension and diluted 1:10 

with 0.25% trypan blue (Sigma-Aldrich) and thoroughly mixed by gentle repetitive pipetting. 

The cell suspension was transferred to a haemocytometer and cells were counted from four 

corner squares of the grid on an Olympus BH2 microscope using 20X objective lens. Total and 

viable cell numbers were determined using the following equation: ((cells in four corner 

squares/4) x 10 x 104 x total volume (mL)). Viable cells appear to be clear while non-viable 

cells stained blue. 

 

2.1.5 IFN-γ stimulation 
For indicated experiments, sub confluent tumour cells (i.e. 60-70% confluency), were 

stimulated with IFN-γ overnight. Specifically, following the removal of spent culture media, 

cells were washed with 10mL PBS and then incubated with RPMI 10 media supplemented 

with mouse recombinant IFN-γ (Shenandoah, PA, USA) at 100IU/mL. The following day cells 

were washed twice with PBS and harvested (as per Section 2.1.3). Cells were washed twice to 

remove all traces of trypsin and IFN-γ. Viable tumour cells were suspended in 1mL RPMI 10. 
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The cell suspension was made up to the required cell density as indicated and kept on ice until 

further use. 

 
2.2 Animal procedures 
Animals were housed at the bio-resource facility south, Harry Perkins Institute of Medical 

Research. Handling of animals conformed to animal ethics approval, AE022. All procedures 

were approved by the Harry Perkins animal ethics committee. Age-matched female BALB/c 

and C57BL/6 mice, 8 to 10 weeks old were purchased from Animal Resource Centre (ARC) 

(Perth, Western Australia).  

 

2.2.1 Inoculation of tumour cell lines 
BALB/c mice were inoculated with tumour cells lines of the BALB/c genetic background. This 

included the AB1, AB1-HA and AB1-HA GR250 mesothelioma cell lines and Line1 

adenocarcinoma cell line. C57BL/6 mice were inoculated with tumour cells of the C57BL/6 

background which included the AE17 mesothelioma cell line and Lewis lung carcinoma cell 

line (Table 2.1). 

 

Sub-confluent cultured tumour cells were harvested following trypsin digestion (Section 

2.1.3), cells were washed twice with 10mL sterile PBS. The cells were suspended at 5x106 cells 

per mL in PBS and kept on ice. Mice were inoculated subcutaneously on the right lateral flank 

using 1mL 29G insulin syringes (BD Biosciences) with 100uL of the tumour cell suspension, 

corresponding to 5x105 tumour cells. Mice were monitored every other day and then daily 

after the tumours reached 70mm2 in accordance with ethics approval. The tumour growth 

and the mice condition were monitored and recorded. 
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The length and breadth of tumours were measured and the size of tumours was determined 

with the formula: length x breadth. Mice were sacrificed when tumours were greater than 

100mm2. Tissue required for studies were collected and prepared as detailed in 2.2.2.  

 

Table 2.1 Tumour cell lines 
Cell line Type Background 

strain 
MHC Class I  MHC Class II  

AB1 Mesothelioma BALB/c H2-Kd, H2-Dd, 
H2-Ld 

I-Ad, I-Ed 

AB1-HA Mesothelioma BALB/c H2-Kd, H2-Dd, 
H2-Ld 

I-Ad, I-Ed 

AB1-HA GR250 Mesothelioma BALB/c H2-Kd, H2-Dd, 
H2-Ld 

I-Ad, I-Ed 

AE17 Mesothelioma C57BL/6 H2-Kb, H2-Db I-Ab 
Line1 Alveolar 

carcinoma 
BALB/c H2-Kd, H2-Dd, 

H2-Ld 
I-Ad, I-Ed 

Lewis Lung Lung 
carcinoma 

C57BL/6 H2-Kb, H2-Db I-Ab 

 

2.2.2 Tissue collection  
The tumour draining lymph nodes, spleen and tumours were obtained for immunological 
testing.  
 

2.2.2.1 Euthanasia and tissue collection 
To collect tissue, mice were anaesthetised with 4% V/V isoflurane (Henry Schein, NY, USA) 

using the StingerTM Vaporiser (Advanced Anaesthesia Specialists, NSW, Australia) and 

euthanised by cervical dislocation tissues. 

 

To obtain the draining lymph nodes (dLNs), spleen and tumour, the mice were dissected. The 

axillary and inguinal lymph nodes on the tumour bearing side (dLNs), which have previously 

been shown to be the main antigen presenting sites, were first removed and placed in a 15mL 

tube with 10mL of PBS containing 2% FCS (PBS/FCS). The peritoneal cavity was opened, and 
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the spleen was then obtained and placed in 10mL PBS/FCS. The subcutaneous tumour was 

also removed and placed in 10mL PBS/FCS. The tubes were kept on ice till processing. 

 

2.2.3 Sample preparation  
Cells from the two different tissues were prepared according to the below protocols in a 

biological hood under sterile conditions. 

 
2.2.3.1 Tumour draining lymph nodes  
Tumour dLNs were placed onto a 40μm cell strainer (BD Bioscience) within a 50mL tube. The 

dLNs were homogenised with a plunger from a 3mL syringe and washed with 5mL PBS/FCS. 

The dLN suspension was centrifuged at 300g for 5 minutes. The supernatant was removed, 

and the pellet was suspended in 1mL RPMI 10 media and filtered through a 35μm 5mL FACS 

filter tube (BD Bioscience). An aliquot was removed for cell counts as detailed in Section 2.1.4. 

The cell suspension was made up to the required cell density and kept on ice until further use. 

 

2.2.3.2 Spleen 
Whole spleens were homogenised as per dLNs. The cell suspension was centrifuged at 300g 

for 5 minutes, supernatant removed and the pellet was suspended in 5mL PBS. Red blood 

cell lysis was performed by adding 10mL red blood cell lysis buffer (Appendix 1) and the 

suspension was mixed by gently inverting the tube. The suspension was incubated at RT for 

10 minutes, made up to 10mL total volume with RPMI 10 and centrifuged at 300g for 10 

minutes. The supernatant was removed and the pellet suspended in 5mL RPMI 10 media 

and filtered through a 35μm 5mL FACS filter tube (BD Bioscience). An aliquot was removed 

for cell counts as detailed in Section 2.1.4 and the cell suspension was made up to the 

required cell density. The suspension was kept on ice until further use. 
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2.2.3.3 Tumour  
The GentleMACS-Octo Tumour Dissociator (Miltenyi Biotec, NSW, Australia) was used to 

dissociate tumour as per manufacturer’s instruction.  Tumours were cut into roughly 2-4 mm3 

pieces with a scalpel and placed into a gentleMACS C tube (Miltenyi Biotec). Propriety enzyme 

mix of 100μL enzyme D, 50μL of enzyme R and 12.5μL of enzyme A (Milteyni Biotec) along 

with 2.35mL of RPMI 10 was added to the tumour. The tubes were placed on the GentleMACS-

octo with heating elements. The 37C_m_TDK_2 dissociation program was used as 

recommended for hard tumours, in which the tumours were heated, digested and processed 

for 60 minutes. Following disassociation, the tubes were centrifuged at 300g for 5 minutes at 

RT. The supernatant was removed and the pellet resuspended in 5mL RPMI 10. The 

suspension was filtered through a 30μm MACS® SmartStrainer (Miltenyi Biotec) into a 15mL 

tube. An aliquot was removed for cell counts as detailed in Section 2.1.4, and the cell 

suspension was made up to the required cell density. The suspension was kept on ice until 

further use. 

 

2.2.3.4 MACS cell separation  
CD8+ T-cells were isolated using CD8 microbeads (Miltenyi Biotec) in accordance to the 

manufacturer’s instruction. Total single cell preparations from the tumour (Section 2.2.4.3) 

were centrifuged at 300g for 5 minutes. The Supernatant was removed and cells were 

suspended in 90μL of MACS buffer per 107 total cells with 10μL per 107 total cells CD8 

microbeads added. The suspension was mixed well and incubated at 4oC for 15 minutes. 

MACS buffer was added to the cell suspension to a total volume of 500μL with a maximum of 

5x107 cells per sample.  
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For the magnetic separation of labelled cells, MACS MS columns (Miltenyi Biotec) were placed 

on an OctoMACSÔ separator. The columns were primed with 500μL of MACS buffer. The 

labelled cell suspension was applied onto the column. The unlabelled flow-through was 

collected. The columns were washed with 2 X 500 μL MACS buffer and the flow-through was 

collected and combined with the previous flow-through. The column was removed from the 

separator and 1mL of MACS buffer was placed onto the column. The column was placed in a 

new 15mL tube and the magnetically labelled cells were immediately flushed through with a 

plunger. The cell suspensions were centrifuged at 300g for 5 minutes. The supernatant was 

removed and the cells were suspended in 1mL RPMI 10. An aliquot was removed for cell 

counts as detailed in Section 2.1.4 and the cell suspension was made up to the required cell 

density. The suspension was kept on ice until further use. 

 

2.2.4 Immunization  
Peptides at 80% purity were purchased from Mimitopes (Victoria, Australia). Predicted 

minimal epitopes of 9-11 amino acids in length and 27 amino acid long peptide with the 

mutation at position 13 were synthesised. CL4 peptide (IYSTVASSL), Ovalbumin long peptide 

(SMLVLLPDEVSGLEQLESIINFEKLTEWTS) and Ovalbumin H2-Kb restricted epitope (SIINFEKL) 

were synthesised. Peptides were dissolved and stored in aliquots at -20oC until use. Briefly, 

100% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, NSW, Australia) was added in small aliquots 

until lyophilised peptides were dissolved. Ultrapure™ DNAse/RNase-free distilled water was 

added to achieve a final concentration of 2% DMSO. Peptides were dissolved at a 

concentration of 5mg/mL for vaccination studies and 1mg/mL for immunological testing. To 

assess the immunogenicity of the predicted neo-antigens, mice were vaccinated with neo-

antigen peptides, and the immunological response determined IFN-γ ELISpot assay (Section 
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2.4). Prophylactic and therapeutic vaccinations were performed to assess the effects of neo-

antigen vaccination on tumour growth. 

 

2.2.4.1 Irradiated tumour vaccination. 
To determine the immunogenicity of tumour cell lines, mice were vaccinated with irradiated 

tumour cells. Tumour cells were irradiated at Sir Charles Gardiner Hospital, Perth, Western 

Australia, Australia with 100Gy of radiation on the Varian Clinac IX with Exactrac. This would 

not be possible without the kind help from Ms Jill Vanduuren and her team of radiotherapists. 

Mice were vaccinated intraperitoneally with 5x106 irradiated tumour cells. Tumour 

challenged was performed 14 days after vaccination. Mice were inoculated subcutaneously 

with 1x105 tumour cells on the right-hand flank. Tumour growth and survival were 

documented. 

 

2.2.4.2 Immunogenicity testing 
To determine the neo-antigenic repertoire, mice were vaccinated subcutaneously at the base 

of the tail on the right-hand flank with synthetic long peptides (SLP)s. The vaccine consisted 

of 20μg of individual SLP with up to six different SLPs per vaccine (maximum of 120 μg).  The 

vaccine was given in a total volume of 100μL per mouse. 

 

Briefly, Ultrapure™ DNAse/RNase-free distilled water was added to the peptide in a 2mL tube 

to achieve the required concentration and volume. The peptide solution was emulsified in 

Montanide (Seppic, Paris, France) in accordance with the manufacturer’s instruction. Equal 

volumes of Montanide and the peptide solution (1:1)  were mixed and emulsified by pumping 

up and down with a 2mL syringe and a 20G needle (BD Bioscience). The mixture was pumped 

for five times at a slow rhythm and at least 20-30 times at a fast rhythm until the entire 
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mixture was emulsified. The emulsion stability was tested in a water-drop test, where a 

droplet of the emulsion was dripped onto distilled water. The emulsion was deemed properly 

prepared if the droplet retained its shape. The emulsion was pumped into a 1mL tube with a 

20G needle (BD Bioscience) and the needle was replaced with a 26G needle (BD Bioscience) 

for subcutaneous injection. 

 
Mice were subsequently injected subcutaneously with 20μg of individual SLP or a pool of up 

to six SLPs, 16 days after the initial vaccination. The peptides were made up to volume with 

PBS and 100μL of peptide solution was subcutaneously injected with a 26G needle (BD 

Bioscience) on the right-hand flank at least 1cm away from the vaccination site. The dLN were 

harvested, prepared as per Section 2.2.3.1 and neo-antigenic repertoire was determined with 

an IFN-γ ELISpot assay (Section 2.4).  

 

2.2.4.3 SLP, Poly-IC and α-CD40 vaccine 
Mice received a SLP, poly-IC and α-CD40 vaccine based upon studies by Yadav et al. (Yadav et 

al., 2014). The vaccine consisted of 100μg individual SLP with 100μg of Poly-IC (High molecular 

weight) (InvivoGen, CA, U.S.A) and 50μg of mouse α-CD40 (Bioceros). The vaccine was made 

up with PBS to obtain a final vaccination volume of 100μL per mouse. Mice received a total 

of two doses of vaccine 14 days apart subcutaneously at the base of the tail on the right-hand 

flank.  

 

2.2.4.4 Montanide vaccine 
Peptide-Montanide vaccination consisted of 100μg individual peptide emulsified in 

Montanide (Seppic). Peptides were emulsified as described in Section 2.2.4.2 to obtain a 

vaccination volume of 100μL per mouse. For adjuvant only controls, montanide was 

emulsified with an equal volume of PBS. Mice receiving the Montanide/peptide vaccine 
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received one dose of the vaccine subcutaneously at the base of the tail on the right-hand 

flank. 

 

2.2.5 Immune checkpoint blockade (ICPB)  
Mice were inoculated with tumour cells as stated in Section 2.2.1 and tumour growth 

monitored. When tumours were between 16-20mm2, mice were intraperitoneally 

administered 200µg of mouse α-CTLA4 clone 9H10 (Bioceros, Netherlands) and 50μg of 

mouse α-GITR clone DTA-1 (BioXcell, New Hampshire, U.S.A.).  

 
2.2.6 Combination therapy 
Mice were inoculated with tumour cells as per Section 2.2.1. When the tumours were 

approximately 16-20mm2 in size, mice received a single dose of a peptide-montanide vaccine. 

The vaccine was formulated as per Section 2.2.4.2 and administered subcutaneously at the 

base of the tail on the right-hand flank. After three days, mice were treated with a 

combination of 200μg mouse α-CTLA4 clone 9H10 (Bioceros) and 50μg of mouse α-GITR clone 

DTA-1 (BioXcell) as per Section 2.2.5. Single treatment arms were included as controls. 

 

2.2.7 Surgery 
Mice were inoculated with tumour cells as per Section 2.2.1 on both the left and the right-

hand flank. When the tumours were approximately 16-20mm2 in size, corresponding to day 

ten after tumour inoculation unless stated otherwise, the tumour of the right-hand flank was 

surgically resected. Briefly, the tumours were resected by Dr. Vanessa Fear and Ms Catherine 

Forbes with mice place under general anaesthesia with isoflurane (Henry Schein) using the 

StingerTM vaporiser (Advanced Anaesthesia Specialists). The inguinal dLN was also resected, 

collected and processed as per Section 2.2.3.1. Spontaneous neo-antigen responses was 

accessed with an IFN-γ ELISpot assay as described in Section 2.4.  
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Mice then received a single intraperitoneal dose of 200μg mouse α-CTLA4 clone 9H10 

(Bioceros) and 50μg of mouse α-GITR clone DTA-1 (BioXcell), one day after surgery. The 

tumour growth of the left-hand flank was monitored.  

 

2.3 Whole exome and transcriptome sequencing 
DNA and RNA were obtained from tumour cell lines that were cultured in vitro. Normal DNA 

samples were obtained from tail tissue of current generation BALB/c and C57BL/6 mice. 

Normal RNA samples were obtained from liver tissue of current generation BALB/c and 

C57BL/6 mice. Mice were sourced from the Animal Resource Centre (Perth, Western 

Australia). 

 

2.3.1 DNA and RNA extraction  
Sub confluent tumour cells were harvested and washed with PBS. The cells were pelleted, 

and the DNA and RNA were extracted immediately with an All Prep DNA/RNA Mini kit 

(Qiagen, VIC, Australia) in accordance with manufacturer’s instruction. 

To obtain the normal DNA of a mouse, 0.5mm of mouse tail was placed in a 2mL tube. The 

tail was digested with 0.5mL of DNA lysis buffer (Appendix 1) with an addition of 0.5mg/mL 

proteinase K (Ambion, CA, USA). The tail was incubated overnight at 55 oC with gentle shaking. 

The solution was allowed to cool to RT and centrifuged at 16,000g for 5 minutes at 4 oC. The 

supernatant was transferred to a new 2mL tube and 250μLof 6M NaCl was added. The tube 

was inverted to mix and precipitate proteins. The solution was then left to sit at RT for 5 

minutes followed by centrifuging at max speed for 10 minutes at 4 oC. The supernatant was 

transferred to a new 2mL tube and 500μL of isopropanol was added. The solution was mixed 

by inverting the tube for one minute. The solution was then centrifuged at max speed for 10 
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minutes at RT. The supernatant was carefully removed and the pellet was washed with 500μL 

of 70% ethanol. The solution was vortexed briefly and centrifuged at max speed for 5 minutes 

at RT. The supernatant was carefully removed and the cell pellet was allowed to air dry in a 

laminar flow hood for 45 minutes. The pellet was dissolved in 50μL TE buffer (Appendix 1) 

and kept at 4 oC. 

 

For RNA extraction and manipulation, dedicated RNase and DNase-free hydrophobic filter 

pipette tips were used. All tubes were UV treated prior to use. The liver of a mouse was cut 

into small pieces no thicker than 5mm and placed in 250μL of RNAlater RNA stabilisation 

reagent (Qiagen). The tissue was incubated overnight at 4 oC before storage at -80 oC. To 

extract RNA, the tissues were thawed to RT where 30mg of tissue was disrupted with a mortar 

and pestle in the presence of liquid nitrogen followed by homogenization with a 26G needle 

and 1mL syringe. RNeasy® Mini kit (Qiagen) was used to extract RNA as per manufacturer’s 

instruction. RNA was eluted from the column in 50μL of Ultrapure™ DNAse/RNase-free 

distilled water (Invitrogen) and stored at -80 oC.  

 

2.3.1.1 Quality control of DNA and RNA 
Initial quality control of DNA and RNA was performed with the Nanodrop 2000 

Spectrophotometer (Thermo scientific,). Only DNA with a ratio of absorbance at 260nm and 

280nm (A260/280) of approximately 1.8 and an absorbance ratio at 260nm and 230nm (A260/230) 

between 2.0-2.2 and RNA with A260/280 ratio of approximately 2.0 and an A260/230 between 2.0-

2.2 were considered for sequencing.  

 

Gel electrophoresis was further performed to ensure that the DNA was not degraded. A 2% 

agarose gel was made with agarose powder (Amresco, Ohio, USA) and Tris-acetate-EDTA 
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buffer (Appendix 1). The mixture was heated and allowed to cool to about 60oC and mixed 

with 4μL of GelRed™ (Biotium, California, USA) and placed in a Gel Caster (Bio-rad, NSW, 

Australia) to set. The gel was then transferred to Wide Sub-Cell® GT System (Bio-rad,). Gel 

electrophoresis was performed at 80V till the dye reached ¾ of the gel. The gel was 

transferred to and visualised with the ChemicDoc™ MP system (Bio-Rad). Only samples with a 

single high molecular weight band were used in these studies. DNA smears are signs of DNA 

degradation and were rejected. 

 

The RNA quality was further determined on the GXII lab chip system (PerkinElmer, Victoria, 

Australia) via a contract with the Australia Genome Research Facility (AGRF) (Perth, Australia). 

RNA integrity is scored with an RNA quality score (0-10) where 10 is intact RNA and 0 was 

subjected to severe degradation. The quality score of more than 8 was accepted for next-

generation sequencing. 

 

2.3.1.2 Whole exome sequencing (WES) and transcriptome sequencing (RNA-seq)  
Quantitation of DNA and RNA were performed with Qubit Fluorometric Quantitation. The 

Qubit dsDNA BR Assay Kit (Thermo Fisher) was used to quantitate DNA and Qubit RNA BR 

Assay kit (Thermo Fisher) to quantitate RNA. Incubation with the assay kits was performed in 

accordance with the manufacturer’s instruction. The DNA and RNA were measured with the 

Qubit 2.0 Fluorometer (Invitrogen) to determine nucleic acid concentration.  

 

WES was performed under contract by AGRF. DNA (>1μg) was submitted to AGRF and 

processed with SureSelectXT Mouse All Exon kit (Agilent, Victoria, Australia) for library 

creation and exome capture; the kit covered 49.6 Mb of the mouse genome. Capture libraries 

were assessed by gel electrophoresis and quantified by qPCR in accordance with AGRF’s 
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protocol. Paired-end sequencing (2x100bp) was performed on the Illumina HiSeq 2500 where 

>50 million total reads per sample were generated. 

 

RNA-seq was also performed under contract by AGRF. RNA (>3μg) samples were submitted 

to AGRF and processed with Illumina’s TruSeq Stranded mRNA library preparation protocol 

which incorporated the oligo dT beads double purification protocol. Similarly, paired-end 

sequencing (2x100bp) was performed on the Illumina HiSeq 2500 where >50 million reads 

per sample were generated. Quality control was performed by AGRF. For each sample, FASTQ 

sequence files were provided by AGRF via File Transfer Protocol. Sequencing data was 

downloaded for downstream analysis. 

  

WES and RNA-seq of AB1 and AB1-HA were previously performed by Dr. Sophie Sneddon. 

Extraction and quantification of DNA and RNA were as previously described (Section 2.3.1). 

DNA and RNA were sent under contract to Beijing Genomics Institute (BGI) (Hong Kong, China) 

to be sequenced on the Illumina Hiseq2000 Platform. Over 50 million sequenced reads for 

each sample were generated. Quality control was performed by BGI. For each sample, FASTQ 

sequence files were provided by BGI for downstream analysis. 

 

2.3.2 Processing next-generation sequencing (NGS) data and variant calling 
Separate pipelines were used to handle and analyse WES and RNA-seq data. These included 

alignment of raw sequences to University of California Santa Cruz (UCSC) mm10 murine 

reference genome, somatic variant calling from WES data, estimation of gene expression and 

fusion transcript identification from RNA-seq.  
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2.3.2.1 Qualimap Analysis 
Mapping quality was analysed with the Qualimap 2.0 software 

(http://qualimap.bioinfo.cipf.es/) (Okonechnikov et al., 2016). The WES BAM files from 

Section 2.3.2.2 were analysed using the BAM QC analysis function while the RNA-seq BAM 

files from Section 2.3.2.11 were analysed with the RNA-seq QC analysis function. Gene 

annotations (RefSeq track) of the mm10 murine reference genome were obtained from UCSC 

(http://genome.ucsc.edu/cgi-bin/hgTables) in the general transfer format (GTF). The average 

read length, mean coverage depth and percentage of genes mapped were obtained. 

Alignment data with a mean coverage of >20 and a mean mapping quality of >30 was 

accepted. 

2.3.2.2 Alignment of WES data with Burrows-Wheeler Aligner (BWA)  
FASTQ data files were aligned to UCSC mm10 murine reference genome 

(http://sapac.support.illumina.com/sequencing/sequencing_software/igenome.html) with 

BWA v0.7.15 (https://sourceforge.net/projects/bio-bwa/files/)(Li and Durbin, 2009), with 

default parameters. For Picard compatibility, the -M option was used to flag shorter split hits 

as secondary. The aligned sequence data Sequence Alignment Map (SAM) files were sorted 

and converted to Binary Alignment Map (BAM) files with SAMtools v1.3.1 

(http://samtools.sourceforge.net/) (Li et al., 2009).  

 

2.3.2.3 Pre-processing for variant discovery 
The FASTQ data files obtained from WES were aligned and calibrated as shown in Figure 2.1. 

The sequence alignments were pre-processed and calibrated with the Genome Analysis 

ToolKit (GATK) recommend best practices for variant discovery 

(https://software.broadinstitute.org/gatk/best-practices/workflow?id=11165).  
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Figure 2.1 WES sequence alignment and pre-processing.  
WES FASTQ files were aligned and calibrated based on the recommendation of GATK best 
practices for variant calling. Program names in italics. 
1FASTQ, text-based sequence format with quality scores.  
2SAM, Sequence Alignment Map format.  
3BAM, Binary Alignment Map format. 
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2.3.2.4 Data pre-processing for variant discovery 
The aligned sequence files were pre-processed based on recommendations from GATK best 

practices in a seven-step process. Duplicates were first marked with the MarkDuplicate 

function from Picard tools v1.92, (http://broadinstitute.github.io/picard/). The output BAM 

files were reordered with the ReorderSam function from Picard tools. The reordered BAM 

files were then indexed with SAMtools. Targets that required realignment were determined 

with the realigner target creator function from GATK v3.7 

(https://software.broadinstitute.org/gatk/download) and realigned. Indels were realigned 

with the Indel realigner function from GATK. Recalibration of the bases was performed with 

the base recalibrator function from GATK. Finally, the realigned BAM file and recalibrated 

BAM files were merged and sorted with the print reads function from GATK. 

 

2.3.2.5 Somatic variant calling with WES data  
Somatic variants were called from the cell line sequences against the normal samples using 

the pre-processed WES BAM files obtained in Section 2.3.2.4 as shown in Figure 2.2. Variant 

calling was performed with two variant callers, Varscan v2.3.8 

(http://dkoboldt.github.io/varscan/)(Koboldt et al., 2012) and Somatic Sniper v1.0.5 

(http://gmt.genome.wustl.edu/packages/somatic-sniper/) (Larson et al., 2012), where both 

algorithms were developed by Genome Institute of Washington University. Indels were called 

with Varscan. SNVs were called with both Varscan and Somatic Sniper and pooled for 

downstream processing. 
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Figure 2.2 Somatic variant calling from WES data. 
Somatic variants were called with Varscan and Somatic Sniper variant calling algorithms. 
Indels were identified with Varscan. SNVs from Varscan and Somatic Sniper were pooled. 
Program names in italics. 
1Pileup, text-based format of aligned based calls.  
2VCF, variant call format.  
 

2.3.2.6 Variant calling with Varscan  
Varscan uses a combination of both heuristic and statistical approach to call variants. Somatic 

variants, both indels and SNVs were called with Varscan variant calling algorithm. Pileup files 

of WES sequence data, a file format which describes the base-pair information at each 

chromosomal position that facilitates mutation calling were generated for both normal and 

tumour samples. The BAM files were processed individually with SAMtools to generate the 

pileup file.  
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The tumour pileup file and the normal pileup file were compared using the somatic function 

to identify somatic variants. The default parameters were used for variant calling, that is, a 

normal sample coverage of at least 8X, tumour sample coverage of at least 6X, a minimum 

number of reads of 2, a minimum number of strands of 1, variant frequency of at least 0.2, 

purity for both samples at 1, p-value threshold of 0.99, somatic p-value of 0.05 and minimum 

average quality of 15, which is equivalent to sequencing error rate of 0.17%. 

 

The somatic filter function was then used to remove clusters of false positives and SNPs near 

indels. The process somatic function was used to divide calls based on somatic status and 

confidence levels. High confidence indels and SNVs as defined by VarScan were obtained for 

downstream processing. High confidence somatic mutations are defined as at least 10% 

mutant reads in the tumour, <5% in the normal and a one-tailed Fisher’s exact test P-value of 

less than 0.07 (Koboldt et al., 2012). 

 

2.3.2.7 Variant calling with Somatic Sniper  
Somatic sniper uses a Bayesian comparison statistical approach to identify somatic variants. 

SNVs were called with Somatic Sniper from processed tumour and normal BAM files. The 

variants were filtered in a three-stage process where read depth and read counts were first 

taken into account followed by filtering for high confidence calls. These steps were performed 

with Somatic Sniper’s inbuilt filter scripts. Default parameters and standard detection filters 

were used, that is, the variant site was >10 bp from a predicted indel, mapping quality ≥40, 

fewer than three SNVs within a 10bp window, at least three reads, a consensus quality of ≥20 

and single nucleotide polymorphism (SNP) quality ≥20. High confidence SNVs calls as defined 

by Somatic Sniper were obtained for downstream processing. A high confidence mutation is 
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defined by Somatic Sniper as having a variant supporting reads with an average mapping 

quality of ³40 (BWA) and a somatic score of ³40. 

 

2.3.2.8 Pool high confidence SNVs identified from Varscan and Somatic Sniper  
High confidence SNVs from Varscan and Somatic Sniper were pooled using tools designed to 

manipulate variant call format files. Both the SAMtools htslib v1.3.2 

(https://github.com/samtools/htslib/releases/) and vcftools v0.1.13 

(https://sourceforge.net/projects/vcftools/files/?source=navbar) were used to compress, 

index and compare VCF files to generate a pooled VCF file. 

 

2.3.2.9 Annotation of SNVs 
Annotation of SNVs was performed with Annovar v20160201 

(http://annovar.openbioinformatics.org/en/latest/) (Wang et al., 2010a) to the UCSC mm10 

murine reference genes. The annotated SNVs were filtered for SNVs residing in the exonic 

sequences and predicted to result in non-synonymous amino acid substitution were further 

selected for downstream analysis. 

 

2.3.2.10 Annotation of Indels 
Annotation of Indels was performed with SnpEff v4.3 

(http://snpeff.sourceforge.net/download.html) (Cingolani et al., 2012) to the GRCm38.86 

(mm10) murine reference genes for downstream compatibility with Antigen.garnish neo-

epitope prediction package. 

 

2.3.2.11 Alignment and analysis of RNA-seq data  
The FASTQ data files obtained from RNA-seq were aligned and analysed as shown in Figure 

2.3. Raw transcript sequence data were aligned with HISTAT2 v2.0.5 alignment algorithm 

(https://ccb.jhu.edu/software/hisat2/index.shtml) (Kim et al., 2015) to UCSC mm10 murine 
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mouse reference genome, with default parameters. The aligned SAM files were sorted and 

converted into BAM files. Transcript abundance was determined with Stringtie v1.3.3 

(http://www.ccb.jhu.edu/software/stringtie/) (Pertea et al., 2015). Stringtrie reports 

transcript expression level in both Fragments Per Kilobase Million (FPKM) and Transcripts Per 

Kilobase Million (TPM).  

 

 
Figure 2.3 RNA-seq sequence alignment and analysis.  
FASTQ files from RNA-seq were aligned and transcript abundance was estimated. Program 
names in italics. 
 

2.3.2.12 Determining the presence of mutant alleles in RNA-seq data  
The presence of mutant allele expression from SNVs identified from Varscan and Somatic 

Sniper was determined from RNA-seq data. Pileups of RNA-seq data of SNV positions were 
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created where the frequency of alleles was determined with the use of SAMtools, htslib, 

vcftools and bedops v 2.4.32 (https://bedops.readthedocs.io/en/latest/).   

 

2.3.3 Fusion transcript identification  
In order to identify potential fusion transcripts, RNA-seq data were analysed with SOAP-fuse 

v1.2.7 (https://sourceforge.net/p/soapfuse/wiki/Download/) (Jia et al., 2013) and JAFFA 

v1.09 (https://github.com/Oshlack/JAFFA/wiki) (Davidson et al., 2015) fusion detection 

algorithms as shown in Figure 2.4. 

 

 
Figure 2.4 Fusion transcript identification.  
FASTQ files from RNA-seq were used to identify potential fusions with SOAP-fuse and JAFFA 
fusion identification algorithms. Program names in italics. 
 

2.3.3.1 Identify fusions with SOAP-fuse  
SOAP-fuse has been developed for the identification of fusion transcripts from paired-end 

human RNA-seq data. In order to identify murine fusions, a murine database was generated 
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with SOAP-fuse in-built database generation script. Raw sequence data were arranged in a 

data directory as required by SOAP-fuse and the configuration file was edited to reflect the 

database source and output folder. A sample list file was generated in a text format as 

required by SOAP-fuse. SOAP-fuse was used to identify fusion transcripts with default 

parameters (Jia et al., 2013). Identified fusions were supported by at least one junction-read 

of at least five base pairs (reads spanning the fusion site) and at least one span-read (paired-

end reads covering both ends of fusion site). Intrachromosomal fusions must be larger than 

100,000 base pairs. 

 

2.3.3.2 Identify fusions with JAFFA  
JAFFA was developed and optimised for the identification of fusion transcripts from reads 

>100bp in length. It was designed to compare against the reference transcriptome and not 

the reference genome. The murine reference transcriptome for JAFFA was downloaded from 

JAFFA URL (https://github.com/Oshlack/JAFFA/wiki/Download). The transcriptome was 

generated from GENCODE mm10 version M4. The ‘Direct’ mode was used for the 

identification of fusions. This mode first selects reads that do not map to known transcripts 

and then uses these reads directly for fusion identification. High confidence fusions were 

defined as having the presence of at least a spanning read (reads spanning the fusion site) 

(Davidson et al., 2015). 

 

2.3.4 Immunological features prediction 
The pooled somatic SNVs identified in Section 2.3.2.5 were further interrogated to identify 

potential tumour neo-epitopes through the use of immunological feature prediction 

algorithms. Tiled peptide sequences were generated in silico. Immune features of these 
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peptide sequences, MHC class I binding affinity and MHC class II binding affinity were 

predicted using publicly available prediction algorithms. 

 

2.3.4.1 Generation of tiled peptide sequences 
Non-synonymous exonic SNVs were processed with the Tumour Immunotherapy Guidance 

System (TIGs) developed by Mr. Shay Leary, Institute for Immunology and Infectious Diseases, 

Murdoch University. Briefly, TIGs is a graphic user interface program designed to download 

and extract amino acid sequences from genebank (https://www.ncbi.nlm.nih.gov/genbank/) 

using accession numbers. Tiled amino acid sequences of different lengths (8-11 and 15 amino 

acids long) around the mutation were generated by TIGs. Generated normal and mutated 

peptide sequences in a FASTA format were used for downstream immune characteristic 

predictions. 

 

2.3.4.2 MHC class I binding affinity prediction 
The potential class I binding affinity to murine MHC class I haplotype of H2-Dd, H2-Kd and H2-

Ld were determined for peptide sequences generated from tumour lines of the BALB/c 

background (AB1, AB1-HA, AB1-HA GR250 and Line1) using NetMHCpan2.8. The peptide 

sequences from tumour lines of the C57BL/6 background (AE17 and LLC) were predicted to 

H2-Db and H2-Kb. Both the predicted binding affinity in nM and the %Rank were reported. The 

%Rank represents the percentile at which the peptide ranks within 200,000 random natural 

9 amino acid long peptides. The %Rank was used as a cut off for predicted binder where a 

value of 0.5% and below was considered a strong binder and a value between 0.5% and 2% 

was considered a weak binder.  
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2.3.4.3 NetMHCIIpan prediction 
The MHC class II binding affinities were predicted with netMHCIIpan v3.1 

(http://www.cbs.dtu.dk/services/NetMHCIIpan/) (Jensen et al., 2018) on 15 amino acid long 

tiled peptide sequences. The tumour lines of BALB/c background were predicted to H2 I-Ad 

haplotype while C57BL/6 lines were predicted to H2 I-Ab. Both the predicted binding affinity 

in nM and the %Rank were reported. The %Rank represents the percentile which the peptide 

ranks within 200,000 random natural 15 amino acid long peptides. The %Rank was used as a 

cut off for predicted binder where a value of 0.5% and below is considered a strong binder 

and a value between 0.5% and 2% were considered a weak binder.  

 

2.3.4.4 Prediction of neo-epitopes from Fusions and Indels using Antigen.Garnish 
To predict the binding affinity of peptides generated following fusion and indel genetic 

alterations, the program antigen.garnish was used. Antigen.garnish is an R based package that 

predicts neo-epitopes based on predicted peptide-MHC binding affinity and similarity to 

known immunogenic antigens (Rech et al., 2018).  

 

The garnish_jaffa function was used to predict neo-epitopes from fusions identified in Jaffa 

(Section 2.3.3.2). The Jaffa result files, both the comma separated values files and fasta files 

were used as input. The garnish_variants function was used to predict neo-epitopes from 

indels that were identified by Varscan (see Section 2.3.2.6) and annotated by SnpEff (Section 

2.3.2.10). An output file was generated and filtered in R to identify MHC class I and/or MHC 

class II binding neo-epitopes. 
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2.3.5 Neo-epitope selection 
Mutation annotation, predicted immunological features, transcript abundance and mutant 

allele frequency data of predicted neo-antigens were consolidated. MHC class I predicted 

neo-antigens were filtered and sorted to identify top candidates for immunological testing 

(Figure 2.5). The data set was first filtered for mutant peptide binders, where the %Rank score 

was less than 2%. The predicted binders were further filtered for the presence of the mutant 

allele in RNA-seq data (allele frequency). This filter ensured that the mutation call from WES 

data was validated in the RNA-seq and ensured that the mutant allele was expressed. 

Candidate neo-antigens were ranked then by FPKM expression values, from the highest to 

lowest.  

 

Class II predicted neo-antigens were also first filtered on class II binding affinity, followed by 

the presence of the mutant allele in the RNA-seq data (Figure 2.6). Candidates were ranked 

based on FPKM expression values and those with a co-predicted class I binding affinity were 

prioritised and selected. 
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Figure 2.5 Criteria for selection of candidate peptides for MHC Class I immunological 
testing. 
In silico prediction data and RNA-expression analysis data of non-synonymous SNVs was 
consolidated. Neo-antigen candidates were filtered for predicted binding affinity (<2%Rank), 
followed by the expression of the mutant allele (>1 mutant reads) and further sorted by 
expression levels. Top candidates were selected for immunological testing.  
 

Class I epitope selection 

Binding affinity (<2%Rank) 

mutant allele expressed 
(>1 mutant reads) 

Sorted based on 
expression levels (FPKM) 

Selected MHC Class 
I neo-antigens  
(short peptides) 

Selection of predicted MHC class I neo-antigens

Non-synonymous SNVs 

Consolidate data  

In silico prediction 
RNA-expression analysis
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Figure 2.6 Potential Dual MHC Class I and II neo-antigen selection.  
In silico prediction data and RNA-expression analysis data of non-synonymous SNVs was 
consolidated. Neo-antigen candidates were first filtered for dual predicted class I and class II 
binders (<2%Rank), followed by the expression of the mutant allele (>1 mutant reads) and 
further sorted by expression levels. Top candidates were selected for immunological testing.  
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2.4 IFN-γ ELISpot Assay 
To determine neo-antigen immune reactivity as characterised by IFN-γ production, ELISpot 

assays were performed on cells isolated from the spleen, dLNs and tumour. ELISpot was 

performed in a biological hood under sterile condition.  

 

MAIPS4510 0.45μM Immobilion P plates (Merck Millipore, Victoria, Australia) were coated 

with anti-mouse IFN-γ monoclonal antibody clone AN18 (Mabtech, Victoria, Australia) at 

1μg/mL in PBS. The plate was kept overnight at 4oC for the antibody to bind onto the 

membrane. Plates were washed with 200μL PBS twice before non-specific binding sites on 

the membrane were blocked by incubation with RPMI 10 media at 37oC for 30 minutes.  

 

RMPI 10 was removed and 1x105 cells in a volume of 100μL, unless otherwise stated, was 

added to respective wells. Test peptides, tumour cells and/or control solutions prepared in 

RPMI 10 at 100μL per well to each well to obtain a final volume of 200μL per well and were 

analysed in duplicate, unless otherwise stated. 

 

Peptides were assayed at a final concentration of 10μg/ml, unless otherwise stated. Peptides 

at twice the final concentration were made up with RPMI 10 media. For positive controls, 

non-specific stimulation with 2μL per well of Dynabeads® Mouse T-Activator CD3/CD28 

microbeads (Life Technologies) was used, unless otherwise stated. CL4 peptide (IYSTVASSL) 

(Mimotopes) corresponding to the class I epitope of the hemagglutinin protein of the Mt-

Sinai strain of PR8 influenza virus was used as a positive model neo-antigen control for AB1-

HA and AB1-HA GR250. RPMI 10 media alone was used as a negative control. Plates were 

incubated for 20 hours at 370C in a 5% CO2 humidified atmosphere. 
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Following incubation, media was removed and the plate washed five times with 200μL PBS. 

Biotinylated anti-mouse IFN-γ monoclonal antibody clone R4-6A2 biotin (Mabtech) was 

diluted to 1μg/ml in ELISpot dilution buffer (Appendix 1) and added to each well. The plates 

were incubated in the dark at RT for one hour. The plates were then washed five times with 

PBS. Streptavidin-horseradish peroxidase (SA-HRP) (Mabtech) was diluted to 1μg/ml in 

dilution buffer and filtered with a 0.2μm hydrophobic filter (Sartorius, Victoria, Australia). The 

final wash buffer was removed and 100μl of SA-HRP was added to each well. The plate 

incubated in the dark at RT for one hour. The solution was poured off and the wells were 

washed five times with PBS. The substrate for SA-HRP, 3,3’, 5,5’-tetramethylbenzidine (TMB) 

(Mabtech), was filtered with 0.2μm hydrophobic filter (Sartorius) and 80μL added for to each 

well and incubated for 12 minutes in the dark at RT. The TMB was removed and the plate was 

drained and washed twice with irrigation water (Baxter, NSW, Australia) and left to dry 

overnight. 

 

The spots on plates were visualised and enumerated using the Autoimmune Diagnostika AID 

ELISpot reader system running count algorithm v.3.2.x, with minimum spot intensity of 5, a 

minimum gradient of 0 and minimum size of 1, unless otherwise stated. The number of spots 

generated was determined and used in downstream analysis.  

 

2.4.1 Preparation of whole tumour cells for ELISpot Assay 
Sub confluent growing in vitro cultured tumour cells were trypsinised as described in Section 

2.1.3 and counted (described in Section 2.1.4). The tumour cell suspension was diluted to the 

required density for ELISpot plating and maintained at 37oC, in a humidified atmosphere of 
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5% CO2 till further use. Tumour cell stimulation in ELISpot was performed at a cell ratio of 4:1 

or 2:1 (immune cells: tumour cells).  

 

2.5 Flow Cytometry 
Samples were analysed on the BD FACSCanto™ II at the Centre of Microscopy, Characterisation 

and Analysis, QQ Block, Queen Elizabeth II Medical Centre, University of Western Australia. 

This cytometer has eight fluorescence parameters and contains 405nm, 488nm and 633nm 

excitation lasers and runs the FACS Diva software package. Samples were analysed through 

the FACSCanto™ II using the High Throughput Sampler. The stopping gate was set to 50,000 

for tumour cells and 100,000 for lymphocytes to ensure sufficient lymphocytes were 

detected. FlowJo version 10 (TreeStar Inc, Oregon, USA) was used for downstream data 

analysis. 

 

2.5.1 MHC class I staining 
Tumour cells were trypsinised as described in Section 2.1.3 and resuspended in 1mL RPMI 10. 

An aliquot was removed for cell counts as detailed in Section 2.1.4 and the cell suspension 

was made up to 1x106 cells/mL. 1x105 tumour cells were aliquoted into individual wells of a 

96-well U-bottom plate (BD Bioscience). To stimulate tumour cells with IFN-γ, 100 μL of RPMI 

10 with 200 IU/mL of recombinant mouse IFN-γ (Shenandoah, PA, USA) was added to the 

respective wells. For controls, 100μL of RPMI 10 was added. Tumour cells were incubated at 

37oC, in a humidified atmosphere of 5% CO2 overnight.  

 

The plate was centrifuged at 300g for 5 minutes and the supernatant was removed. The cells 

were suspended in 200 μL of PBS/FCS by pipetting up and down multiple times. The plate was 

centrifuged and the cells were washed twice with PBS/FCS. 
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MHC I antibodies was used to stain for different MHC-I haplotype expression. Antibody 

mixtures were made up in PBS/FCS at the required concentration (Table 2.2). To stain the 

cells, a 20μL aliquot of the respective antibody mix was added to the wells. The plate was 

incubated at RT for 20 minutes in the dark. All wells were made up to 200μL with PBS/FCS 

and the plate was centrifuged at 300g for 5 minutes. The samples were washed three times 

with PBS/FCS and suspended in 200μL of PBS/FCS and analysed by flow cytometry. Tumour 

cells of different genetic background were used as negative controls.  

 

Table 2.2 Antibodies and fluorophores used to analyse MHC-I on tumour cells 
Target Fluorophore Antibody Clone Dilution Source 
H2-Kb eFlour450 Mouse α-Mouse 

MHC I (H2-Kb� 
AF6-88.5.5.3 1/500 eBioscience 

H2-Kd FITC Mouse α-Mouse 
MHC I (H2-Kd) 

SF-1.1 1/500 Biolegend 

H2-Kk eFlour450 Mouse α-Mouse 
MHC I (H2-Kk) 

AF3-12.1.3 1/100 eBioscience  

 

2.5.2 T-cell staining 
To determine the proportion of CD4+ and CD8+ T-cells subsets and assess the purity of isolated 

T-cells, 50μL aliquots of cell suspensions were placed into wells of a 96-well U bottom plate. 

The plate was centrifuged at 300g for 5 minutes and the supernatant was removed. Cells were 

washed twice with FCS/PBS. A master mix of four antibodies was made up to the required 

volume at appropriate dilution (Table 2.3). A 20μL aliquot of the staining mix was added to 

each respective well. Single stain controls and fluorescence minus one (FMO) controls were 

also prepared. Comp Beads Anti-Rat and Anti-Hamster Ig κ (BD Biosciences) and Comp Beads 

Negative Control (BD Biosciences) were added to the respective single stains. The plate was 

incubated at RT for 20 minutes in the dark. All wells were made up to 200μL with Perm Buffer 
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and the plate was centrifuged at 300g for 5 minutes. The samples were washed three times 

with PBS/FCS and analysed on the flow cytometer. 

 

Table 2.3 Panel of antibodies and fluorophores used to analyse CD8+ and CD4+ T-cell 
populations 

Target Fluorophore Antibody Clone Dilution Source 
CD3 PE/Cy7 Hamster α-Mouse 

CD3ε 
145-
2c11 

1/500 Biolegend  

CD4 PerCP/Cy5.5 Rat α-Mouse CD4 GK1.5 1/500 Biolegend  
CD8 APC-eFlour 

780 
Hamster α-Mouse 
CD8a 

53.67 1/500 eBioscience 

CD45 APC Rat α-Mouse CD45 30-F11 1/500 Biolegend  
 

2.5.3 Gating strategy 
Analysis of flow cytometric data followed the gating strategy as shown in Figure 2.7 unless 

stated otherwise. Compensation of spectral overlap was performed on the samples with 

FlowJo using the single stained beads when necessary. Following compensation, sample 

acquisition over time for all samples were checked.  

 

Tumour infiltrating lymphocytes (TILs) were first gated based on forward and side scatter. 

Single cells were then gated based on forward scatter. The gating of positive staining was 

determined based on staining for respective Fluorescence mins one (FMO) controls.  

 

T-cells were identified with the positive staining of CD3 and CD45. CD4+ and CD8+ cells were 

then determined. Whole tumour cells were gated based on side scatter and forward scatter 

followed by gating of single cells. Single tumour cells were analysed for MHC class I. 

expression. 
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Figure 2.7 Flow analysis and gating strategy.  
A. Compensation of spectral overlap was performed with FlowJo using single stained 
controls. Sample acquisition over time was checked to ensure that there was no blockage. 
B. Gating for CD8+ and CD4+ T-cells. Lymphocytes were gated based on side and forward 
scatter. Single cells were then gated and T-cells identified base CD3 and CD45. CD8+ and 
CD4+ T-cells were further gated. C. Gating strategy for MHC class I staining. Tumour cells 
were gated based on side and forward scatter and single cells were identified for analysis of 
MHC staining. 
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2.6 Statistical Analysis 
Data were analysed using GraphPad Prism® 7.0d software (GraphPad Software, California, 

USA). Unpaired and two-tailed Student’s t-tests were performed to determine statistically 

significant differences between groups with a p-value of 0.05 being considered significant. All 

measurements presented as means ± standard deviation, unless otherwise indicated.  

 

Survival data was analysed by the Kaplan Meier method. The survival portions were compared 

using a Log-Rank test with a p-value of 0.05 being considered significant. Tumour growth was 

analysed by mixed model ANOVA where the treatment effects were determined and a p-value 

of 0.05 was considered significantly different. The mixed model ANOVA analysis was analysed 

with the TumourGrowthAnalysis R script using R version 3.5.1. Specifically, the analysis is a 

type III ANOVA where the interactions of treatment effects and time on tumour growth was 

considered. I would like to acknowledged Mr. Wesley Wilson for the development of the R 

script. 
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Chapter 3 Utilising Next Generation Sequencing to identify candidate neo-antigens in 
murine cancer cell lines 
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3.1 Introduction 
Advancement in sequencing and associated technologies in recent years has enabled the 

sequencing of individual cancers in unprecedented detail. These mutations can result in 

aberrant and unique proteins being produced that are tumour specific and can potentially be 

recognised by the immune system. Collectively, these mutated proteins are known as tumour 

neo-antigens. Predicted neo-antigen burden has been shown to correlate with overall survival 

(Brown et al., 2014). It is possible that neo-antigens are vital in the anti-tumour response with 

their recognition by the immune system enabling neo-antigen expressing tumour cells to be 

eliminated (Germano et al., 2017).   

 

In order to study neo-antigens in a manipulatable system, mouse cell lines were used in the 

current study. A total of four different murine cancer cell lines, two mesothelioma and two 

lung cancer on two different mouse genetic backgrounds, BALB/c and C57BL6 were used. The 

murine mesothelioma cell lines selected were AB1 isolated from a BALB/c mouse (Davis et al., 

1992) and AE17 isolated from a C57BL/6 mouse (Jackaman et al., 2003). Both cell lines were 

generated by exposing mice to asbestos and subsequently cloning tumour cells from resultant 

ascites. A previous study had sequenced the AB1 and AE17 mesothelioma cell lines and found 

that they have a moderate mutational burden and also the loss of Cdkn2A (Sneddon et al., 

2017), similar to human mesothelioma. The two lung cancer cell lines used both arose 

spontaneously in mice without exposure to carcinogen. The Line1 alveolar carcinoma was 

isolated from a BALB/c mouse (Yuhas et al., 1974) and the Lewis lung carcinoma was isolated 

from a C57BL/6 mouse (Bertram and Janik, 1980). The mutation burden of these two lung 

cancer cell lines has not been previously reported.  
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Further, two more derivatives of the AB1 mesothelioma cell line were also studied. Namely, 

AB1-HA which has the PR8 influenza virus hemagglutinin (HA) model neo-antigen transfected 

into the AB1 cell line (Marzo et al., 1999a) and AB1-HA GR250, a gemcitabine-resistant sub-

clone that was obtained by exposing parental AB1-HA cells to increasing levels of gemcitabine 

(Nowak et al., 2003). The AB1-HA GR250 line was found to be >800 fold more resistant to 

gemcitabine than AB1-HA (Nowak et al., 2003).  

 

The aim of this chapter was to determine the neo-antigen burden of the murine cell lines and 

to identify candidate neo-antigens for immunological testing in the subsequent chapter. In 

order to do so, whole exome and transcriptome sequencing were performed, somatic 

mutations were identified bioinformatically, and in silico predictions were performed to 

identify candidate neo-antigens. The sequencing of this study was performed on the Illumina 

platform while the previous Sneddon et al. study was done on the Ion Torrent platform. An 

overview of the analysis pipeline is illustrated in Figure 3.1.  
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Figure 3.1 Overview of neo-antigen prediction pipeline.  
DNA and RNA were extracted from normal tissue and from indicated murine cancer cell 
lines.  
Whole exome sequencing (WES) and RNA sequencing (RNA-seq) was performed on the 
Illumina platform.  
SNVs were called using Varscan and Somatic Sniper and pooled. 
Indels were called using Varscan. 
Fusions were called with JAFFA and SOAPfuse. 
MHC binders (<2% rank score) were predicted; The binding affinity of SNV derived mutated 
peptide sequences was predicted with NetMHCpan; The binding affinity of indel and fusion 
derived mutated peptides was performed with Antigen.garnish. 
Gene expression levels were determined with Stringtie. 
Neo-antigen candidates were filtered based on predicted binding score (<2% rank score), an 
expression level (>1 FPKM) and expression of the mutant allele. 
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3.2 Results 
 
3.2.1 WES and RNA-seq achieved sufficient depth and quality for variant identification 
Mesothelioma cells lines are adherent and appear to be epithelial-like (Figure 3.2 A-D) and 

take up a ‘cobblestone-like’ morphology when confluent. Line1 and Lewis lung cell lines are 

also adherent and appear rounded and loosely attached (Figure 3.2 E and F) when grown in 

culture.  

 

Whole exome sequencing (WES) was performed on in vitro cultured cell lines and from normal 

tail genomic DNA extracted from current generation mice. Sequencing was performed in 

three separate batches and there are differences in read depth between batches. From 

BALB/c and C57BL/6 normal tissue WES generated 56 million and 76 million total reads, 

respectively (Table 3.1). More than 99% of reads aligned to the UCSC mm10 reference 

genome with an average mapping quality of 50. A mean sequencing depth of 33X and 53X 

was achieved for each of the normal samples, respectively. In comparison between 52 and 

169 million reads were generated from in vitro grown tumour cell lines. Alignment frequency 

of the exome reads of cell lines was similar to normal samples achieving more than 99% 

alignment and a mean mapping quality of 50. A mean sequencing depth of 55X to 202X was 

achieved across the tumour samples. A read depth of 30-50X is the accepted norm for 

confident variant identification (Song et al., 2016). The quality of normal and tumour 

sequence data was sufficient for variant identification. Differences in sequencing depth were 

not accounted for when data were analysed. 

 

RNA sequencing was performed on total RNA extracted from in vitro cultured cell lines. 

Sequencing generated a total of 54 million reads for AB1 (Table 3.2). The sequencing of the 
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other three cell lines generated between 140 million and 180 million reads. Alignment of the 

cell line RNA reads to UCSC mm10 reference genome achieved between 88%-94% alignment 

rate with 87-91% concordant alignments. The mean mapping quality was between 44-45. AB1 

RNA sequencing achieved a mean sequencing depth of 58X while the other three cell lines 

had a depth of between 258-287X. 
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Figure 3.2 Murine mesothelioma and lung cancer cell lines.  
A. AB1 murine mesothelioma. B. AB1-HA murine mesothelioma C. AB1-HA GR250 murine mesothelioma. D. AE17 murine mesothelioma E. 
Line1 alveolar carcinoma F. Lewis lung adenocarcinoma. 
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Table 3.1 Sequence and alignment metrics for whole exome sequencing (WES) 
  BALB/c C57B6 AB1 AE17 Line1 Lewis lung 

Tissue Tail Tail 
Mesothelioma 

Cell line 
Mesothelioma 

Cell line 
Lung Cancer 

Cell line 
Lung Cancer 

Cell line 
Cell line passage no. NA NA 18 14 12 14 

Sequenced Date 23/12/13 12/8/16 23/12/13 13/1/16 13/1/16 13/1/16 
Total Reads 56,992,973 75,819,255 52,535,634 169,118,041 156,379,248 155,864,200 
       

Overall alignment rate 99.89% 99.36% 99.93% 99.85% 99.84% 99.82% 

Unmapped reads 0.11% 0.64% 0.07% 0.15% 0.16% 0.18% 

Mapped concordant reads 99.86% 98.86% 99.91% 99.76% 99.73% 99.72% 

Mapped singletons reads 0.03% 0.49% 0.02% 0.09% 0.11% 0.09% 
       

Mean read length 89.92 99.95 90 100 99.93 99.97 

Mean read depth 57.96 93.33 55.98 202.84 188.69 187.74 

Mean mapping quality  52.95 53.02 53 53 52.83 52.85 
Whole exome sequencing was performed and sequences were mapped to UCSC mm10 murine reference genome with BWA alignment 
algorithm. Alignment metrics were obtained with Qualimap software. 
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Table 3.2 Sequence and alignment metrics for whole transcriptome sequencing (RNA-seq) 
  BALB/c C57BL/6 AB1 AE17 Line1 Lewis lung 

Tissue Liver Liver 
Mesothelioma 

Cell line 
Mesothelioma 

Cell line 
Lung Cancer 

Cell line 
Lung Cancer 

Cell line 
Cell line passage no. NA NA 18 14 12 14 
Sequenced Date 12/8/16 23/12/13 23/12/13 13/1/16 13/1/16 13/1/16 
Total Reads 25,532,164 70,178,854 54,723,536 172,667,970 180,623,980 167,214,341 
       

Overall alignment rate 95.33% 92.95% 93.94% 92.54% 88.65% 91.11% 
Unmapped reads 4.67% 7.05% 6.06% 7.46% 11.35% 8.89% 
Mapped concordant reads 92.41% 91.93% 91.78% 91.22% 87.24% 89.71% 
Mapped singletons reads 2.92% 1.02% 2.16% 1.32% 1.41% 1.39% 
       

Mean read length 90 125 90 125 125 125 
Mean read depth 75 283 58 287 277 258 
Mean mapping quality  45.39 44.85 45.59 44 44 45 

Whole transcriptome sequencing was performed and sequences were mapped to UCSC mm10 murine reference genome with hisat2 
alignment algorithm. Alignment metrics were obtained with Qualimap software. 
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3.2.2 Asbestos derived mesothelioma cell lines and Line1 carcinoma have moderate SNV 
mutational burden compared to Lewis lung cancer 
In order to identify single nucleotide variants (SNVs), the aligned tumour cell exome sequence 

was compared to the normal sequence from mouse tails using two independent variant 

callers (Figure 3.1). The variant callers identified an overlapping but not identical set of SNV 

in each cell line. Varscan identified 2,007 and 500 SNVs, in the AB1 and AE17 mesothelioma 

cell lines respectively, and 2,366 and 19,189 SNVs in Line1 and Lewis lung cell lines 

respectively. Somatic Sniper also showed that AE17 had the least number of SNVs and Lewis 

lung the greatest, with 796 and 13,687 SNV respectively (Figure 3.3A). 

 

There was a 24% (for the AE17 line) and 58% (for AB1) concordance between the SNV 

identified by the variant callers (Figure 3.3B). The different SNV identified may be due to the 

nature of the algorithms, Varscan uses a heuristic calling method (Koboldt et al., 2012) and 

Somatic Sniper a joint genotype analysis approach (Larson et al., 2012). For the current study, 

results from both prediction algorithms were combined to maximise the number of 

candidates for subsequent testing in chapter 4.  

 

Using Annovar software, the pooled SNVs were annotated which revealed that approximately 

a third occurred in exonic regions (Figure 3.3C.). From these exonic SNVs, between 47 to 72% 

resulted in non-synonymous single amino acid substitutions (Figure 3.3D). A small portion of 

SNVs resulted in premature stop signals, loss of a stop signal or were of unknown significance, 

and could be attributed to database annotation errors. Although mutations that occurred in 

a stop signal could potentially result in translation of a new protein coding sequence, only 

SNVs that resulted in a single amino acid substitution were further analysed and used to 
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predict for potential neo-antigen candidates in this study, and the other SNVs were 

disregarded. 

 

Of the SNVs identified, the majority were found to be heterozygous, with the mutation 

occurring in only one allele, while a small portion were homozygous with both alleles bearing 

the mutation (Figure 3.3E). The ratio of heterozygous to homozygous SNVs in AB1 was 86:1 

and 3:1 in Lewis lung while Line1 and AE17 had similar ratios of 9:1. The high frequency of 

heterozygous variants called in AB1 could be attributed to low read depth. Finally, 

approximately 50% of mutations were transition events where a purine nucleotide was 

substituted with another purine nucleotide (e.g. adenine to guanine) or when a pyrimidine 

nucleotide was substituted with another pyrimidine (e.g. thymine to cytosine). The exception 

was in Lewis lung, where more than 60% were transitions events. The remaining mutations 

were transversions where a purine substituted a pyrimidine or vice versa. The total number 

of SNVs from the two variant callers for each cell line was: AB1, 2,697; AE17, 1,047; Line1, 

3,620 and Lewis lung, 22,846. 

 

Two different variant callers were used in this study to identify SNVs. There was only 50% 

concordance between the variant callers, a rate similar to that previously reported in 

benchmarking studies. Different variant callers are influenced to different extents by the 

tumour purity, percentage of the mutated allele and the depth of sequencing (Hasan et al., 

2015, Hwang et al., 2015, Kroigard et al., 2016, Roberts et al., 2013, Spencer et al., 2014). In 

the case of cell lines, tumour purity would not have an impact on variant calling but the two 

factors would affect the performance of different variant callers. Concordance rates between 

variant callers were found to be relatively low (Kim and Speed, 2013, O'Rawe et al., 2013). In 
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order to maximise the number of neo-antigens to be tested in subsequent chapters, the total 

pool of variants called by both algorithms were used to predict neo-antigen candidates. 
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Figure 3.3 Somatic SNV result in non-synonymous mutations in four cancer cell lines.  
A. Number of SNVs called by Varscan2 and Somatic Sniper variant callers. B. Overlap in SNVs 
called by both algorithms. C. The number of exonic mutations in the pooled set of SNVs as 
annotated by Annovar. Non-exonic mutations are in the upstream, downstream, intergenic, 
intronic, untranslated regions and non-coding RNA. D. The number of exonic mutations that 
result in non-synonymous substitution mutations as annotated by Annovar. Others include 
synonymous, stop-gain, stop-loss and unknown mutations. E. The number of SNVs that 
were found to be heterozygous and homozygous. F. The number of SNVs that were found to 
be transition or transversion events. 
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3.2.3 Spontaneously arising Lewis lung cancer cell line has a high SNV mutational load, 
similar to that of mutagen-induced cell lines 
Previously B16F10, a spontaneously arising melanoma in C57BL/J mice was reported to have 

an SNV load of 3,750 (Castle et al., 2012). CT26 colon carcinoma (Castle et al., 2014) and 

d42m1 sarcoma (Matsushita et al., 2012) which were derived following carcinogen exposure 

of BALB/C and 129/Sv recombination-activating gene-2 deficient (Rag2-/-) mice, respectively, 

also had a similar SNV burden. The MC38 colon carcinoma, which was derived following 

exposure of BALB/c mice to the carcinogen dimethylhydrazine had a high SNV burden, 

reportedly 28,439 SNV (Yadav et al., 2014). SNV burdens for these published lines and for the 

murine cancer lines reported in this study are presented in Figure 3.4. 

 

From this data, it appears that little correlation can be found broadly when comparing 

mutation rates between tumours that arose in mice spontaneously versus those induced by 

a carcinogen. As the spontaneously arising Lewis lung cell line had a high SNV burden similar 

to that of the dimethylhydrazine induced, MC38. And the mutation burdens of the 

spontaneously arising Line1 and B16F10 were of a similar order of magnitude to the 

carcinogen-induced AB1, CT26 and d42m1 lines.   

 

Interestingly, AB1 and AE17 mesothelioma lines derived from asbestos exposure had the 

lowest SNV mutational load in this data set. This was consistent with human studies which 

also showed a low mutational burden in human mesothelioma (Bueno et al., 2016). In 

humans, asbestos exposure appears to induce a lower number of mutations compared to 

other carcinogens like tobacco smoke and ultraviolet light. Taken together, carcinogen 

exposure does not necessarily correspond to a higher SNVs load in these murine cell lines. 
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The two lung cancer models Line1 and Lewis lung examined in this study were of 

adenocarcinoma histology, arose spontaneously and had 3,620 and 22,846 SNVs identified 

respectively. This equates to 72.9 and 460 SNVs/Mb, respectively (Figure 3.4). To date, no 

comprehensive analysis of murine lung cancer cell line mutational profiles have been 

reported. A conference abstract reported that Lewis lung has 328 mutations/Mb (Zeitouni et 

al., 2017), a similarly high  mutational burden as seen in the current study. It is unclear why 

Lewis lung has such a high mutational burden despite being a spontaneous arising tumour. 

 

Lung cancer has a high median mutational burden compared to mesothelioma (Bueno et al., 

2016) and lung cancers with different histological subtypes have varying tumour mutation 

burdens (Chalmers et al., 2017). Comparing the two murine lung cell lines with human 

cancers, the mouse cell lines appear to have a very high mutational burden. Large cell lung 

carcinomas which have the highest mutation burden in humans only have a median of 12.2 

mutations/Mb. The fact that the murine cell lines were established more than a decade ago 

and that they have been extensively cultured may mean that additional mutational events 

have occurred over time. 
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Figure 3.4 SNVs load in murine tumour cell lines.  
Reported SNV load in tumour murine cell lines. Cell lines obtained from exposure to 
carcinogens are coloured. Cell lines in grey reflect spontaneous arising tumours. A. Total 
number of SNVs. B. SNV mutational burden. 
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3.2.4 Line1 and Lewis lung have mutations in common with those mutated in lung cancer 
Previously the mutation profile of AB1 and AE17 has been reported (Sneddon et al., 2017). 

There have been no previous reports of Line 1 and Lewis lung genetic makeup although 

human lung cancer mutational landscape has been extensively studied (Hirsch et al., 2017, 

Govindan et al., 2012, Hammerman et al., 2012, Seo et al., 2012). Common mutations in 

patients’ tumour suppressor genes and oncogenes have been reported, for example, KRAS, 

an oncogene involved in cell proliferation is mutated in up to 25% of lung adenocarcinoma 

cases (Hirsch et al., 2017). Figure 3.5A shows a breakdown of common mutations observed 

clinically in lung cancer. 

 

In this study, Line1 was found to have a similar mutation burden to mesothelioma cell lines 

while Lewis lung had an order of magnitude more. It was found that both Line1 and Lewis 

lung had non-synonymous substitution mutations in the tumour suppressor gene Trp53. 

Line1 had a H176R mutation (heterozygous) while Lewis lung had a G32* stop codon mutation 

(heterozygous) and a R334P mutation (heterozygous). Trp53 is the murine equivalent of 

human P53 and clinical samples are commonly found mutated within the DNA-binding 

domain (residues 102-292), and in 10% of cases, total loss function or the loss of the entire 

protein through nonsense or frameshift mutations occurs (Baugh et al., 2018). 

 

Lewis lung had eight amino acid substitution mutations in four lung adenocarcinoma 

associated oncogenes, Kras, Alk, Met and Pik3ca (Figure 3.5). Notably, one of these was a 

heterozygous KRAS G12C mutation which is a commonly reported KRAS mutation clinically, 

accounting for 41% of KRAS mutations in non-small cell lung cancer (Roman et al., 2018). A 

high number of intronic mutations were also seen in Alk and Met oncogenes in Lewis lung. 
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No neo-antigens were predicted from these mutations using the netMHCpan algorithm and 

criteria used in this study. 

 

The high mutation burden seen in Lewis lung may be attributed to mutations in DNA repair 

genes. The SNVs identified in Lewis lung were analysed with the Kyoto Encyclopaedia of 

Genes and Genomes (KEGG) pathway analysis tool. It was found that 1.7% of SNVs (387) were 

in a total of 99 genes involved in the DNA repair processes. Of these, 15% (58) were missense 

mutations in a total of 37 genes. These genes included Trp53 and genes such as Ercc6l2 

(excision repair cross-complementing rodent repair deficiency), Dclre1b (DNA cross-link 

repair 1b), Dclre1c (DNA cross-link repair 1c) and Topbp1 (topoisomerase DNA II binding 

protein 1). Further, mutations in polymerases including Pol1q (polymerase DNA directed), 

theta, Poln (DNA polymerase N) and Primpol (primase and polymerase, DNA-directed) were 

also identified. Mutations were found in DNA repair genes which could explain why there was 

a high mutational burden. This result corroborated with a study where mutations in DNA 

repair genes were associated with an increase in neo-antigen burden in lung squamous cell 

carcinoma (Chae et al., 2019). 
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Figure 3.5 Oncogenes commonly mutated in human lung adenocarcinoma were seen in Lewis lung murine cell line.  
Pie chart adapted from Hirsch et al, showing the frequency of mutations in driver oncogenes in human lung carcinoma. Indicated by 
blue arrows are the non-synonymous mutations identified in Lewis lung carcinoma.   
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3.2.5 Prediction of neo-antigens from somatic SNVs 
To identify potential class I neo-antigens, the netMHCpan algorithm was used to determine 

the predicted MHC binding affinity of peptide sequences of 9-11 amino acids in length that 

spanned the site of the mutated amino acid, therefore for each SNV mutation, there were up 

to 128 peptides interrogated. As BALB/c mice have three different MHC class I alleles (H2-Kd, 

H2-Dd and H2-Ld), the binding affinity of mutated peptides in the BALB/c cancer cell lines (AB1 

and Line1) were predicted to these three alleles. Comparatively, the C57BL/6 mice have two 

MHC class I alleles (H2-Kb and H2-Dd), and binding affinity to these two alleles was predicted 

for the C57BL/6 cancer cell lines (AE17 and Lewis lung). Binders were defined as having a 

binding affinity rank in the top 2% compared to a set of random natural peptides. Peptides 

falling into the top 0.5% were consider strong binders. 

 

As overlapping tiled peptides were interrogated for each SNV, there were multiple 

immunogenic peptide sequences for each SNV. For AB1, a total of 1,374 peptides were 

predicted to be MHC class I binders where 23% were predicted to be strong binders. The 

predicted binding peptides were from 434 individual SNVs which equates to 59% of the total 

non-synonymous SNVs (Table 3.3). AE17 had the lowest number of predicted binders with 37 

binding peptides from 14 SNVs with only 8% of non-synonymous SNVs predicted to be neo-

antigen candidates. Comparatively, Line1 had 1,290 predicted binding peptides from 361 

SNVs which accounts for 61% of non-synonymous SNVs. Lewis lung had the highest predicted 

number of binders with 2,698 peptide sequences from 1,067 SNVs making up 41% of non-

synonymous SNVs. Of the mutations that were predicted to be binders, each mutation was 

found to result in an average of 2.5 to 3.2 predicted binding peptide sequences. And of all the 

predicted binding peptides, approximately 20% were classified as strong binders.  
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Table 3.3 Number of predicted class I binding peptides 
  AB1 

(BALB/c) 
AE17 

(C57BL/6) 
Line1 

(BALB/c) 
Lewis lung 
(C57BL/6) 

Total no. of predicted 
binding peptides 

1374 37 1290 2698 

No. Strong Binding 
Peptides 

314  
(23%) 

6 
(16%) 

251 
(19%) 

549 
(20%) 

No. Weak Binding 
Peptides 

1060 
(77%) 

31 
(84%) 

1039 
(81%) 

2149 
(80%) 

No. of SNVs with predicted 
binding peptides 

434 14 361 1067 

No. Binding peptides/SNV 3.17 2.64 3.57 2.53 
Strong binder <0.5% rank score  
Weak binder <2% rank score 
 

In order to identify MHC class II binders, tiled peptide sequences of 15 amino acids in length 

with the mutated amino acid at different positions were generated in silico for each SNV. The 

MHC class II binding affinity for these peptide sequences were predicted using the 

NetMHCIIpan prediction algorithm. Prediction to only one MHC class II allele was available 

for each genetic strain, IA-Dd for BALB/c and IA-Db for C57BL/6.  

 

Between 38-1,305 peptide sequences were predicted to be class II binding peptides from 9-

316 SNVs in the four cell lines (Table 3.4). Of the non-synonymous SNVs identified for each 

cell line, AB1, AE17 and Line1 had 8% while Lewis lung had 12% predicted to be class II neo-

antigens. A much smaller number of binders were predicted for class II compared to class I, 

possibly reflecting the relatively limited training data available for class II relative to class I. 

Similar to class I binders, approximately 20% of predicted binders were predicted to be strong 

binders. This equates to a mean of 4.9 predicted binding peptide sequences for each SNV 

mutation.  

 
 
 



 113 

Table 3.4 Number of predicted class II binding peptides 
  AB1 

(BALB/c) 
AE17 

(C57BL/6) 
Line1 

(BALB/c) 
Lewis lung 
(C57BL/6) 

Total no. of predicted binding 
peptides 

283 38 269 1305 

No. Strong Binding 
Peptides 

63 
(22%) 

8 
(21%) 

52 
(19%) 

265 
(20%) 

No. Weak Binding 
Peptides 

220 
(78%) 

30 
(72%) 

217 
(75%) 

1040 
(80%) 

No. of SNVs with predicted 
binding peptides 

56 9 47 316 

No. Binding peptides/SNV 5.05 4.2 5.72 4.13 
Strong binder <0.5% rank score  
Weak binder <2% rank score 
 

In order to identify neo-antigen candidates that have the potential to generate both a CD8+ 

CTL response as well as to stimulate a CD4+ T cell help response, SNVs which coded for peptide 

sequences that could potentially dual binding to both MHC class I and the class II were 

determined. A total of between 23-1,256 MHC binding mutations were identified in the four 

tumour cell lines (Figure 3.6). A total of 1,876 mutations were found to result in predicted 

class I binders. Overall 11% (205/1,876) of these predicted binders also bound class II. Of note, 

no dual class I and II binders were found in AE17.  

 

Among the cell lines, AE17 had the lowest predicted neo-antigen burden while Lewis lung had 

the highest. It is unlikely that all predicted peptides identified through this genomics-based 

pipeline will be translated and presented on the MHC. In order to identify neo-antigen 

candidates that would likely be translated and loaded onto the MHC, RNA expression was 

used as a filter to determine which neo-antigen candidates were expressed. Candidates in 

which the mutant allele was expressed were further selected. This step in the analysis pipeline 

also served as an orthologous validation of mutations identified from WES data.  
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For AB1, 18% of neo-antigen candidates were found to be expressed at more than 1 FPKM 

with evidence of mutant allele expression. AE17 had the highest percentage with 61% of 

candidates expressed, all of which were predicted class I binders. In Line1, 29% of candidates 

were expressed, while 25% of Lewis lung candidates were expressed. A summary of the SNVs 

which generated MHC binding peptides that were expressed is shown in Figure 3.6. A subset 

of these candidates was selected for immunological testing in Chapter 4.
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Figure 3.6 Number of predicted class I and class II binding peptides. 
Grey boxes show the number of protein-coding exonic mutations. Blue boxes show the number of mutations that result in a change in the 
amino acid sequence (i.e. non-synonymous - N/S). Yellow boxes show the number of predicted MHC class I binders, green are MHC class II 
binders and orange denote dual MHC class I and II binders. Predicted binders are defined as having a predicted binding affinity of less than 2% 
Rank, expression of > 1FPKM and expression of the mutant allele.  
Data generated from A. AB1. B. AE17 C. Line1. D. Lewis lung.
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3.2.6 Indels result in predicted binding peptides 
Algorithms to identify somatic insertions and deletions (indels) are not as robust as those to 

identify SNV. Yet indels are also a potential source of neo-antigens as they can result in open 

reading frames that generate unique peptide sequences (neo-ORFs). In order to identify 

indels, WES of the cell lines were compared to the normal tail data and analysed using 

Varscan2 variant calling algorithm. The somatic function was used to identify a total of 272, 

554, 150 and 2,789 indels in AB1, AE17, Line1 and Lewis lung respectively. Of these, a majority 

were found to be deletions (65-82%) (Table 3.5). Indels were annotated to determine the 

consequence of the mutation. Of the indels, only a small percentage were found to be in the 

exonic coding region (3-6%). The algorithm antigen.garnish (Rech et al., 2018) was used to 

predict which exonic indels encoded neo-ORFs with MHC class I binding affinity. This limited 

the number of candidates that were predicted as it was possible that a reading frame with a 

translational start codon could be introduced with an indel. However, it is noted that the 

transcriptional and translational process is complicated and relies on multiple elements such 

as upstream promoters. Therefore, predicting from the exonic coding region would enable 

the selection of candidates that are more likely to be transcribed and translated. Only a small 

portion of mutations were predicted to code for class I binding peptides (Table 3.5). However, 

each given mutation encoding a neo-ORF resulted in multiple neo-antigen peptides being 

predicted (range of 5-32 predicted across four cell lines). 

 

Only one indel in AB1 potentially encoded a class II binding neo-antigen. The deletion 

mutation, Cdk13 (c.2243_2251delCAGCAATTA), resulted in 7 predicted class II binding 

peptides. Cdk13 or Cyclin-Dependent Kinase is a cyclin-dependent serine/threonine protein 

kinase. The function of Cdk13 is not yet entirely determined but the protein is known to 
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display carboxyl-terminal domain kinase activity and is involve in mRNA processing 

(Greifenberg et al., 2016). Other members of its family have been shown to play an essential 

role in the cell cycle. For example, CDK2 has a role in cell cycle progression and regulates cell 

entry into S phase (Malumbres, 2014). The nine nucleotide deletion results in the deletion of 

three amino acid residues and is predicted to have both a class I and class II binding peptides. 

The in silico predicted indels encoding neo-antigens were not considered for further immune 

validation within this study. 

 

Table 3.5 Number of predicted neo-antigens from Indels 

  AB1 
(BALB/c) 

AE17 
(C57BL/6) 

Line1 
(BALB/c) 

LEWIS 
LUNG 

(C57BL/6) 
Total Indels 272 150 554 2789  

Exonic indels 14 5 36 89  
Others 260 145 518 2700  

Class I prediction      
Total no. of predicted Class I binding 
peptides 160 10 155 138  

No. Strong Binding Peptides 60 0 35 8  

No. Weak Binding Peptides 100 10 120 130  

No. of indels with predicted class I 
binding  5 1 13 26  

No. of Class I binding peptides/Indel 32 10 11.9 5.3 

Class II prediction      
Total no. of predicted Class II binding 
peptides 7 0 0 0 

No. Strong Binding Peptides 0 0 0 0 

No. Weak Binding Peptides 7 0 0 0 

No. of indels with predicted class II 
binding  1 0 0 0  

No. of Class II binding peptides/Indel 7 0 0 0 
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3.2.7 Gene fusions result in predicted binding peptides 
In order to examine the gene fusion landscape of the four cell lines and the predicted gene 

fusion neo-antigen burden, gene fusions were called from RNA-seq data using JAFFA and 

SOAPfuse identification algorithms. JAFFA identified between 87 and 567 gene fusion events 

in the RNA-seq of the four cell lines (Table 3.6). Of these, between 29 to 42% were intra-

chromosomal gene fusions. SOAP-fuse called between 16 to 58 gene fusions of which 

between 0 to 63% were intra-chromosomal (Table 3.6). There was no overlap observed 

between fusions called by the two algorithms. 

 

Table 3.6 Chromosomal rearrangements identified in RNA-seq 

  AB1 
(BALB/c) 

AE17 
(C57BL/6) 

Line1 
(BALB/c) 

Lewis Lung 
(C57BL/6) 

JAFFA     

Total fusions 87 567 422 329 
Inter-chromosomal 63 333 244 195 
Intra-chromosomal 24 234 178 134 

SOAP-fuse     
Total fusions 33 16 58 30 

Inter-chromosomal 33 6 47 18 

Intra-chromosomal 0 10 11 12 
 

To predict the potential neo-antigen burden generated by gene fusions, the JAFFA identified 

rearrangements were analysed with antigen.garnish (Rech et al., 2018) prediction software. 

AE17 had the highest number of predicted class I binding peptides while AB1 had the least 

(1,755 vs 254) (Table 3.7). Of these 18 to 33% of predicted binders had a strong predicted 

binding affinity (Table 3.7). Similar to indels, neo-ORFs generated by gene fusions resulted in 

multiple predicted binding peptides per mutation. For gene fusions, it ranges from 15.3 to 

42.8 predicted class I binding peptides per gene fusion candidate across the four cell lines. 

There were less predicted class II binders compared to class I (14-81) (Table 3.7). Of these, 
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none were predicted to be strong binding expect for one peptide sequence from an AE17 

neo-antigen candidate.  

 

There were between 9 to 45 neo-antigen candidates identified from gene fusions in the four 

cell lines including both class I, class II and dual binders. A small proportion (0-11%) were 

predicted to bind to both MHC class I and class II (Table 3.7). Like indels, chromosomal 

rearrangements required more validation and were not considered for further immune 

validation within this study.  

 
Table 3.7 Predicted neo-antigens from JAFFA derived chromosomal rearrangements. 

  AB1 
(BALB/c) 

AE17 
(C57BL/6) 

Line1 
(BALB/c) 

Lewis Lung 
(C57BL/6) 

Class I prediction     
Total no. of Class I binding 
peptides 254 1755 291 491 

No. Strong Binding 
Peptides 54 432 44 122 
No. Weak Binding 
Peptides 200 1323 247 369 

No. of fusions with predicted 
class I binding  8 41 19 20 
No. of Class I binding 
peptides/fusion 31.75 42.8 15.3 24.5 
Class II prediction     

Total Class II binding peptides 36 41 18 29 
No. Strong Binding 
Peptides 0 1 0 0 
No. Weak Binding 
Peptides 36 40 18 29 

No. of fusions with predicted 
class II binding  2 5 1 4 
No. of Class II binding 
peptides/fusion 18 8.2 18 7.25 
     

Dual binders (MHC class I & II) 
Neo-antigens 1 1 0 2 
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3.2.8 Common variants are found between AB1, AB1-HA and AB1-HA GR250 
The AB1-HA and AB1-HA GR250 cell lines are both derived from AB1. In order to both identify 

high confidence shared mutations and determine the mutational overlap between the three 

cell lines, mutations (SNVs, indels and fusions) were called in AB1-HA and AB1-HA GR250. 

Mutations across the three cell lines were compared. AB1-HA GR250 was sequenced at a 

higher sequencing depth than AB1 and AB1-HA (Table 3.8 and 3.9).  

 

Similar numbers of SNVs, indels and fusions were identified in AB1 and AB1-HA (Figure 3.5). 

A higher number of SNVs and indels were found in AB1-HA GR250 (Figure 3.5B and 3.5E). Such 

an increased mutation rate may be due to the detection of lower frequency variants due to 

higher sequencing depth or could be due to genetic drift or mutations occurring during chemo 

resistance selection. A higher number of gene fusion events (877) were also called in AB1-HA 

GR250 by JAFFA (Figure 3.5C). The higher sequencing depth with more unaligned reads could 

result in JAFFA overcalling gene fusions. The number of gene fusions called between AB1-HA 

and AB1-HA GR250 by SOAPfuse was similar and more than AB1 (Figure 3.5D). This could be 

suggestive of gene fusions gained from transfecting AB1 with the HA gene. It remains unclear 

where HA is inserted in the chromosome. WES is not designed to identify HA as the exon kit 

does not target HA during library preparation. Furthermore, the short reads and the poly-A 

tail selection of total RNA in RNA-seq limits the accurate mapping to regional mouse 

chromosome elements to identify the insertion location. 
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Table 3.8 Sequence and alignment metrics of WES for AB1 cell lines. 
  AB1 AB1-HA AB1-HA GR250 
Tissue Cell Line Cell Line Cell Line 

Passage 18 18 21 

Total Reads 52,535,634 54,266,953 76,316,687 
    

Overall alignment rate 99.93% 99.88% 99.32% 

Unmapped reads 0.07% 0.12% 0.68% 

Mapped concordant reads 99.91% 99.85% 98.78% 

Mapped singletons reads 0.02% 0.03% 0.54% 
    

Mean read length 90 89.94 100 

Mean read depth 55.9838 55.4622 97.512 
Mean Mapping quality  53 52.73 53 

Whole exome sequencing was performed and sequences were mapped to UCSC mm10 
murine reference genome with BWA alignment algorithm. Mapped BAM files were analyzed 
with Qualimap software. 
 
Table 3.9 Sequence and alignment metrics for whole transcriptome sequencing (RNA-seq) 
for AB1 cell lines 

  
AB1 AB1-HA AB1-HA 

GR250 
Tissue Cell Line Cell Line Cell Line 

Passage 18 18 21 

Total Reads 54,723,536 53,516,165 144,955,304 
    

Overall alignment rate 93.94% 92.76% 91.13% 

Unmapped reads 6.06% 7.24% 8.87% 

Mapped concordant reads 91.78% 90.47% 89.94% 

Mapped singletons reads 2.16% 2.28% 1.19% 
    

Mean read length 90 90 125 

Mean read depth 58 58 233 

Mean Mapping quality  45.59 45.79 44.37 

Whole transcriptome sequencing was performed and sequences were mapped to UCSC 
mm10 murine reference genome with hisat2 alignment algorithm. Mapped BAM files were 
analyzed with Qualimap software.  
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Figure 3.7 Similar mutational loads were found between AB1, AB1-HA and AB1-HA GR250. 
A. SNVs called by two variant callers. B. Pooled and overlapping SNVs. C. Fusions called by 
JAFFA. D. Fusions called by SOAPfuse. E. Indels called by Varscan2
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A total of 4,883 unique SNVs were called by Somatic Sniper and Varscan2 in the three cell 

lines. Between 39-50% (1,280) of called SNVs in individual cell lines were commonly called in 

all three cell lines (Figure 3.8A). This represents a high confidence set of SNVs for analysis. 

There were approximately 25% of SNVs (of individual cell lines) that were called in at least 

two cell lines while the remainder 25% were uniquely called (Figure 3.8A).  

 

A previously identified neo-antigen UQCRC2 in AB1 and AB1-HA (Creaney et al., 2015), was 

called in the AB1-HA and AB1-HA GR50 but not in AB1 WES data. Further interrogation of the 

WES data in IGV found that there were 26:4 wild type:mutant reads for Uqcrc2 c.1222C>G. 

The low mutant allelic fraction (i.e. less than 5 reads) would explain why the mutation was 

not called in AB1 as it would not have met the threshold values defined by the algorithms. 

 

Further interrogation of the 3,603 uniquely called SNVs found that 66% (2,391) had mutated 

variant reads in all three cell lines. A high number of these had a very low copy of the mutant 

allele, i.e. 1,386 SNVs had less than five mutant allele reads in at least one cell line. These 

mutations require further validation but are likely present in the other cell lines but not called 

due to their low allelic fractions. From the SNVs that are indeed unique i.e.where no evidence 

of mutant allele was seen in another cell line, 117 were unique to AB1, 112 to AB1-HA and 

414 to AB1-HA GR250. This set of unique SNVs could represent events that occurred in that 

particular cell line or could reflect sequencing or bioinformatics issues.  

 

Similar to SNVs, 29-44% (89) of indels were called concordantly in all three cell lines. Of the 

indels identified, 25-46% were uniquely called (Figure 3.8B). None of the chromosomal 

rearrangements identified was found to be concordantly called in all three cell lines (Figure 
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3.8C). Only five chromosomal rearrangements were found to be identified in at least two of 

the three cell lines. 
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Figure 3.8 Common mutations are found between AB1, AB1-HA and AB1-HA GR250.  
A. Common SNVs found between the three cell lines. B. Common indels. C. Common chromosomal rearrangements. 
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There were 600-700 more SNVs identified in AB1-HA GR250 compared to AB1 and AB1-HA. It 

is recognised that increased passaging of cells and genetic manipulations can increase 

mutation burden (Ben-David et al., 2018). And in this study, we aimed to minimise the effects 

by using cells between 18-21 passages. Although gemcitabine has previously been shown to 

not be a highly mutagenic agent (Szikriszt et al., 2016), it is possible that some of the SNVs 

detected in AB1-HA G250 were due to chemotherapy exposure. The deeper sequencing depth 

of 97X in AB1-HA GR250 compared to 50X in AB1 and AB1-HA could have also resulted in 

variant calling differences. A higher sequencing depth can potentially improve detection of 

mutations with low allelic frequencies and potentially mitigate the effects of tumour 

heterogeneity and tumour impurity when using non-cell line or clinical samples.  

 

Compared to SNVs, indels are more challenging to call. It has been shown that indel variant 

callers have a low concordance and variant callers have low sensitivity such that a high 

percentage of known indels are undetected (Hasan et al., 2015, Kroigard et al., 2016, O'Rawe 

et al., 2013). As for fusion callers, a comparison of 15 fusion callers showed varying degrees 

of performance, with SOAP-fuse and JAFFA performing well in both synthetic and real RNA-

seq data sets (Liu et al., 2016). However, the accuracy of the chromosomal rearrangement 

calls in our data set is questionable. Based on the total discordance between the two callers 

and JAFFA called a higher number of fusions based on one supporting read alone, it is likely a 

high number of these are false positives. Further validation would be required, and whole 

genome sequencing could be performed to better identify chromosomal rearrangements to 

either directly identifying them or filter out false positives from RNA-seq data.  
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3.2.9. An insertion common to AB1, AB1-HA and AB1-HA GR250 predicts an expressed neo-
antigen candidate 
Of the 89 indels that were concordantly called in the three cell lines, only four candidates 

were found to result in peptide sequences predicted to bind to MHC class I or II, and therefore 

these candidates were further interrogated (Fig 3.9A). Only two of these candidates, Ttc32 

and Tmem168, were found to be expressed. The Ttc32 gene or Tetratricopeptide repeat 

domain 32 was found to be expressed in AB1 (3.2 FPKM), AB1-HA (5.2 FPKM), GR250 (9.2 

FPKM) and has an unknown function. However, when the RNA-seq data was further 

interrogated visually in IGV, the deletion site (c.154delG) was not found to be expressed. The 

lack of transcript expression at the mutation site suggests that the mutation is unlikely to be 

translated into protein. 

 

Tmem168 was expressed at 13.15 FPKM, 4.25 FPKM and 15.06 FPKM in AB1-HA, AB1 and 

AB1-HA GR250, respectively. The mutation at Tmem168 is a T to TA single nucleotide insertion 

at chromosome 6, position 13,602,675 (n.*3923dupT). This mutation was validated in RNA-

seq data where there were 1:15, 1:11 and 104:341 mutant:total reads in AB1-HA, AB1 and 

AB1-HA GR250 respectively. 

 

This insertion is predicted to cause a frameshift mutation within the resultant transmembrane 

protein 168. This results in five amino acid changes followed by a premature ‘TGA’ stop codon. 

A Blast search of a 14 amino acid sequence which includes the last five frameshift amino acids 

was performed. No protein was found to be homologous to the mutant peptide in the murine 

database suggesting that the peptide product is unique. Excluding a 64% homology to 

TMEM168, the next candidate with the highest E-value was the Riken cDNA 5330438D12 with 

a query cover of 71% and a homology value of 56% (E.value =3.3). A total of 23 candidates 
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were predicted binders (< 2% Rank) with a predicted IC50 ranging from 20 to 1672 nM (Figure 

3.11 C). A nine (IAFACFFYL) binding sequence and a 13 (PIAFACFFYLPGN) amino acid long 

polypeptide sequence which included the five frameshift amino acids was chosen for further 

analysis. 
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Figure 3.9 An insertion mutation results in predicted neo-epitopes. 
 A. Overlap of predicted neo-antigens arising from Indels between AB1, AB1-HA and AB1-HA GR250.Two of the four overlapping indels was 
found to be expressed by interrogating RNA-seq data. B. Mutated and truncated peptide resulting from insertion mutation of Tmem168. C. 
Prediction of potential MHC I binding epitopes that arose from the mutation.

Mutant allele AB1 AB1-HA AB1-HA GR250
Tmem168 Expressed 13.15 4.25 15.06
Ttc32 Not expressed 3.2 5.2 9.2
Ksr2 Not expressed
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RNA-seq intron features, aggregate (filtered), NCBI Mus musculus Annotation Release 106

13602690

TTTGCATGTTTTTTTTATTTGCCTGGTAACTGA
TTTGCATGTTTTTTT|ATTTGCCTGGTAACTGAT

Chromosome 6

13602675 13602660

FACFFICLVTDPFLDIYFSGLSVTERWKPFLH
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AAACGTACAAAAAAATAAACGACCATTGACT
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DNA

A. 
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Allele Peptide IC50(nM) % Rank
H-2-Ld TPQNPIAFACFFYL 14.69 0.01
H-2-Ld PQNPIAFACFFYLP 17.07 0.01
H-2-Ld QNPIAFACFFYLPG 17.48 0.01
H-2-Ld QNPIAFACFFYLP 18.17 0.01
H-2-Ld PQNPIAFACFFYL 20.21 0.01
H-2-Ld IAFACFFYL 20.34 0.01
H-2-Ld PIAFACFFYLPGN 20.77 0.01
H-2-Ld NPIAFACFFYLPG 21.1 0.01
H-2-Ld QNPIAFACFFYL 21.41 0.01
H-2-Ld NPIAFACFFYLP 21.86 0.01
H-2-Ld NPIAFACFFYL 25.53 0.01
H-2-Ld PIAFACFFYLPGN 242.09 0.08
H-2-Ld PIAFACFFYLPG 253.02 0.08
H-2-Ld ETPQNPIAFACFFY 254.67 0.08
H-2-Ld PIAFACFFYLP 278.38 0.09
H-2-Ld TPQNPIAFACFFY 286.56 0.09
H-2-Ld IAFACFFYLPGN 431.02 0.15
H-2-Ld IAFACFFYLPG 450.38 0.15
H-2-Ld PIAFACFFYL 673.17 0.2
H-2-Ld IAFACFFYLP 873.45 0.25
H-2-Ld PQNPIAFACFFY 900.78 0.25
H-2-Ld QNPIAFACFFY 1384.1 0.4
H-2-Ld AFACFFYL 1672.34 0.5
H-2-Ld NPIAFACFFY 4548.97 1
H-2-Ld IAFACFFY 8007.9 1.6
H-2-Dd ETPQNPIAFACFFY 13056.54 1.6
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3.2.10. The murine leukaemia virus envelope glycoprotein 70 (Gp70) is highly expressed in 
tumour cell lines 
The murine leukaemia virus envelope glycoprotein 70 (Gp70) is an endogenous retroviral 

product present in the mouse genome. It is highly expressed in murine tumour cell lines such 

as colon carcinoma, CT-26 and is known to contain an H2-Ld restricted epitope, SPSYVYHQ 

(Scrimieri et al., 2013). Gp70 specific CD8+ T-cells have been reported in tumour infiltrating 

T-cells in CT-26 tumours (Buhrman et al., 2013). 

 

In order to determine if Gp70 was expressed in the cell lines under study, RNA-seq data were 

interrogated. The retroviral product is known to map to chromosome 8, position 123426361-

123428424 (murine genome reference UCSC mm10 build) (Castle et al., 2014). In this study, 

Gp70 was highly expressed at 1,701 FPKM in Line1 and not expressed at less than 1 FPKM in 

AE17. Similar levels of expression were observed in the three AB1 cell lines (mean expression 

of 160 FPKM). The Gp70 was expressed at 40 FPKM in Lewis lung (Table 3.10). Gp70 was not 

expressed in normal liver tissue of BALB/c and C57BL/6. Immune response to Gp70 will be 

tested as another control like the model neo-antigen HA. 
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Table 3.10 Expression levels of Murine Leukemia Glycoprotein 70  

  Coverage FPKM TPM 
    

AB1 764.3 180.7 242.0 
AB1HA 764.3 180.7 242.0 
AB1-HA GR250 2139.6 140.0 274.1 
Line1 28321.9 1701.2 3131.5 
    

AE17 5.1 0.3 0.6 
Lewis Lung 693.4 39.9 83.4 
    

BALB/c Liver - - - 
C57BL/6 Liver - - - 

Expression levels of murine leukaemia virus envelope glycoprotein 70 (Gp70) in tumour cell 
lines and normal liver. Expression of the chromosome 8, region 123426361-123428424 
(murine genome UCSC mm10 build). FPKM: Fragments per kilobases per million, TPM: 
Transcripts per million 
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3.3 Discussion 
In this chapter, the mutational and neo-antigen landscape of four murine tumour cell lines 

has been characterised through the use of a genomics approach. Here, neo-antigen 

candidates for the immunological analysis and vaccination studies in the later chapters were 

predicted from bioinformatics analysis of sequencing data. A total of 394 class I, 72 class II, 

and 55 class I and II SNVs derived neo-antigen candidates were identified across the four cell 

lines. 

 

Mutation calling can be performed in many different ways by using different sequencing 

strategies, mutation calling algorithms and threshold settings. Such factors can affect the 

quality and quantity of mutations identified and subsequently neo-antigens called. In this 

study, two independent algorithms were used to call SNV, and the results were pooled. This 

strategy was employed to increase the number of neo-antigen candidates available for later 

downstream testing. However, there may be some false positive candidates that were 

included as validation of the mutations identified was limited to their presence in orthologous 

RNA-seq data during neo-antigen selection. Varscan typically has a 20% false discovery rate 

(FDR) (Wang et al., 2013) and Somatic sniper tends to call more mutations (Cai et al., 2016) 

but have an FDR of approximately 15% (Larson et al., 2012). Thus, it was expected that 

approximately 80% of the SNVs called were likely to real. Up to 45% of total SNVs were of 

high confidence and were concordantly called by both callers. The remaining 55% were of 

lower quality, with mutations having a range of read depth and variant allele frequency, and 

more likely to contain the false positive calls.  
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In this study, analysis did not reveal any high confidence indels or chromosomal arrangements 

in four of the cell lines examined possibly because of the known lack of sensitivity and 

specificity in both indel and chromosomal rearrangement calling (Hasan et al., 2015, Liu et al., 

2016). The only indel that was confidently called was in AB1, with supporting data from the 

WES of AB1-HA and AB1-HA GR250 as well as the RNA-seq data.  

 

The algorithms used to call neo-antigens and definitions of what constitutes a candidate neo-

antigen are variable between studies. Like this study, most have identified SNVs and predicted 

neo-antigens based on class I binding affinity and RNA expression (Kreiter et al., 2015, Gubin 

et al., 2014, van Buuren et al., 2014). Several in silico studies have reported correlation of SNV 

derived class I neo-antigen burden with survival (Strickland et al., 2016) and response to 

immune checkpoint blockade (Rizvi et al., 2015, Snyder et al., 2014, Van Allen et al., 2015). 

The cell lines in this study were chosen for their ease of use and similar growth rates, and thus 

correlations of mutational or neo-antigen burden with survival and response to 

immunotherapy will be biased. 

 

As a general rule, the neo-antigen burden is proportional to the mutational burden. However, 

the fact that mice of BALB/c and C57BL/6 genetic backgrounds have different numbers of 

MHC I alleles may confound the results. The number of predicted binding peptides per 

mutation was higher in the BALB/c derived tumour cell lines with three alleles than the 

C57BL/6 lines that had two alleles. In contrast, the netMHCIIpan was only able to predict the 

binding affinity for one class II allele in each strain. It was interesting that per SNV, the 

C57BL/6 lines had lower numbers of predicted class II binders per mutation than BALB/c, 



 134 

which may be reflective of the quantity and quality of the training data available for each 

strain. 

 

There is increasing interest in neo-antigens that could result from indels or chromosomal 

rearrangements. These mutations can result in frameshift mutations and general novel, neo-

open reading frames (neo-ORFs), which can potentially generate more neo-antigen 

candidates per mutation compared to SNVs. Indeed, in our analysis, non-synonymous SNVs 

generated an average of 3.1 binding peptides per MHC class I neo-antigen candidate while 

indels generate an average of 13.4 binding peptides per neo-antigen candidate and 

chromosomal rearrangements generated an average of 51.8 neo-antigen candidates. A result 

similar to that seen in a pan-cancer analysis where it was shown that indels generated nine 

times more binding peptides compared to non-synonymous SNVs (Turajlic et al., 2017). 

 

In subsequent chapters, the immune responses against neo-antigens in the tumour bearing 

host and during immune checkpoint blockade will be determined with the aim of identifying 

neo-antigens that could be used as targets to drive immune-mediated tumour rejection. 

Therefore, neo-antigens were predicted that bind to either class I, class II MHC or to both. 

CD8+ cytotoxic T-cells may target tumour cells directly through the recognition of class I neo-

antigens. On the other hand, help from CD4+ T-cells is known to be important in driving a 

strong immune response, and it was shown that class II neo-antigens were indeed able to 

induce tumour control when targeted in a vaccine (Kreiter et al., 2015). Therefore, neo-

antigens with both class I and II epitopes could be ideal vaccination targets that could elicit 

both a CD8+ cytotoxic and CD4+ helper response. 
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Neo-antigen vaccines can be targeted to patient specific mutations (i.e. a personalised 

approach) or common mutations (i.e. an “off-the-shelf” approach). Patient specific neo-

antigen vaccines have been administered to melanoma patients in two separate studies (Ott 

et al., 2017, Sahin et al., 2017). An example of an “off-the-shelf” neo-antigen target, is the 

KRAS G12C mutation commonly found in lung, pancreatic and colorectal cancer patients 

(Bailey et al., 2016, Giannakis et al., 2016, Agalioti et al., 2017) (and seen in the Lewis lung cell 

line in the current study). This mutation is known to result in a constitutively active KRAS 

protein which is currently clinically targeted by specific inhibitors (Lito et al., 2016). 

Immunotherapy approaches are also targeting this mutation. Adoptive cell transfer of 

autologous CD8+ T cells directed against this neo-antigen resulted in an objective regression 

in the metastases of a colorectal cancer patient with the mutation (Tran et al., 2016). A 

vaccine against the mutant protein has been trialled in lung cancer patients. No detectable 

immune response to the neo-antigen was observed prior to the vaccine, and 50% of 

vaccinated patients developed an immune response to the KRAS mutation (Chaft et al., 2014). 

The 3-year survival of vaccinated patients was 92% compared to 80% in matched controls. 

Currently, an mRNA vaccine targeting KRAS is being developed by Merck and Moderna for 

pancreatic, colorectal and non-small cell lung cancer (Moderna, 2019). 

 

In summary, potential neo-antigen candidates were identified for further immunological 

testing. The funnel effect of having a small number of neo-antigen candidates filtered from a 

large number of mutations as seen with other neo-antigen analysis was expected. This 

resulted in 14-218 potential SNV derived neo-antigen candidates across the four cell lines 

being identified. The indel and chromosomal rearrangement calling methods need further 

refinement. Murine mesothelioma cell lines have a relative medium number of mutations 
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despite being carcinogen induced. Surprisingly, Lewis lung which was a spontaneously arising 

tumour had a high mutational and neo-antigen load. Along with SNV derived neo-antigen 

candidates, the indel candidate, TMEM168, and the GP70 antigen are attractive potential 

antigens that will be further explored in Chapter 4. 
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CHAPTER 4 IMMUNE RESPONSES TO NEO-ANTIGENS 
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4.1 Introduction 
Neo-antigen specific immune responses have been identified in a range of tumour types 

(Olsen et al., 2017). Most of the responses identified in the past two decades were discovered 

directly using the T-cell cloning method, which identifies neo-antigens based on observed 

immune responses. Advances in next-generation sequencing, couples with improved 

immunological prediction algorithms, have changed the approach to neo-antigen 

identification. While a large number of neo-antigens can be readily predicted using the 

genomics-bioinformatics approach, ultimately these predicted epitopes require empirical 

evaluation in tumour bearing hosts. 

 

Few strong endogenous neo-antigen responses in tumour bearing hosts have been identified 

in either human or murine studies. Previously an immune response was identified in mice 

bearing AB1-HA mesothelioma to the neo-antigen, UQCRC2, predicted using the genomics-

bioinformatics approach (Creaney et al., 2015). Host immune response to another two neo-

antigens were also identified in a murine sarcoma model in tumour bearing mice using a 

similar approach (Yadav et al., 2014). 

 

Studies in murine tumour models have also assessed the breadth of the T-cell repertoire to 

neo-antigens by immunising naïve animals with peptides corresponding to the predicted neo-

antigen (Castle et al., 2012, Duan et al., 2014, Gubin et al., 2014, Kreiter et al., 2015). Using 

this approach, mice generate neo-antigen response to a large proportion of genomics-

bioinformatics predicted neo-antigen candidates. 
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The aim of this chapter was to determine if an immune response to neo-antigen candidates 

identified through a genomics-bioinformatics approach could be demonstrated in tumour 

bearing mice. The extent of the T-cell repertoire to these neo-antigen candidates was also 

determined. In order to do this, candidates identified in chapter 3 were tested in two murine 

mesothelioma cell line models and one lung cancer cell line model. 
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4.2 Results 
 
4.2.1 Immunogenicity of tumour cell lines 
 
4.2.1.1 AB1 mesothelioma and Line1 lung cancer are mildly immunogenic tumours 
Tumour cells can be immunogenic and induce an endogenous immune response. These 

immune responses can be directed against neo-antigens and are likely to be identified in 

immunogenic tumour cell lines. In order to determine the immunogenicity of cell lines of 

interest, mice were vaccinated with irradiated tumour cells and subsequently challenged with 

the same tumour cell lines and protection assessed. The schedule of the experiment is 

illustrated in Figure 4.1. Cell lines that induced protection were considered highly 

immunogenic and those that resulted in delayed tumour growth were considered mildly 

immunogenic. 

 

 
Figure 4.1 Schema of tumour vaccination.  
Mice were vaccinated intraperitoneally with 1x107 irradiated tumour cells, control mice 
received PBS. Mice were challenged subcutaneously with 5x105 tumour cells 14 days after 
vaccination and tumour growth monitored. Mice administered with PBS were used as 
negative controls. 
 

Vaccination with either the AB1 or AB1-HA protected 20% (2/10) of mice from tumour growth 

of the same cell line (Figure 4.2A-B), while vaccination with AE17 did not protect any mice 

(Figure 4.2C). For the two lung cancer lines, Line1 vaccination protected 10% (1/10) of mice, 

whilst Lewis lung vaccination provided no protection (Figure 4.2D and E). 

 

Vaccine
(Irradiated tumour cells)

-14 Day 0

Tumour 
Inoculation
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Protection from tumour growth and delay of tumour growth gave vaccinated mice a survival 

benefit. Mice vaccinated with AB1 tumour cells had a median survival of 46 days compared 

to 29 days for unvaccinated mice (p=0.0007) (Figure 4.2F). This was similar for AB1-HA, where 

vaccinated mice had a median survival of 38 days as compared to 22 days (p=0.0002) of 

unvaccinated mice (Figure 4.2G). While vaccination with AE17 did not result in protection, a 

slight delay in tumour growth resulted in a very modest survival benefit, where vaccinated 

mice had a median survival of 32 days compared to 29 days of unvaccinated mice (p=0.0308). 

Line1 vaccinated mice had a median survival of 37 days as compared to 22 days of 

unvaccinated mice (p=0.0001). Vaccination with Lewis lung did not result in survival benefits 

where both treated and untreated mice had a median survival of 15 days (p>0.9999). These 

results suggest that AB1/AB1-HA and Line1 are mildly immunogenic while AE17 and Lewis 

lung were not immunogenic tumour cell lines. 
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Figure 4.2 AB1 mesothelioma and Line1 lung cancer are mildly immunogenic cell lines.  
Mice were vaccinated intraperitoneally with 1x107 irradiated tumour cells, non-vaccinated mice received PBS. After 14 days, mice were 
inoculated subcutaneously with 5x105 tumour cells and the tumour growth rate was monitored. Tumour growth rate of individual mice 
inoculated with A. AB1, B. AB1-HA, C. AE17, D. Line1 and E. Lewis lung. Survival curve of mice vaccinated and inoculated with F. AB1, G. AB1-
HA, H.AE17, I. Line1 and J. Lewis lung carcinoma. Data are vaccinated mice (n=10), blue lines/symbols, non-vaccinated mice (n=5), black 
lines/symbols.Log-rank test (Mantel-Cox) was used to compare survival.
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One mechanism by which tumours escape immune surveillance is through the 

downregulation of class I expression (Garrido et al., 2016). To determine the levels of MHC 

class I expression on the surface of these cell lines, in vitro cultured tumour cells were stained 

with MHC class I specific antibodies and analysed by flow cytometry (Figure 4.3). AB1 cell lines 

and Line1 were stained for BALB/c restricted MHC class I allele, H-2 Kd, while AE17 and Lewis 

lung were stained for C57BL/6 restricted MHC class I allele, H-2 Kb. As a control, cells were 

also stimulated with IFN-γ, which is known to increase the expression of MHC class I (Zhou, 

2009). 

 

AB1 tumour cells highly express H-2 Kd without any IFN-γ stimulation (Figure 4.3). This was 

similar for AB1-HA. Of note, the staining for MHC class I on AB1 cell lines is bimodal, with a 

population of cells that express low levels of MHC class I. Line1, AE17 and Lewis Lung had low 

level MHC class I expression. Stimulation of tumour cells with IFN-γ upregulated MHC class I 

expression on all cell lines tested (Figure 4.4). Unstimulated AB1 had a median fluorescence 

intensity (MFI) of 1.42x104±785, while IFN-γ stimulation significantly upregulated MHC class 

I expression as compared to unstimulated tumour cells (MFI of 3.5x104±1,805, p=0.0043). 

MHC class I was also upregulated by IFN-γ treatment in AB1-HA cells, with an MFI of 

4.2x104±2,356 as compared to untreated tumour cells (1.64x104±686, p=0.0045). Line1 had 

a low MFI of 1,065±69 and IFN-γ upregulated the expression of MHC class I to an MFI of 

1,474±45 (p=0.0197). AE17 also had a low H-2 Kb MFI of 384±16 and IFN-γ stimulation 

upregulated the expression to an MFI of 786±15 (p=0.0017). Upregulation of MHC class I was 

also observed in Lewis lung where unstimulated cells had an MFI of 496±10 and the MFI of 

stimulated cells was 854±27 (p=0.0032). 



 144 

 
Figure 4.3 AB1/AB1-HA mesothelioma expresses high levels of MHC class I.  
Tumour cells lines grown in vitro were either unstimulated or stimulated with 100U/mL IFN-γ for 24hours and stained for H-2 expression. 
Representative plots of MHC class I staining.  
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Figure 4.4 IFN-γ treatment upregulates MHC class I expression.  
Duplicate samples were stained for MHC class I expression. AB1, AB1-HA and Line1 were stained for H2-Kd while AE17 and Lewis lung were 
stained with H2-Kb. The MFI (Mean Fluorescence Intensity) was determined. Unpaired student’s T-test was performed.  
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As a further means of assessing MHC class I levels in cell lines, the expression of β2 

microglobulin (B2m), a structural component of the MHC class I complex, was determined in 

the RNA-Seq data. Both AB1 and AB1-HA expressed high levels of B2m mRNA (1,302 and 826 

FPKM respectively) (Table 4.1) compared to AE17 and Lewis Lung (190-460 FPKM) in the RNA-

Seq data. The H2-K1 locus B2m gene which encodes for the H2-K MHC class I alpha chain, was 

also interrogated. Similarly, AB1 and AB1-HA had comparatively higher levels of H2-K1 

transcripts compared to Line1, AE17 and Lewis Lung tumour cells (Table 4.1). Of note, this 

data was obtained from in vitro cultured tumour cells that were not stimulated with IFN-γ. 

 

Table 4.1 RNA-Seq expression levels of MHC class I 

 
Expression levels in FPKM 
B2m: β2 microglobulin  
H2-K1: Histocompatibility 2, K1, K region 
 

Combined, the RNA-Seq expression data and the flow cytometry data indicated that Line1, 

AE17 and Lewis Lung exhibited poor MHC class I expression. These results suggested that poor 

immunogenicity could be linked to MHC class I expression.  

 

In the mesothelioma cell lines, AB1 was mildly immunogenic. This is consistent with a previous 

evaluation of immunogenicity of AB1, where vaccination with irradiated tumour was found 

B2m H2-K1
AB1 1302.1 117.4
AB1-HA 826.8 69.3
Line1 193.9 37.1
AE17 340.6 13.2
Lewis lung 462.1 30.9
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to be protective in up to 63% of animals depending on the amount of tumour cells in the 

vaccine (Manning et al., 1993).  

 

In this small data set there was little correlation between the neo-antigen burden and 

protection (Table 4.2). For the two lung cancer cell lines, Line1 was found to be mildly 

immunogenic, while Lewis lung was not immunogenic at all. Notably, Lewis lung had the 

highest tumour neo-antigen burden but was the least immunogenic. Instead, AB1/AB1-HA 

and Line1 which had moderate burdens but were mildly immunogenic.  

 

Table 4.2 Neo-antigen burden and protection 
 AB1 

 
AB1-HA 

 
AE17 

 
Line1 

 
Lewis 
Lung 

 
Neo-antigen 

burden 
80 81 14 110 317 

Protection (%) 20 20 0 0 0  
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4.2.2 Immune response to neo-antigens in tumour bearing mice 
 
4.2.2.1 Lymphocytes in the draining lymph nodes of AB1 and AB1-HA tumour bearing mice 
recognise tumour cells 
The immunogenicity of AB1/AB1-HA and Line1 suggests that T-cells from tumour bearing 

mice should recognise and kill tumour cells. Previously, lymphocytes from mice harbouring 

the AK7, asbestos-induced mesothelioma cell line (Kellerman et al., 2003) were able to 

recognise live autologous tumour cells in an ELISpot assay (Leclercq et al., 2011). Draining 

lymph nodes represent a key immunological compartment where anti-tumour/neo-antigen 

responses are induced and can be detected, as evidenced by being the almost exclusive site 

for the cross-presentation of tumour antigen (Marzo et al., 1999a, McDonnell et al., 2012) 

and hence provides an ideal site for testing of immune responses to any neo-antigen (Creaney 

et al., 2015). Therefore, to determine if tumour cells are recognised by the lymphocytes of 

the tumour bearing host and to determine the magnitude of the response in our models, IFN-

γ ELISpot was performed on cells from the tumour draining lymph nodes and autologous 

tumour cells. The experimental schedule is illustrated in Figure 4.5. ELISpot was performed 

with live tumour cells as it represented the direct recognition of neo-antigens presented on 

the MHC class I of tumour cells. 

 

 
Figure 4.5 The schema for the testing of the immune response against tumour cells in 
tumour bearing host. 
Mice were inoculated subcutaneously with 5x105 tumour cells. Mice were euthanised when 
tumours were >70mm2 in size. IFN-γ ELISpot was performed with the lymphocytes from the 
tumour draining lymph nodes, and target cells were live tumour cells. 
 
 

ELISpotTumour Inoculation

0 Tumour 
>70mm2

Draining 
lymph nodes Live tumour cells



 149 

Previously, a response to UQCRC2 neo-antigen was reported in AB1 and AB1-HA tumour 

bearing mice, and was used here as positive control. A robust immune response in the 

draining lymph nodes against UQCRC2 as compared to media negative control was observed 

in AB1 bearing mice (30±19 SFU/105 vs 3±2 SFU/105 cells, p=0.0248) (Figure 4.6A). This 

response was also seen in AB1-HA tumour bearing mice (47±21 SFU/105 cells vs 3±1 SFU/105 

cells, p=0.0098) (Figure 4.6B). An immune response to the CL4 peptide, which is the H2-Kd 

restricted class I epitope of the HA antigen, was also observed in AB1-HA bearing mice (18±8 

SFU/105 cells vs 3±1 SFU/105 cells, p=0.0139) (Figure 4.6B). Non-specific stimulation of T-cells 

with α-CD3/CD28 microbeads was used as a positive control for the ELISpot assay. 

 

The lymphocytes from the draining lymph nodes of AB1 tumour bearing mice recognised 

tumour cells, where a significant response was observed, as compared to media negative 

control (27±21 SFU/105 vs 3±2 SFU/105 cells, p=0.0477) (Figure 4.6A). These lymphocytes also 

showed cross-reactivity to AB1-HA tumour cells (35±24 SFU/105 cells, p=0.0325). As expected, 

no response was seen against the CL4 peptide in AB1 tumour bearing mice. Further, an 

irrelevant tumour cell line with the same MHC allele was used as a control and no response 

was observed. It was also noted that there was no difference between the magnitude of the 

immune response to UQCRC2 neo-antigen and the tumour cells. 

 
 



 150 

 

_____++--  
Figure 4.6 Lymphocytes from tumour draining lymph nodes recognise live tumour cells.  
IFN-γ ELISpot of lymphocytes isolated from tumour draining lymph nodes stimulated with live tumour cells (1:2 lymphocyte:tumour cell ratio). 
Results show reactivity to tumour cells per 1x105 lymphocytes. Irrelevant tumour cells with the same MHC allele were used as controls. 
Immune response to live tumour cells in A. AB1 bearing mice (n=5), B. AB1-HA bearing mice (n=5), C. AE17 bearing mice (n=5), D. Line1 bearing 
mice (n=5) and E. Lewis lung bearing mice (n=4). Paired student’s T-test was performed to compare different stimulated groups. (* = p<0.05 
**, = p<0.01)
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Similarly, lymphocytes from AB1-HA tumour bearing mice had a significant response to AB1-

HA tumour cells (75±32 SFU/105 cells, p=0.0071) and were also cross-reactive to AB1 tumour 

cells (74±27 SFU/105 cells, p=0.004), as compared to media negative control (3±1 SFU/105 

cells) (Figure 4.6B). Again, no response to the irrelevant tumour cell line was observed. 

Interestingly, the magnitude of response to CL4 peptide was significantly lower than the 

response to AB1-HA tumour cells (p=0.0136), but there was no difference between the 

immune response to UQCRC2 and that to AB1-HA tumour cells. 

 

Lymphocytes from the tumour draining lymph nodes of AE17 mesothelioma and Lewis lung 

carcinoma bearing mice did not respond to tumour cells lines (Figure 4.6C and E). The mean 

immune response to AE17 tumour cells in AE17 tumour bearing mice was 5±6 SFU/105 cells 

and the response to Lewis Lung was 2±1 SFU/105 cells. However, two of five mice bearing 

AE17 did have a weak response against AE17 tumour cells (>10 SFU/105 cells). 

 

The immune response to Line1 tumour cells was weak with a mean of 13±9 SFU/105 cells. 

This was not significantly different to the media negative control (2±1 SFU/105 cells, 

p=0.0593). However, 60% (3/5) of Line1 tumour bearing mice had a significant response when 

the immune response against live tumour cells was analysed in individual mice. 

 

The weak response of lymphocytes to Line1 tumour cells could be attributed to the low 

expression of MHC I molecules on the cell surface. Earlier studies of the Line1 cell line 

demonstrated that it is mildly immunogenic and has low MHC class I expression (Bahler and 

Lord, 1985, McLean et al., 2004). The loss or down-regulation of MHC class I expression is a 
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known mechanism of immune evasion in cancer (Garrido et al., 2016) which could help 

explain the different levels of immunogenicity in the four cell lines tested.  

 

In this study, it has been shown that lymphocytes from tumour bearing hosts were able to 

recognise live whole tumour cells directly. The ability of T-cell cloning to identify and isolate 

neo-antigen specific T-cells is based on the notion that lymphocytes from a tumour bearing 

host can recognise tumour cells. This suggests that neo-antigens are present and could be 

identified. Indeed, an immune response to UQCRC2 neo-antigen was previously identified in 

AB1/AB1-HA bearing mice (Creaney et al., 2015). From these observations, it is postulated 

that more neo-antigen responses can be detected in AB1/AB1-HA and Line1, while it is 

unlikely to detect any responses in AE17.  

 

The similar magnitude of immune response between UQCRC2 and live tumour cells in 

AB1/AB1-HA tumour bearing mice suggests that the immune response directly against 

tumour cells were largely UQCRC2 specific response. However, the screening of immune 

response with UQCRC2 and CL4 peptide in an ELISpot assay does not account for the direct 

presentation of the peptide on the MHC of tumour cells. Hence, the peptide responses better 

reflect the upper limit of the immune response against a neo-antigen while the immune 

response to tumour cells reflects the actual magnitude of neo-antigen specific recognition of 

tumour cells.  

 

The immune system of tumour bearing hosts was able to recognise live tumour targets, but 

this response appears to be weak. In another asbestos-induced murine mesothelioma model, 

AK7, CD8+ T-cells from the tumour of AK7 tumour bearing animals have a weak response to 
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live tumour targets in an ELISpot assay (Leclercq et al., 2011). Interestingly, a stronger 

response was observed when mice were treated with hypomethylating drugs that alter RNA 

expression. The authors suggested that treatment increased the expression in tumour 

antigens which contributed to the increase in response. This suggests the possibility that the 

lack of direct neo-antigen presentation on the tumour cells could affect the magnitude of the 

immune response or even the therapeutic effects of neo-antigen targeted therapies. 

 

In summary, these results showed that T-cells in AB1/AB1-HA tumour bearing mice are able 

to recognise and respond to live tumour cells. There was no significant response to AE17, 

Line1 and Lewis Lung, suggesting that they are not an immunogenic cell lines. Together, these 

results suggest that neo-antigens are more likely to be identified in AB1/AB1-HA. Lastly, the 

immune responses to tumour cells and neo-antigens appear to vary between mice and 

warrants further investigation.  
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4.2.2.2 Immune responses to neo-antigens are variable in tumour bearing mice 
Having observed that the immune response to both tumour cells and neo-antigens were 

variable in identical mice bearing identical tumours, this variability was further investigated. 

In order to determine if the magnitude of neo-antigen response in identical tumour bearing 

mice was indeed variable, the response to CL4 and UQCRC2 in AB1-HA bearing mice was 

analysed. ELISpot data from mice with a similar tumour burden of more than 70mm2 from 

different experiments were combined and analysed. The tumour burden was used as a 

surrogate for antigen load to minimise the effect on the magnitude of the immune response. 

 

The antigen-specific responses were variable in tumour bearing mice with similar tumour load 

(Figure 4.7A). The response to CL4 peptide between AB1-HA bearing mice was variable, 

median of 17 SFU/105 cells (IQR:7-51), and displayed a difference in variance when compared 

to media negative control (32±37 vs 7±12 SFU/105 cells, p<0.0001). Similarly, the response to 

UQCRC2 mutant peptide was variable with a median of 22 SFU/105 cells (IQR:11-43) and a 

significantly different variance as compared to the wild type peptide (46±59 vs 10±17 SFU/105 

cells, p<0.0001). Of the mice tested, 51% and 63% of mice had a statistically significant 

response to CL4 peptide and UQCRC2 respectively (Figure 4.7A).  

 

This variability was also found in mice in response to the non-specific stimulation of T-cells 

with CD3/CD28, with a median of 308 SFU/105 cells (IQR:151-355). The non-specific immune 

response (CD3/28), when compared to media negative control had a significantly different 

variance (298±162 vs 7±12 SFU/105 cells, p<0.0001). However, at high SFU numbers the 

resolution of individual spots and the limitations of the ELISpot reader can affect the counts 

which could, in turn, affect the accuracy of the analysis. Nonetheless, this suggests that the 
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level of immune responsiveness differs between each otherwise identical mouse bearing 

identical tumours. 

 

To further investigate if there was a relationship between the magnitude of the immune 

response to CL4 peptide and UQCRC2 neo-antigen in AB1-HA tumour bearing mice, a 

correlation analysis was performed. Whilst the magnitude of CL4 response and UQCRC2 

responses differ in individual mice, there was a correlation between the strength of the 

response to the two antigens (r2=0.5340, p<0.0001) (Figure 4.7B). Thus, animals that 

demonstrated a robust immune response to one neo-antigen, likely have a robust response 

to the other. 

 

In summary, these results showed that the immune response to neo-antigens is variable in 

identical mice bearing identical tumours that have  a similar tumour burden. When a mouse 

responds strongly to one neo-antigen, it is likely to exhibit a strong response to another neo-

antigen. 
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Figure 4.7 Immune responses to neo-antigens are variable between tumour bearing mice.  
Immune responses to neo-antigens in the umour draining lymph nodes were determined with IFN-γ ELISpot. Data from multiple experiments 
were combined. A. T-cell responses to HA model neo-antigen peptide CL4, neo-antigen UQCRC2 and CD3/CD28 stimulation. Tumour load of 
more than 70mm2 in size (n=52). Levene’s test was performed to compare the variance. Paired Student’s t-test was used to compare 
responses in individual mice; statistically significant different responses (p<0.05) are coloured. Table shows number of mice with a significant 
response. B. Correlation between CL4 responses and UQCRC2 specific responses (n=52). (*** p<0.0001) 
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4.2.2.3 Immune responses to neo-antigens do not correlate to tumour burden 
The magnitude of immune responses may be due to the availability of neo-antigens (antigen 

load). To investigate if antigen load is associated with the magnitude of the immune response 

to neo-antigen, responses to CL4 peptide and UQCRC2 in mice bearing varying sizes of AB1-

HA tumour were determined, and the tumour size/burden was used as a surrogate for antigen 

load. 

 

Separate experiments for mice bearing AB1-HA tumours of between 20-50mm2 and 50-

70mm2 in size were performed. The immune response against HA and UQCRC2 in these mice 

were combined with previously obtained data from mice with a tumour of more than 70mm2 

and analysed for association with tumour burden. The immune response to both CL4 

(r2=0.0335, p=0.116) and UQCRC2 (r2=0.01283, p=0.3365) were not associated with the 

tumour load (Figure 4.8A and B). These results showed that the tumour burden does not 

affect the magnitude of the immune response to neo-antigens. 

 

 
Figure 4.8 Magnitude of the immune response to neo-antigens is not associated with 
tumour burden.  
Immune responses against neo-antigens in the tumour draining lymph nodes of mice with 
different size tumours were determined with IFN-γ ELISpot. Data from multiple experiments 
were combined. Linear regression between A. CL4 and tumour size and B. UQCRC2 and 
tumour size (n=75).  
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4.2.2.4 No additional endogenous neo-antigen reactivity was identified to AB1-HA neo-
antigen candidates 
The neo-antigen UQCRC2 was identified in a previous screen of 20 neo-antigen candidates 

identified using the genomics-bioinformatics in the AB1-HA model (Creaney et al., 2015). 

Several additional strong neo-antigen candidates were identified in chapter 3. To screen for 

additional neo-antigen specific T-cells in AB1/AB1-HA mesothelioma model, the 20 original 

candidates and an additional 16 neo-antigen candidates were selected (Table 4.2). These 

candidates were predicted to have a binding affinity of less than 2% Rank for respective MHC 

class I, be expressed at more than 1 FPKM, and had evidence that the mutant allele was 

expressed in both AB1 and AB1-HA. As each mutation often resulted in multiple predicted 

binding peptides, the peptide sequence with the strongest predicted binding affinity (lowest 

IC50 value) was selected for this study. Of these 16 additional peptides, six were predicted to 

be strong binders. 

 

In order to screen the immune response to these neo-antigen candidates, the tumour 

draining lymph nodes of AB1-HA tumour bearing mice were obtained and immune responses 

to neo-antigens in the draining lymph nodes were tested in an IFN-γ ELISpot assay. The 

peptides were first tested in a single peptide pool (Figure 4.9A). As expected, significant 

responses to CL4 peptide and the UQCRC2 mutant peptide were observed. No immune 

reactivity was seen against the peptide pool. To ensure that the lack of reactivity was not due 

to inhibition by specific peptide sequences or competition for MHC class I presentation, the 

16 peptides were retested in four pools of four peptide candidates each (Figure 4.9B). Again, 

the only immune response observed was to CL4 peptide and UQCRC2. 
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Table 4.3 Predicted MHC class I binding affinity, RNA expression levels and wild type/ mutant allele expression for selected AB1/AB1-HA 
neo-antigen candidates 
 
Binding affinity: Strong binding (<50nM or <0.5 % Rank) = green, Weak binding (<500nM or <2% Rank) = orange. 
SB: Strong binder 
WB: Weak Binder 
FPKM: Fragments Per Kilobases per Million 
WT: Wild type reads 
Red denotes mutated amino acid
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Figure 4.9 No additional endogenous immune responses to neo-antigen candidates were 
identified against predicted neo-antigens from AB1/AB1-HA mesothelioma.  
The tumour draining lymph nodes or spleen of mice bearing tumours of more than 70mm2 
were obtained, and IFN-y ELISpot assay was performed to determine the immune response 
to predicted neo-antigens. A. Immune response to neo-antigen candidates in the tumour 
draining lymph nodes of AB1-HA tumour bearing mice tested in a pool of 16 candidate 
peptides (n=8). B. Immune response to the four peptides per pool (n=4). D. Immune 
response to individual mutant neo-antigen candidates in the spleen (n=8). F. Immune 
response to TMEM168 indel (13 and nine amino acid long sequences) and the Gp70 antigen 
in AB1-HA bearing mice (n=4). Paired t-test was used to compare mutant and wild type 
peptides. One-way ANOVA (Dunnett’s multiple comparison) was used to compare multiple 
mutant peptides with media negative control (* = p<0.05, ** = p<0.01, *** = p<0.001, **** 
p<0.0001). 
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To further confirm that there was no other endogenous response to these neo-antigen 

candidates, the reactivity of individual neo-antigen candidates was again screened using 

spleen cells of AB1-HA tumour bearing mice (Figure 4.9C). Previously, it has been observed 

that the magnitude of the immune responses to UQCRC2 neo-antigen are detectable in the 

spleen but the magnitude was less than that observed in the draining lymph nodes (Creaney 

et al., 2015). In order to ensure that there are sufficient cell numbers for an ELISpot assay, the 

spleen was used for the screening of individual neo-antigen candidates. As with previous 

observations, the only neo-antigen response observed was to UQCRC2 mutant peptide in 

these mice. 

 

Other than SNV derived neo-antigen candidates, an indel candidate was also identified in the 

genomics-bioinformatics analysis performed in chapter 3. Two peptides, 13 and nine amino 

acid long derived from the TMEM168 indel candidate were synthesised. The Gp70 peptide, a 

H2-Ld restricted epitope, of an endogenous retroviral product present in the mouse genome, 

was also synthesised. The Gp70 mRNA was highly expressed in in vitro AB1-HA tumour cells 

(Section 3.2.10). The immune response to these candidates was screened in AB1-HA tumour 

bearing mice. No significant immune responses to TMEM168 and Gp70 was observed in AB1-

HA tumour bearing mice (Figure 4.9D). When analysed individually, one of four mice had a 

significant response to TMEM168 indel and Gp70. 
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4.2.2.5 No immune response to predicted dual MHC class I and class II neo-antigens were 
identified in AB1-HA tumour bearing mice 
Other than class I epitopes, mutations can also generate class II epitopes. Class II epitopes, 

loaded onto MHC class II, and presented to CD4+ T-cells could potentially drive a helper 

response and are known to drive an anti-tumour response (Kreiter et al., 2015). We 

hypothesised that mutations that result in both class I and class II neo-epitopes would be 

good neo-antigen candidates.  

 

Candidates with both MHC class I and II binding were identified in Section 3.2.5, and 11 

candidates were selected for further screening (Table 4.4). Similar to potential class I neo-

antigens, these candidates were selected based on predicted binding to both MHC class I and 

class II (< 2% Rank), expression of more than 1 FPKM, and evidence that the mutant allele was 

expressed. Long peptide sequences (27 amino acids long) of these candidates were 

synthesised. Endogenous immune responses to these candidates were tested in AB1-HA 

bearing mice. No immune response to any of these 11 neo-antigen candidates was observed 

in the tumour draining lymph node cells (Figure 4.10). 

 

In summary, a total of 36 SNV class I candidates, an indel class I candidate, a retroviral antigen 

candidate and 11 SNV dual binding (MHC class I and II) candidates were tested. Of note, four 

of the 36 SNV class I candidates were part of the 11 SNV dual binding candidates. The majority 

of these neo-antigen candidates failed to generate an endogenous immune response in 

AB1/AB1-HA tumour bearing mice with the only identified response being to UQCRC2. 
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Table 4.4 Predicted MHC class I and II binding affinity, RNA expression levels and wild type/ mutant allele expression for selected AB1/AB1-
HA class I and II dual binding neo-antigen candidates 

 
Binding affinity: Strong binding (<50nM or <0.5 % Rank) = green, Weak binding (<500nM or <2% Rank) = orange. 
SB: Strong binder 
WB: Weak Binder 
FPKM: Fragments Per Kilobases per Million 
WT: Wild type reads 
Red denotes mutated amino acid 
Blue boxes denote predicted class II epitope 
Blue highlight denotes class I epitope 
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Figure 4.10 No immune responses were identified against predicted class I and class II dual binding neo-antigens from AB1 mesothelioma.  
Immune response to predicted dual MHC class I and II binders in AB1-HA bearing mice (n=4). The tumour draining lymph nodes of mice bearing 
AB1-HA tumours of more than 70mm2 in size were obtained, and IFN-y ELISpot assay was performed to determine response to predicted neo-
antigens. One-way ANOVA (Dunnett’s multiple comparison) was used to compare multiple mutant peptides with media negative control. 
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4.2.2.6 No endogenous immune response to predicted MHC class I neo-antigens was 
identified in Line1 tumour bearing mice 
Lung cancer is a major cancer that affects millions worldwide and is sensitive to checkpoint 

blockade (Pistamaltzian et al., 2019), and the mutational burden in non-small cell lung cancer 

is associated with response to immune checkpoint blockade (Rizvi et al., 2015). Lung cancer 

was chosen to be included in this study to complement mesothelioma in the investigation of 

neo-antigens. Line1 alveolar adenocarcinoma was mildly immunogenic in that 10% of mice 

were protected and tumour growth was delayed with a vaccine (Section 4.2.1.1). Further, two 

out of five tumour bearing mice were shown to have a response to live tumour cells (Section 

4.2.2.1). Line1 was also found to be sensitive to regulatory T-cell depletion (data not shown). 

Thus, there was reason to predict that neoantigens would be identifiable in this line.  

 

In order to define Line1 neo-antigens, the top predicted neo-antigen candidates (Chapter 3) 

were selected based on the identical selection criteria as that applied to AB1/AB1-HA. They 

were further ranked based on predicted binding affinity (IC50) and the top candidates were 

selected. In total, 31 predicted class I neo-antigen candidates were synthesised for testing 

(Table 4.5).  

 

To screen for immune recognition, the 31 MHC class I candidates were screened in peptide 

pools of 5-6 peptide candidates. No endogenous immune response to any of these peptide 

pools was observed (Figure 4.11). Gp70 mRNA was also highly expressed in Line1 tumour 

cells. However, no immune response to Gp70 was observed in the Line1 tumour bearing mice. 
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Table 4.5 Predicted MHC class I binding affinity, RNA expression levels and wild type/ 
mutant allele expression for selected Line1 neo-antigen candidates 

 
Binding affinity: Strong binding (<50nM or <0.5 % Rank) = green, Weak binding (<500nM or 
<2% Rank) = orange. 
SB: Strong binder 
WB: Weak Binder 
FPKM: Fragments Per Kilobases per Million 
WT: Wild type reads 
MUT: Mutant reads 
Red denotes mutated amino acid 
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Figure 4.11 No immune responses to Line1 predicted class I neo-antigens were identified 
in tumour bearing mice.  
BALB/c mice were inoculated subcutaneously with 1x105 Line1 carcinoma. The tumour 
draining lymph nodes were obtained when tumours were more 100mm2 in size. IFN-y 
ELISpot assay was performed to determine reactivity to predicted neo-antigens. Immune 
reactivity to neo-antigen candidates in the draining lymph nodes of Line1 tumour bearing 
mice tested in 6 pools of 5-6 candidate class I peptides (n=5). A. Immune response to Line1 
class I neo-antigen candidate pools.  B. Immune response to Gp70 antigen.
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4.2.2.7 No endogenous immune response to predicted dual MHC class I and II neo-antigens 
were identified in Line1 tumour bearing mice 
Similar to AB1/AB1-HA, mutations from Line1 were predicted for both MHC class I and class 

II binding and neo-antigen candidates with dual binding were identified. A total of 10 

candidates have dual binding peptide sequences and the mutant allele was expressed (Table 

4.6). Selection criteria used was the same as the AB1-HA dual binding neo-antigens. 

 

In order to identify immune responses to these neo-antigen candidates, long peptides of 27 

amino acids long were synthesised. Draining lymph node cells from Line1 tumour bearing 

mice were tested. No immune response to these dual binding neo-antigen candidates was 

observed (Figure 4.12). 
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Table 4.6 Predicted MHC class I and II binding affinity, RNA expression levels and wild type/ mutant allele expression for selected Line1 class 
I and II dual binding neo-antigen candidates 

 
Binding affinity: Strong binding (<50nM or <0.5 % Rank) = green, Weak binding (<500nM or <2% Rank) = orange. 
SB: Strong binder 
WB: Weak Binder 
FPKM: Fragments Per Kilobases per Million 
WT: Wild type reads 
Red denotes mutated amino acid 
Blue boxes denote predicted class II epitope 
Blue highlight denotes class I epitope 
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Figure 4.12 No immune responses to Line1 predicted dual class I and class II neo-antigens 
were identified in tumour bearing mice.  
BALB/c mice were inoculated subcutaneously with 1x105 Line1 carcinoma. The tumour 
draining lymph nodes were obtained when tumours were more 100mm2 in size. IFN-y 
ELISpot assay was performed to determine reactivity to predicted neo-antigens. Immune 
responses to predicted dual class I and class II neo-antigen candidates in the tumour 
draining lymph nodes(n=7). 
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4.2.2.8 No endogenous immune response to predicted neo-antigens were identified in AE17 
tumour bearing mice 
AE17, a second mesothelioma cell line on a different genetic background, was also selected 

for this study. Similar to AB1, it was generated by exposing mice from the C57BL/6 mouse 

background to asbestos (Jackaman et al., 2003). AE17 was not immunogenic (Section 4.1.1.1), 

although two out of five AE17 tumour bearing mice appeared to have a weak immune 

response to AE17 tumour cells (Section 4.2.1.1). In Chapter 3, AE17 was predicted to have a 

low neo-antigen burden with a total of 14 mutations that generated neo-antigen candidates. 

To determine if immune responses could be generated to these mutations, candidate neo-

antigens were selected based on the same criteria as AB1/AB1-HA class I neo-antigen 

candidates. These mutations gave rise to multiple overlapping peptide sequences predicted 

to bind to C57BL/6 MHC class I alleles. A total of 29 peptide sequences corresponding to 13 

mutations were successfully synthesised (Table 4.7).  

 

To test all 29 peptide candidates, peptides that were encoded from the same mutation were 

pooled. The immune responses to these peptide pools in AE17 tumour bearing mice were 

tested with IFN-γ ELISpot. No response to any of the 13 candidate neo-antigens was observed 

in the tumour draining lymph nodes (Figure 4.13). 
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Table 4.7 Predicted MHC class I binding affinity, RNA expression levels and wild type/ 
mutant allele expression for selected AE17 neo-antigen candidates 

 
Binding affinity: Strong binding (<50nM or <0.5 % Rank) = green, Weak binding (<500nM or 
<2% Rank) = orange. 
SB: Strong binder 
WB: Weak Binder 
FPKM: Fragments Per Kilobases per Million 
WT: Wild type reads 
MUT: Mutant reads 
Red denotes mutated amino acid 
 
 
 
 
 
 

Gene Nucleotide Protein WT MUT Peptide Len MHC nM (IC50) % Rank FPKM WT MUT
1 Smek2 G509C G170A G A LALENEAYI 9 H-2-Db 16.4 0.03 SB 17.3 290 42
2 Smek2 G509C G170A G A LALALENEAYI 11 H-2-Db 207.4 0.2 SB 17.3 290 42
3 Smek2 G509C G170A G A EAYIKKLLQL 10 H-2-Kb 358.3 1.5 WB 17.3 290 42
4 Smek2 G509C G170A G A EAYIKKLLQLF 11 H-2-Kb 494.8 2.0 WB 17.3 290 42
5 Smek2 G509C G170A G A ALALENEAYI 10 H-2-Db 3237.3 2.0 WB 17.3 290 42
6 Kif2c T814G F272V F V VVYRVTARPL 10 H-2-Kb 44.0 0.1 SB 4.6 109 31
7 Kif2c T814G F272V F V VVYRVTARPLV 11 H-2-Kb 169.9 0.8 WB 4.6 109 31
8 Fars2 A1058G K353R K R QSVRFQPL 8 H-2-Kb 115.1 0.4 SB 6.7 134 105
9 Fars2 A362G K121R K R INQSVRFQPL 10 H-2-Kb 245.2 0.8 WB 6.7 134 105
10 Ndufs6 T11C V4A V A AALTFRRLL 9 H-2-Kb 215.7 0.8 WB 64.4 1 498
11 Ndufs6 T11C V4A V A AALTFRRLLTL 11 H-2-Kb 216.0 0.8 WB 64.4 1 498
12 Ndufs6 T11C V4A V A AALTFRRL 8 H-2-Kb 373.6 1.5 WB 64.4 1 498
13 Ndufs6 T11C V4A V A MAAALTFRRLL 11 H-2-Kb 397.4 1.5 WB 64.4 1 498
14 Ndufs6 T11C V4A V A AAALTFRRLL 10 H-2-Kb 498.3 2.0 WB 64.4 1 498
15 Ndufs6 T11C V4A V A MAAALTFRRL 10 H-2-Kb 505.4 2.0 WB 64.4 1 498
16 Lamb1 G3197A G1066D G D CQYGYYDDAL 10 H-2-Kb 345.0 1.5 WB 86.3 1141 231
17 Lamb1 G3197A G1066D G D YGYYDDAL 8 H-2-Db 2241.4 1.5 WB 86.3 1141 231
18 Arfgef1 C3974A S1325Y S Y CLYEFACNAAF 11 H-2-Kb 357.7 1.5 WB 17.9 434 84
19 Zeb2 C2661A N887K N K FGMKPFSAKPL 11 H-2-Kb 432.3 1.5 WB 8.1 0 418
20 Akap6 G5248A D1750N D N SNLLSSSTL 9 H-2-Kb 487.6 2.0 WB 37.3 60 46
21 Akap6 G5248A D1750N D N SNLLSSSTLTL 11 H-2-Kb 499.6 2.0 WB 37.3 60 46
22 Azin2 G811A V271M V M CMAEGLWLPQL 11 H-2-Kb 501.5 2.0 WB 10.3 233 8
23 C130026I21Rik G10A G4S G S MAGSNNEL 8 H-2-Db 741.8 0.5 SB 7.7 381 114
24 Tkfc G1714A V572I V I AAIFRAILEI 10 H-2-Db 1120.5 0.8 WB 8.3 134 8
25 Tkfc G1714A V572I V I AAAIFRAILEI 11 H-2-Db 2175.1 1.5 WB 8.3 134 8
26 Tkfc G1714A V572I V I AAIFRAILEIL 11 H-2-Db 2894.5 2.0 WB 8.3 134 8
27 Sema4b C1871G P624R P R RVLRTGDLL 9 H-2-Db 1824.6 1.5 WB 7.6 121 47
28 Sema4b C1871G P624R P R RVLRTGDLLL 10 H-2-Db 3679.5 2.0 WB 7.6 121 47
29 Adam19 C260A S87Y S Y YNAVSIDTTI 10 H-2-Db 2115.5 1.5 WB 5.2 84 65

Binding AE17 Expression
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Figure 4.13 No immune responses to AE17 predicted neo-antigens were identified in 
tumour bearing mice. 
C57BL/6 mice were inoculated subcutaneously with 1x105 AE17 mesothelioma. The tumour 
draining lymph nodes were obtained when tumours were more than 100mm2. IFN-y ELISpot 
assay was performed to determine reactivity to predicted neo-antigens. Immune response 
to AE17 predicted neo-antigens. (n=6)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C
D

3/
28

M
ed

ia
A

K
A

P6
TK

FC
SE

M
A

4B
LA

M
B

1
N

D
U

SF
S6

SM
EK

2
FR

A
S2

K
IF

C
2

A
R

FG
EF

1
A

D
A

M
19

A
ZI

N
2

C
R

IK
ZE

B
2

0

10

20

30
100
200
300
400

SF
U

/1
05  C

el
ls



 174 

4.2.3 Immune repertoire to predicted neo-antigens 
 
4.2.3.1 BALB/c mice have an immune repertoire to a majority of the neo-antigen candidates 
from AB1/AB1-HA 
In AB1-HA tumour bearing mice, only one out of the 36 neo-antigen candidates elicited an 

immune response. There are multiple reasons as to why this may be the case. One of these 

being that there is an absence of a T-cell repertoire in the host against the neo-antigen 

candidates. To test if the host had a T-cell repertoire to candidate neo-antigens, naïve (non-

tumour bearing) BALB/c mice were immunised with the candidate neo-antigen peptides, and 

the T-cell response to these candidates determined. Candidate neo-antigens capable of 

generating an immune response through immunisation were classed as immunogenic.  

 

In order to determine if the AB1/AB1-HA neo-antigen candidates are immunogenic, BALB/c 

mice were immunised subcutaneously with synthetic long peptide (SLP) pools emulsified in 

Montanide ISA TM 51. Montanide is an incomplete Freund’s based adjuvant, composed of 

Drakoelâ 6VR (mineral oil) and the surfactant mannide monooleate (Bonhoure and 

Gaucheron, 2006) which forms a water in oil emulsion with immunoadjuvant activity, and also 

serves as a depot for the antigen. Montanide-SLP immunisation are known to induce cytotoxic 

T-cell responses against some antigens (Bijker et al., 2007, van Duikeren et al., 2012) and has 

been used extensively in clinical trials (Hodi et al., 2010, Rosenberg et al., 2005). A total of 30 

SLPs were successfully obtained while the remainder failed to be synthesised. It was advised 

by Mimotopes that failure to synthesised the remainder peptides are likely due to their 

hydrophobicity.   Immunised mice were further stimulated subcutaneously on the same flank 

with the antigen 14 days later. The immune response to the neo-antigen candidates in the 

draining lymph nodes was tested seven days after the second vaccination using an IFN-γ 

ELISpot. The experimental plan is illustrated in Figure 4.14. 
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Figure 4.14 The schema for the testing of immune repertoire against neo-antigen 
candidates in non-tumour bearing mice.  
Mice were immunized with long synthetic peptides of neo-antigen candidates emulsified in 
montanide, an incomplete Freund’s adjuvant. The vaccine was administered subcutaneously 
at the base of the tail. SLP re-challenge was performed 14 days after immunisation with 
synthetic peptides near the site of the vaccination. The draining lymph nodes were obtained 
seven days after re-challenge, and IFN-γ ELISpot was performed to screen for neo-antigen 
repertoire. 
 

An immune response to the previously identified neo-antigen, UQCRC2, was observed in 

naïve mice immunised with UQCRC2 SLP (Figure 4.14). The response was observed to both 

the long mutant peptide (13±5 cells, p=0.0143) and the short mutant UQCRC2 peptide (13±2 

SFU/105 cells, p=0.0025).  

 

Immunisation of mice with the long neo-antigen peptides resulted in an immune response 

being generated to 63% (19/30) of the tested neo-antigen candidates (Figure 4.15). The long 

peptide could be processed by antigen presenting cells in the draining lymph node cell 

suspension and directly presented on MHC class II or cross-presented on MHC class I. Thus, 

the response to the long peptide could be either a class I or class II response. To determine if 
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these responses were also specific to the short peptide, candidates that had short peptides 

available were also tested. Of the 19 candidates that showed an immune response to the long 

peptide, 37% (7/19) showed an immune response to the short peptide sequence. Of note, 

short peptides were not available for three candidates. A response to the short peptide 

suggests that there is a T-cell repertoire to a proportion of these candidates are indeed neo-

epitopes. Response to the long peptide, but the short peptide is suggestive (but not 

confirmatory) of an MHC class II restricted response.  
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Figure 4.15 BALB/c mice have an immune repertoire to AB1/AB1-HA neo-antigen 
candidates.  
Naïve non-tumour bearing BALB/c mice were immunised with SLP corresponding to neo-
antigen candidates. Immune responses against the neo-antigens in the draining lymph 
nodes were determined with IFN-γ ELISpot. Combined results of different groups of mice 
that were immunised with pools of 4-5 candidate peptides. Combined data of all groups 
were shown (n=4/group). When the wild type peptide was not available, a one-way ANOVA, 
with Dunnett’s multiple comparison, was performed comparing the immune response to 
the peptide against the media control. Paired t-test was performed when the mutant and 
wild type data were available. Statistical analysis was performed within the same 
immunised group of mice. Grey indicates those with no significant immune response. Blue 
indicates those with significant immune responses to long peptides and orange indicates a 
response to the selected short peptide sequence. Black indicates the unavailability of short 
peptide sequences. NA: Not available. 
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4.3.2.2 BALB/c mice have an immune repertoire to a majority of the neo-antigen candidates 
from Line1 
Using the same strategy as described above, the immune repertoire for Line1 neo-antigen 

candidates was interrogated. Of the Line1 neo-antigen candidates, SLPs of 10 neo-antigen 

candidates were available. These were candidates with both MHC class I and II predicted 

binding sequences. In order to determine if there was an immune repertoire to these ten 

candidates, mice were immunised with SLPs emulsified in montanide as described in section 

4.3.2.1.  

 

Of the ten neo-antigen candidates, 70% (7/10) were immunogenic (Figure 4.16). Short 

peptides were available for five of these ten candidates and were then tested. No response 

to any of these five peptides was observed. The UNC45A neo-antigen which elicited a strong 

immunisation response was used as positive control. Similar to AB1/AB1-HA neo-antigen 

candidates, mice have an immune repertoire to a majority of predicted Line1 neo-antigen 

candidates. 
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Figure 4.16 BALB/c mice have an immune repertoire to Line1 neo-antigen candidates. 
Naïve non-tumour bearing BALB/c mice were immunised with neo-antigen candidates. 
Immune responses against the neo-antigens in the draining lymph nodes were determined 
with IFN-γ ELISpot. Mice were immunised with a pool of 3-4 candidate peptides. Combined 
data of all group (n=5/group) UNC45A neo-antigen was used as an immunisation positive 
control. Data shows UNC45A response in one group. One-way ANOVA with Dunnett’s 
multiple comparison was performed. Statistical analysis was performed within the same 
immunised group of mice. Grey indicates those with no significant immune response. Blue 
indicates those with significant immune responses to long peptides and orange indicates a 
response to the selected short peptide sequence. Black indicates the unavailability of short 
peptide sequences. NA: Not available. 
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4.2.3.3 C57BL/6 mice have an immune repertoire to a majority of the neo-antigen 
candidates from AE17 
To further determine if there was an immune repertoire to AE17 neo-antigen candidates in 

C57BL/6 mice, SLP corresponding to 12 out of the 13 previously screened AE17 neo-antigen 

candidates were successfully synthesised. The immune repertoire to these candidates was 

determined by immunising naïve (non-tumour bearing) C57BL/6 mice with peptide pools. 

Between 4-5 peptides were pooled and emulsified in montanide, and mice were immunised 

subcutaneously. The immune response to neo-antigen candidates in the draining lymph 

nodes was assessed.  

 

Ovalbumin (OVA) was used as a positive control for immunisation in C57BL/6 mice. OVA is the 

main protein in egg white, and generates a class I immune response in C57BL/6 mice to the 

minimal H2-Kb restricted peptide sequence, SIINFEKEL. Immunisation with an OVA SLP 

(SMLVLLPDEVSGLEQLESIINFEKLTEWTS) generates a CD8+ T-cell response to the minimal 

epitope (Bijker et al., 2007).  

 

As expected, a significant response to OVA was observed (Figure 4.17). An immune response 

was seen when both the long OVA peptide and the SIINFEKEL peptide was tested. Out of the 

12 candidates, seven were immunogenic where a response to the long peptide sequence was 

seen. This corresponded to 58% of the tested neo-antigen candidates and was of a similar 

percentage as seen in AB1/AB1-HA and Line1 candidates. Again, the short MHC class I 

peptides that were previously screened were also tested. Of those that showed a long peptide 

sequence, 42% (3/7) have a response to the short peptide.  
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Figure 4.17 C57BL/6 mice have an immune repertoire to AE17 neo-antigen candidates.  
Naïve non-tumour bearing C57BL/6 mice were immunised with neo-antigen candidates. Immune 
responses against the neo-antigens in the draining lymph nodes were determined with IFN-γ 
ELISpot. Mice were immunised with a pool of 3-4 candidate peptides. Combined data of all group 
(n=4/group) Ovalbumin (OVA) was used as an immunisation positive control. OVA response shown 
was from one group of mice. One-way ANOVA with Dunnett’s multiple comparison was 
performed. Statistical analysis was performed within the same immunised group of mice. Grey 
indicates those with no significant immune response. Blue indicates those with significant immune 
responses to long peptides and orange indicates a response to the selected short peptide 
sequence. Black indicates the unavailability of short peptide sequences. NA: Not available. 
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4.3 Discussion 
This chapter aimed to characterise neo-antigen specific immune responses. As a basis for this, the 

efficacy of irradiated autologous tumour cells as prophylactic vaccines was evaluated, and variability 

was found in the protection induced in the five cell lines under study. One factor that could account 

for immunologically based protection is a specific anti-neo-antigen T-cell response. Indeed, the T-

cell response to live tumour cells was variable between the five cell lines and seen at levels similar 

to those seen spontaneously to specific neo-antigens in tumour-bearing mice. The immune 

response to predicted neo-antigen candidates was assessed in tumour bearing animals, however, 

no neo-antigen targeted responses were identified additional to the previously reported response 

to UQCRC neo-antigen (Creaney et al., 2015) and the HA model antigen (Nowak et al., 2003). There 

was a T-cell repertoire demonstrated to approximately two-thirds of neo-antigen candidates. 

Immune response against neo-antigens was further found to be variable between identical mice. 

 

From 80 neo-antigen candidates screened only one elicited a significant T-cell response in tumour 

bearing animals. The lack of neo-antigen responses remains curious. Few endogenous responses 

have been reported in murine models and human studies. One study in melanoma patients 

identified 12% (16/125) of neo-antigen candidates as being endogenously recognised by patients 

(Sahin et al., 2017), however, these patients had received prior therapies, including radiotherapy 

and immunotherapy. Direct identification of a strong endogenous neo-antigen response remains 

rare and has not been robustly evaluated in non-treated individuals. In exception, Yadav et al. 

reported 50% (3/6) of candidates they evaluated had an endogenous response (Yadav et al., 2014). 

Notably, the neo-antigen candidates examined in that study were identified by a combinatory 

genomics-bioinformatic-proteomics approach and were therefore more stringently selected based 

upon being loaded onto the MHC I molecule. The low number of endogenous immune responses 

against neo-antigens in both murine models and patients could be attributed to various factors 
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including that the genomic-bioinformatic selection of candidates is inaccurate, that there are a low 

frequency of target specific T cells or that immune suppressive factors are masking responses.  

 

MHC-peptide binding affinity and gene expression are commonly used as the selection criteria to 

select for neo-antigen candidates (Castle et al., 2012, Duan et al., 2014, Gubin et al., 2014, Kreiter 

et al., 2015). These two characteristics, however, might be insufficient to identify neo-antigens that 

will elicit an endogenous immune response. The complexity in the biological mechanisms that 

generate an endogenous immune response means that multiple factors contribute to and have a 

role in determining the outcome. This includes the processing machinery for peptides to be loaded 

and presented on the MHC molecule. Other immunological features or combinations of these 

features could be better predictors. One study suggested that MHC-peptide stability is a better 

predictor of neo-antigen immunogenicity compared to binding affinity (Stronen et al., 2016), while 

another suggested that differential agreotopicity index (DAI), which accounts for the difference in 

binding affinity between the mutant and wild type sequence, is a better predictor (Duan et al., 

2014). A fitness model was also recently developed. It combined different predicted immunological 

features such as binding affinity, DAI index and T-cell recognition in a bid to improve prediction 

(Balachandran et al., 2017, Luksza et al., 2017). Despite these developments, it is still currently 

unclear which immunological features and in what combination would effectively identify neo-

antigens. The use of multiple immunological features and integrating genomics with proteomics is 

likely the approach to pursue for identifying neo-antigens. A key focus in recent years has been the 

use of proteomic approaches to identify presented neo-epitope targets (Bassani-Sternberg et al., 

2016, Kalaora et al., 2016, Kalaora et al., 2018). Integrating the two approaches could also present 

a more effective method for identifying clinically relevant neo-antigen targets. 
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The low frequency of neo-antigen specific T-cells also remains a critical issue for the identification 

of these response; UQCRC2 specific T-cells comprise approximately 0.02% of the total cells in the 

draining lymph nodes cells, approximately 0.1% of the CD8+ T-cells. The frequency of other antigen-

specific T cells may be below the threshold of detection of conventional immunoassays such as flow 

cytometry and ELISpot, which could explain the lack of detection of neo-antigen specific responses 

and also some of the inter-animal variability in detectable mutant UQCRC2 responses. In those 

human studies in which neo-antigen responses were demonstrable, more than 80% of responses 

were only detectable in PBMCs after ex vivo peptide stimulation and expansion (Ott et al., 2017, 

Sahin et al., 2017). Such T-cell expansion approaches have been successfully used to identify low 

frequency neo-antigen specific CD8+ T cells in blood or TILs of patients (Andersen et al., 2012, 

Carreno et al., 2015, Martin et al., 2017). This low frequency of antigen-specific T-cells limits 

detectability assays with improved sensitivity are needed.  

 

Another possible reason for the lack of neo-antigen responses detected could be that they are 

immunologically suppressed. Studies have shown that regulatory T-cells play an essential role in 

suppressing tumour immunity (Takeuchi and Nishikawa, 2016). In the AB1 model, tumour bearing 

mice are successfully cured by deleting regulatory T-cells (Fisher et al., 2017). The success of immune 

checkpoint blockade therapy in human therapy and murine studies is further evidence of active 

immune suppression in the presence of tumours. A recent study showed that neo-antigen T-cells 

could be generated from a HLA-matched, healthy donor’s lymphocytes (Stronen et al., 2016). 

However, in the diseased host, these responses could not be detected nor generated. The detection 

of responses using T-cell expansion protocols in patient blood or tumour infiltrating lymphocytes 

further suggests that antigen-specific T-cells are present and could have been suppressed (Andersen 

et al., 2012, Carreno et al., 2015, Martin et al., 2017). The removal of immune suppression could 

expose further neo-antigen responses and would be investigated in the subsequent chapter. 
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There is a T-cell repertoire to approximately 60% of SNV derived neo-antigens and this frequency is 

consistent with other studies that immunised naïve mice with neo-antigen candidates (Castle et al., 

2012, Duan et al., 2014, Kreiter et al., 2015) which is a stark contrast to the low number of 

endogenous responses that have been reported. This difference could, in part, be accounted for by 

neo-antigen levels and expression as well as the immune state of the host (i.e. inflammatory or 

tolerising) during antigen encounter. Indeed, the availability of antigens can affect the fate of an 

immune response where the generation of an effector T-cells is either terminated or progressed 

(Henrickson et al., 2013). Immunogenic cell death enhances tumour-specific response (Fucikova et 

al., 2011, Galluzzi et al., 2017), further suggesting that the lack of available antigens and the absence 

of inflammatory signals could be either supressing or masking responses. While tumour neo-

antigens can be taken up by antigen presenting cells through various pathways including the 

endocytosis of soluble and cell-associated antigens (Sanchez-Paulete et al., 2017, Tel et al., 2013), 

this might be insufficient for generating a robust immune response and vaccines can be used to 

provide both sufficient antigen availability and inflammatory signals to enhance immune responses 

to specific neo-antigens.   

 

No endogenous response to candidates with class II predicted neo-epitopes in AB1-HA and Line1 

were detected. Responses are rare with only 0.5% of expressed non-synonymous tumour-specific 

mutations found to result in endogenous class II immune responses in the TILs of melanoma patients 

(Linnemann et al., 2015). The possible reasons for the lack of endogenous immune responses would 

be similar to those that had been describe for class I such as immune suppression, the lack of antigen 

availability and inflammatory signals. On the other hand, the probability of a mutation encoding for 

a class II neo-antigen is much higher than class I. Indeed, the immune repertoire to more than 70% 

of neo-antigens were class II restricted (Ott et al., 2017, Sahin et al., 2017, Kreiter et al., 2015). This 
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could be attributed to the promiscuity of peptide-MHC II binding, where the open structure of the 

MHC II peptide-binding groove means that it is likely to be less fastidious on the peptide sequence.  

 

Neo-antigens that encode for a dual class I and class II neo-epitopes would make ideal vaccination 

targets. Immune responses to class II neo-antigens are important for an effective anti-tumour 

response (Schumacher et al., 2014, Tran et al., 2014, Kreiter et al., 2015). Tumour-specific CD4+ T-

cells are capable of killing tumour cells directly (Quezada et al., 2010), although their involvement 

in anti-tumour immunity is more likely to revolve around providing helper signals to enhance CD8+ 

effector responses (Bos and Sherman, 2010) as tumour cells do not normally express MHC II 

molecules for direct recognition by CD4+ T-cells. Neo-antigen targets with both class I and II epitopes 

would in theory provide both a CD8+ effector target and a CD4+ helper target, potentially enhancing 

anti-tumour CTL responses. 

 

This study demonstrated that the immune status (T-cell response to non-specific stimulation) and 

neo-antigen responses of individual tumour bearing mice were variable. It is unclear if this is an 

experimental variation or an important biological phenomenon. The variability in immune 

responses have been observed in the levels of neo-antigen specific tumour infiltrating T-cells in 

individual mice (Yadav et al., 2014) and in response to  immunological challenges such as 

cytomegalovirus (Brisse et al., 2016) and diabetes (Ko et al., 2014). This spread in the magnitude of 

immune response might be attributed to the immune status of the mice with variation seen in the 

level of response to nonspecific stimulation with CD3/CD28 beads. This was also observed in the 

levels of IFN-γ release when T-cells of individual mice were stimulated with concanavalin A, a lectin 

that non-specifically stimulates T-cells (Abolins et al., 2011). Further, mice that had a strong 

response to the HA antigen demonstrated a robust UQCRC2 response, which was not linked to 

tumour burden. It is speculated that variations in responses between animals are due to stochastic 
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immune variability between individual mice and such variations in response affect therapy 

outcomes. This variability might have clinical implications and will be investigated further. 

 

In summary, a very small percentage of neo-antigen candidates elicited an endogenous immune 

response in tumour bearing mice despite there being an immune repertoire to more than 60% of 

candidates. The lack of response could also be a result of immune suppression and will be explored 

using checkpoint inhibition in the next chapter. With variation in the levels of neo-antigen responses 

observed between mice having similar tumours, the relationship with therapy outcome warrants 

further investigation.  
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CHAPTER 5 THE EFFECTS OF CHECKPOINT BLOCKADE IMMUNOTHERAPY ON IMMUNE 
RESPONSES TO NEO-ANTIGENS 
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5.1 Introduction 
Immunotherapy with immune checkpoint inhibitors is an effective therapy for many cancer types 

(Ribas and Wolchok, 2018). Clinical trials of immune checkpoint blockade (ICPB) therapy for 

mesothelioma have reported modest results (Alley et al., 2017, Calabro et al., 2015) and more trials 

are currently being conducted to assess different checkpoint inhibitors and combination 

treatments. Previously, the AB1-HA mesothelioma line was shown to be sensitive to several 

checkpoint inhibitors, including α-CTLA4 and α-GITR as monotherapy and as  combination treatment 

(Fear et al., 2018, Lesterhuis et al., 2013). The combination of α-CTLA4 and α-GITR is synergistic and 

induces higher levels of proliferation and infiltration of CD8+ effector T-cells into the tumour, as 

compared to monotherapy alone (Mitsui et al., 2010, Nishikawa et al., 2008). 

 

Treatment with checkpoint inhibitors is thought to enhance neo-antigen responses by removing 

immune suppression and driving immune activation pathways (Riaz et al., 2016). There is much 

speculation on the specific effects of checkpoint modulation on neo-antigen response. One 

hypothesis is that checkpoint inhibition can lower the threshold of antigen-specific T-cell activation 

required thus enhancing neo-antigen responses. Much remains unknown and is further complicated 

by different inhibitors targeting different pathways. One of the most intensively studied checkpoint 

molecules is CTLA-4. Inhibition of CTLA-4 has been shown to increase the number of detectable neo-

antigens responses (i.e. the range of neo-antigens recognised) (Kvistborg et al., 2014), increase the 

strength of response to specific neo-antigens (i.e. the magnitude of response) (Gubin et al., 2014), 

and change the phenotype of neo-antigen specific T-cells (i.e. quality of response) (Fehlings et al., 

2017). The effects of α-GITR on neo-antigen specific responses have not been previously reported.  

 

Of particular note, those neo-antigen specific responses that are ‘unmasked’ following ICPB 

treatment may be associated with immune mediated tumour rejection. Such unmasked ‘rejection’ 
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neo-antigens could prove crucial for future neo-antigen targeted therapies. While it had been 

shown that neo-antigen load correlates with response to checkpoint blockade therapy (Rizvi et al., 

2015), the relationship between particular neo-antigen responses and ICPB outcomes have not 

been directly investigated.  

 

In this chapter, in order to evaluate therapeutic ICPB approaches and their effects on neoantigen 

responses, we first defined the sensitivity of AB1, AB1-HA, AE17, Line1 and Lewis lung to α-CTLA4 

and α-GITR combination therapy. Cell lines that were responsive to therapy were further studied. 

In order to determine if treatment increased the ‘range’ of neo-antigen responses the full candidate 

peptide pools were screened. In order to evaluate the effects of treatment on the ‘magnitude’ of 

the immune responses, the effect of ICPB on ELISpot results to individual neo-antigens was 

investigated. As a variable immune response to neo-antigens was observed between individual mice 

(chapter 4), the relationship between these individualised neo-antigen responses and subsequent 

treatment outcomes to checkpoint inhibitors was also studied.  
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5.2 Results 
 
5.2.1 AB1 mesothelioma and Line1 carcinoma respond to checkpoint blockade immunotherapy 
In Chapter 4, it was shown that AB1/AB1-HA and Line1 were mildly immunogenic while AE17 and 

Lewis lung were not. To determine if the previous observations on immunogenicity correspond with 

the response to checkpoint blockade, mice with subcutaneous tumours were treated with α-CTLA4 

and α-GITR, and tumour growth rate monitored (Figure 5.1). 

 

 
Figure 5.1 Schema of ICPB therapy.  
Mice were inoculated subcutaneously with 5x105 tumour cells. When tumours were between 16-
20mm2 in size, mice were administered 200μg of α-CTLA-4 and 50μg of α-GITR intraperitoneally 
and tumour growth monitored until day 50 or tumours reached 150mm2 in size. Untreated mice 
were given PBS. 
 

Mice bearing AB1, AB1-HA and Line1 tumours responded to ICPB while AE17 and Lewis lung did not 

(Figure 5.2). The treatment of AB1 with α-CTLA4 and α-GITR resulted in the regression of tumours 

in 80% (8/10) of treated mice, while AB1-HA had 40% (2/5) of mice that completely responded to 

therapy (Figure 5.2A and B). None of the AE17 tumour bearing mice responded to therapy (Figure 

5.2C). Of note, 2 out of 5 tumours showed delayed tumour growth in both the PBS controls and 

checkpoint treated mice. For the two lung cancer lines, 20% (1/5) of Line1 tumour bearing mice had 

complete responses (Figure 5.2D) while none of the Lewis lung tumour bearing mice responded (Fig 

5.2E). 

 

Treatment with checkpoint inhibitors significantly delayed tumour outgrowth in AB1 (p<0.0001) and 

Line1 (p=0.01) tumour bearing mice but not in AB1-HA, AE17 or Lewis lung (Figure 5.2F-J). A survival 

ICPB
(α-CTLA-4 + α-GITR) 

Tumour Inoculation

0 Tumour 
~16-20mm2
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benefit was observed in AB1 and Line1 but not in AB1-HA and AE17. AB1 tumour bearing mice 

treated with checkpoint blockade had more than 80% of mice surviving to day 49 as compared to a 

median survival of 35 days for untreated mice (p<0.0001). There was no significant difference 

between survival of treated and untreated mice bearing AB1-HA tumours (median survival of 24 

days vs 22 days, p=0.1027). In Line1 tumour bearing animals, treated mice had a median survival of 

36 days as compared to 27 days for untreated mice (p=0.0035). The median survival of AE17 tumour 

bearing mice that received treatment was 39 days as compared to 36 days for untreated mice, which 

was not significantly different. Similarly, the median survival was not significantly different between 

treated and untreated Lewis lung tumour bearing mice. 

 

In summary, AB1, AB1-HA and Line1 respond to ICPB with α-CTLA4 and α-GITR. This corresponds to 

the level of immunogenicity seen in Chapter 4 where these three cell lines were found to be mildly 

immunogenic while AE17 and Lewis Lung were not. The immune response to neo-antigens in the 

AB1/AB1-HA and Line1 following ICPB was further investigated.
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. 
Figure 5.2 AB1 mesothelioma and Line1 carcinoma respond to immune checkpoint therapy.  
Mice were inoculated subcutaneously with 5x105 tumour cells. Mice were treated with 200μg α-CTLA4 and 50μg α-GITR when tumours were 
between 16-20mm2. Untreated mice were given PBS. Tumour growth of individual mice inoculated with A. AB1, B. AB1-HA, C. AE17, D. Line1 
carcinoma and E. Lewis lung carcinoma. Mean tumour growth curves of F. AB1, G. AB1-HA, H. AE17 and I. Line1 carcinoma and J. Lewis lung 
carcinoma. Mixed model ANOVA was performed to determine treatment effects on mean tumour growth. Survival curve of mice inoculated with K. 
AB1, L. AB1-HA, M. AE17 and N. Line1 and O. Lewis lung carcinoma. Blue lines/symbols were treated mice and black lines/symbols were untreated 
mice Log-rank test (Mantel-Cox) was performed to compare survival.
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5.2.2 Immune response to UNC45A neo-antigen was demonstrated in AB1-HA tumour 
bearing mice treated with ICPB 
There were minimal detectable immune responses against the panel of AB1-HA candidate 

neo-antigens examined in Chapter 4. To assess if checkpoint blockade immunotherapy could 

increase the range of neo-antigen responses AB1-HA bearing animals were treated with the 

combination of α-CTLA4 and α-GITR, and cells from the draining lymph nodes were screened 

for reactivity against neo-antigen candidate peptides of various lengths. The experimental 

schedule is illustrated in Figure 5.3. 

 

 
Figure 5.3 Schema for the screening of AB1-HA predicted neo-antigens in immune 
checkpoint treated mice.  
Mice were inoculated subcutaneously with 5x105 AB1-HA tumour cells. When tumours were 
between 16-20mm2 in size, mice were administered 200μg of α-CTLA-4 and 50μg of α-GITR 
intraperitoneally. Untreated mice were given PBS> IFN-γ ELISpot was performed seven days 
after treatment. 
 

Cells from the tumour draining lymph nodes were tested for immune responses against short 

peptides of the 36 neo-antigen panel. This panel included 20 previously described neo-

antigen candidates (Creaney et al., 2015) and 16 new candidates identified in this study (Table 

4.3). Significant responses against HA model neo-antigen (CL4 peptide) and mutant UQCRC2 

peptides were observed in both treated and untreated mice (Figure 5.4A and B). No responses 

were observed to any of the other short peptides in treated mice (Figure 5.4B).  
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CD8+ T cells typically respond to 8-11mer short peptide epitopes in an ELISpot assay, whereas 

both CD4+ and CD8+ T cells can respond against 27 amino acid long neo-antigen peptides in 

an ELISpot assay containing antigen processing or presenting cells (Kreiter et al., 2015). To 

further explore responses to our neo-antigen candidates, long peptides encoding the top 9 

expressed candidates were synthesised and tested. Responses to mutant UQCRC2 long 

peptide were detected and seen in both treated and untreated mice (Figure 5.4C and D). 

Interestingly, immune responses to an additional neo-antigen, mutant unc-45 homolog A 

(UNC45A), were detected in the tumour draining lymph nodes of treated animals, but not in 

untreated animals (Figure 5.4C and D). All other neo-antigen long peptides failed to elicit any 

IFN-γ production, regardless of treatment.  

 

The immune responses to the TMEM168 indel neo-antigen and Gp70 antigen were also 

screened. Again, no response to either candidate was observed in untreated mice (Figure 

5.4E). In untreated mice, one out of four mice had a significant response to both the 

TMEM168 neo-antigen and Gp70, despite not seeing an overall response (Figure 5.4E). No 

significant difference in response to the indel candidate and Gp70 were seen in treated mice 

(Figure 5.4F). However, two out of four mice had a significant response to both antigens when 

analysed individually.  
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Figure 5.4 Checkpoint blockade exposes UNC45A neo-antigen reactivity in AB1-HA bearing 
mice.  
Mice were inoculated subcutaneously with 5x105 AB1-HA tumour cells. Mice were treated 
with 200μg α-CTLA4 and 50μg α-GITR at day 10 when tumours were between 16-20mm2 in 
size. Untreated mice were given PBS. Response to 35 neo-antigen candidates (short 
peptides excluding UQCRC2) in A. untreated mice (n=8) and B. treated mice (n=8). Response 
to top 9 neo-antigen candidates (long peptides) in C. untreated mice (n=3) and D. treated 
mice (n=5). Response to TMEM168 neo-antigen candidate and Gp70 antigen in E. untreated 
mice (n=4) and F. treated mice (n=5). 
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5.2.3 UNC45A minimal epitope does not have the highest predicted binding affinity 
There were three class I binding peptide sequences predicted from the UNC45A mutation 

(P736S). Previously, an eight amino acid long peptide which was predicted to have the 

strongest binding affinity of 194nM was used for screening (Figure 5.2B). The other two 

predicted binding peptides were nine amino acids in length and were predicted to have a 

binding affinity of 364nM and 7,139nM to two different MHC allele (Figure 5.5A). Previously, 

an immune response to the 27 amino acid long UNC45A neo-antigen was observed in AB1-

HA bearing mice treated with checkpoint blockade (Figure 5.2D). In order to examine the class 

I immune response to UNC45A, all three peptide sequences were screened. 

 

Reactivity to the nine amino acid IYEVVRSLV was seen in treated mice (35±13 vs 15±7 SFU/105 

cells, p=0.0033) (Figure 5.5B). No responses were seen to the other peptides, suggesting that 

this nine amino acid sequence is the class I minimal mutant UNC45A epitope. The result 

highlights that the selection of neo-antigen peptide candidates based on strength of 

predicted binding alone could be insufficient in selecting the immune-reactive epitope.  
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Figure 5.5 UNC45A minimal epitope does not have the highest predicted binding affinity.  
UNC45A predicted binding peptides were screened in α-CTLA4 and α-GITR treated mice. A. 
UNC45A peptide sequences and predicted binding affinity (IC50) B. Response to predicted minimal 
UNC45A peptide sequences (n=8). One-way ANOVA with Dunnett’s multiple comparison was 
performed. 
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5.2.4 No immune responses to predicted AB1-HA neo-antigen candidates with both class I 
and class II predicted binding sequences was seen in mice treated with checkpoint blockade 
In Section 4.2.3, no immune response was observed to AB1/AB1-HA neo-antigen candidates 

encoding both predicted class I and II binding sequences. In order to determine if treatment 

changed the immune response to these candidates, mice bearing AB1-HA tumours were 

treated with α-CTLA4 and α-GITR and peptides were screened for IFN-γ production.  

 

No immune response to the 11 neo-antigen candidates was observed in untreated mice 

(Figure 5.6A). The only response observed in checkpoint treated mice was to UNC45A when 

compared to the media control (225±101 vs 53±30 SFU/105 cells, p=0.0003) (Figure 5.6B). 

None of the other predicted neo-antigen candidates with both class I and II binding sequences 

elicited an immune response in cells from the tumour draining lymph node.  
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Figure 5.6 No additional immune responses against neo-antigen candidates with both predicted class I and II binding sequences in ICPB 
treated animals.  
Mice were inoculated subcutaneously with 5x105 AB1-HA tumour cells. Mice were treated with 200μg α-CTLA4 and 50μg α-GITR at day 10 
(tumours were between 16-20mm2). Untreated mice were given PBS. Immune response to neo-antigen candidates in A. untreated mice (n=4) 
and B. treated mice (n=4).  
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5.2.5 Checkpoint blockade therapy increases the magnitude of neo-antigen responses in 
the draining lymph nodes and tumour 
It was previously shown that not all cross-primed neo-antigen specific CD8+ T cells exit the 

draining lymph node and that even if they do, not all enter the tumour microenvironment 

(Marzo et al., 2000b). To determine if ICPB changes the magnitude (strength) of immune 

responses towards neo-antigens and if these changes were also observed within the tumour, 

the response to HA (CL4 peptide), UQCRC2 and UNC45A in both the draining lymph nodes 

and the tumour of checkpoint blockade treated mice were determined and compared to 

untreated mice. The experiment schedule is as illustrated in Figure 5.3. 

 

ICPB not only increased the magnitude of T cell response to all three neo-antigens in the 

draining lymph nodes, but also in the tumours (Figure 5.7 and 5.8). Responses to CL4, mutant 

UQCRC2 and UNC45A in the tumour draining lymph nodes of treated mice were significantly 

higher as compared to untreated mice (Figure 5.7A-C) (HA, 96±101 vs 10±35 SFU/105, p=0.03; 

UQCRC2, 73±71 vs 19±22 SFU/105 p=0.021; UNC45A, 83±88 vs 15±28 SFU/105, p=0.03). The 

increase in magnitude of neo-antigen specific responses was also observed in the tumour 

infiltrating T-cells (TILs) (Figure 5.8) (CL4, 107±68 vs 34±32 SFU/103 CD8+ TILs, p=0.002; 

UQCRC2, 172±97 vs 53±44 SFU/103 CD8+ TILs, p=0.014; UNC45A, 159±86 vs 18±18 SFU/103 

CD8+ TILs, p<0.001). 
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. 

 
Figure 5.7 Checkpoint blockade therapy increases the magnitude of neo-antigen response in the draining lymph node.  
Mice bearing AB1-HA tumours were treated with α-CTLA4 and α-GITR. Untreated mice were given PBS. IFN-γ ELISpot of tumour draining lymph 
nodes. Immune response in untreated and treated mice to A. CL4 short peptide (n=28), B. UQCRC2 short peptide (n=23) and C. UNC45A long 
peptide (n=19). Mixed model ANOVA was performed to compare the magnitude of response between untreated and treated mice. WT- Wild 
type, MUT -Mutant. 
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Figure 5.8 Checkpoint blockade therapy increases the magnitude of neo-antigen response in the tumour.  
Mice bearing AB1-HA tumours were treated with α-CTLA4 and α-GITR. Untreated mice were given PBS. CD8+ tumour infiltrating lymphocytes 
were magnetically isolated from the tumour. IFN-γ ELISpot was performed. Immune response in untreated and treated mice to A. CL4 short 
peptide (n=10), B. UQCRC2 short peptide (n=10) and C. UNC45A short peptide (n=10). Mixed model ANOVA was performed to compare the 
magnitude of response between untreated and treated mice. WT- Wild type, MUT -Mutant. 
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There was no difference in the magnitude of response to mutant UNC45A as compared to the 

wild type in untreated mice in cells of the draining lymph node (15±28 vs 9±21 SFU/10
5
 cells, 

p=0.4822), but there was a significantly different response in checkpoint blockade treated 

mice (83±88 vs 50±90 SFU/10
5
 cells, p=0.0103) (Figure 5.7C). Similarly, there was no 

difference in the magnitude of response to the mutant UNC45A in the tumour of untreated 

mice (18±18 vs 12±12 SFU/10
3
 CD8

+
 T-cells, p=0.4822) (Figure 5.8C), but a significant response 

to the mutant UNC45A in the tumour of treated mice (159±86 vs 58±31 SFU/10
5
 cells, 

p=0.4822). A proportion of untreated individual mice made a significant response to UNC45A. 

The proportion of animals which showed a significant immune response to UNC45A neo-

antigen was increased with ICPB (Table 5.1). In the tumour draining lymph nodes, 73% of 

treated mice showed a significant response as compared to 15% of untreated mice and in the 

tumour, 90% as compared to 20%, respectively. 

 

Taken together, checkpoint blockade increases the magnitude of neo-antigen responses in 

both the draining lymph nodes and the tumour. This increase changes the dynamic range of 

the detectable response which resulted in the identification of the UNC45A response, as 

evidenced by the increased proportion of UNC45A responsive animals in the treated group. 

Further, all three neo-antigen responses were present in the tumour, as well as, in the 

draining lymph node. This suggests that there was no evidence of the exclusion of any neo-

antigen specific CD8
+
 T-cells from the tumour site.  
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Table 5.1 Percentage of mice with responding neo-antigen. Responses were determined in 
cells from the draining lymph nodes and the tumour of ICPB treated and untreated mice 

  
Draining lymph nodes Tumour 

Untreated Treated p-value Untreated Treated p-value 
CL4 57% 

(16/28) 

78% 

(22/28) 

ns 

p=0.32 

70% 

(7/10) 

70% 

(7/10) 

ns 

p=1.0 

UQCRC2 68% 

(17/25) 

82% 

(19/23) 

ns 

p=0.32 

100% 

(10/10) 

90% 

(9/10) 

ns 

p=1.0 

UNC45A 15% 

(3/19) 

73% 

(14/19) 

** 

p=0.008 

20% 

(2/10) 

90% 

(9/10) 

** 

p=0.005 

Two-tailed Fisher’s exact test was performed.  
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5.2.6 Pre-existing neo-antigen response correlates with outcome following to combination 
checkpoint blockade therapy 
With the observation that there was variability in the immune response to neo-antigens in 

untreated mice, and that only a portion of treated mice respond to checkpoint blockade 

therapy, it was hypothesised that mice with stronger neo-antigen responses would have 

better therapy outcomes. In order to determine if neo-antigen responses and therapy 

outcomes are related, a dual tumour model developed by Lesterhuis et al was used, where 

mice were inoculated subcutaneously with AB1 mesothelioma tumour cells on both flanks. A 

key advantage to this model is that tumours progress or regress synchronously in response 

to ICPB therapy, i.e. it is possible to remove a tumour before therapy and track the response 

on the other side, as a means of testing if there is any pre-therapy biomarker of subsequent 

response. The tumour and tumour draining lymph nodes on the left flank were resected on 

day 11, to enable the immune response in the draining lymph nodes prior to checkpoint 

blockade therapy to be determined. Mice were treated with α-CTLA4 and α-GITR after 

surgical resection, and tumour growth of the right tumour was monitored. The experimental 

schedule is shown in Figure 5.9. 
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Figure 5.9 Schema of dual tumour experiment.  
Mice were inoculated subcutaneously with 5x10

5
 AB1 tumour cells on both flanks. On day 

11, the left tumour was surgically resected along with the inguinal tumour draining lymph 

nodes. Immune responses to neo-antigens in the lymph nodes were determined with IFN-γ 

ELISpot. On day 12, mice were administered 200μg of α-CTLA-4 and 50μg of α-GITR intra-

peritoneally. Untreated mice were given PBS The growth rate of the right tumours was 

monitored. 

 

A total of three experiments were performed, where the immune response of 22 animals was 

successfully determined. Previously, AB1-HA tumours on different flanks have been reported 

to grow and respond to therapy in a symmetrical manner (Lesterhuis et al., 2015). The AB1 

tumours exhibit the same synchronous growth rate and therapeutic response (personal 

communication from Ms. Rachael Zemek). The symmetry in this model allowed resection of 

a tumour and draining lymph node before treatment to determine the level of neo-antigen 

response, whilst leaving the other tumour as a readout of subsequent therapy response. 

 

Tumours on both flanks grow in a symmetrical manner up to day 11. Of the mice that were 

treated with checkpoint inhibitors, 55% (12/22) completely responded to therapy (Figure 

5.10A). Pre-treatment draining lymph node UQCRC2 response was significantly higher in 

responders (n=12, 17±12 SFU/10
5
) as compared to non-responders (n=10, 7±5 SFU/10

5
, 

p=0.0182) (Figure 5.10B). Similarly, the UNC45A response was significantly higher in the 
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responders (24±14 SFU/10
5
 vs 5±2 SFU/10

5
, p=0.0004) (Figure 5.10C). This data showed that 

mice which had stronger pre-existing neo-antigen responses were more likely to respond to 

checkpoint blockade therapy. This strongly suggests that the variability of neo-antigen 

immune responses between mice is biologically significant and immune response to some 

neo-antigens correlate with subsequent response to ICPB therapy. Of note, a difference in 

the magnitude of the immune response to non-specific stimulation of T-cells between 

responders and non-responders was also observed (312±65 SFU/10
5
 vs 211±88 SFU/10

5
, 

p=0.0055) (Figure 5.11).  
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Figure 5.10 Pre-existing neo-antigen response corresponds with checkpoint blockade 
outcome.  
Mice were inoculated subcutaneously with 5x10

5
 AB1 tumour cells on both flanks. On day 

11 the left tumour was surgically resected with the tumour draining lymph nodes. Immune 

response to UNC45A and UQCRC2 in the lymph nodes was determined by IFN-γ ELISpot. 

Mice were treated with 200μg α-CTLA4 and 50μg α-GITR at day 12. Untreated mice were 

given PBS. A. Individual tumuor growth. Pre-existing immune response at day 11 to B. 
UQCRC2 and C. UNC45A. Results from three separate experiments.  
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Figure 5.11 Host immune responsiveness correspond with checkpoint blockade outcome.  
Mice were inoculated subcutaneously with 5x10

5
 AB1 tumour cells on both flanks. On day 

11 the left tumour was surgically resected with the tumour draining lymph nodes. Immune 

response with non-specific stimulation (CD3/CD28 beads) of the draining lymph nodes cells 

determined by IFN-γ ELISpot. Results from three separate experiments.  
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5.2.7 Neo-antigen responses were found in a small proportion of Line1 bearing mice treated 
with checkpoint blockade  
In addition to AB1 mesothelioma, Line1 carcinoma was moderately sensitive to checkpoint 

blockade therapy. There was treatment-induced regression in 20% of mice and tumour 

growth was also delayed (Section 5.2.1). In order to determine if treatment induced changes 

to Line1 neo-antigen responses, mice were inoculated with Line1 tumour cells and treated 

with α-CTLA4 and α-GITR. Responses to Line1 neo-antigen candidates were screened 

following ICPB. The experimental schedule is illustrated in Figure 5.12. 

 

 

Figure 5.12 Schema for the screening of Line1 predicted neo-antigens in immune 
checkpoint treated mice.  
Mice were inoculated subcutaneously with 5x10

5
 Line1 tumour cells. When tumours were 

between 16-20mm
2
 in size, mice were administered 200μg of α-CTLA-4 and 50μg of α-GITR 

intraperitoneally. Untreated mice were given PBS. IFN-γ ELISpot was performed seven days 

after treatment. 

 

The ten neo-antigen candidates predicted to have both MHC class I and class II binding 

epitopes (listed In Table 4.4) were screened individually, along with 31 short peptides 

predicted to be MHC class I neo-antigens (listed in Table 4.3) in a single peptide pool. In 

untreated mice, no response to the ten neo-antigen candidates and the short peptide pool 

was observed (Figure 5.13A). 

 

In treated mice, similarly, no response to the 10 predicted neo-antigens and peptide pool was 

observed (Figure 5.13B). However, a higher background response was seen in treated mice 

ELISpotICPB
Line1

Tumour Inoculation

0 Day 7
Tumour 

~16-20mm2

Day 14
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(47±52 SFU/10
5
 cells) as compared to untreated mice (0±0 SFU/10

5
 cells). A total of 18 treated 

mice in three separate experiments were treated with ICPB and the immune response to neo-

antigens was determined. While there was no response to the short peptide pool in all mice, 

it was observed that a small proportion of mice showed a significant immune response to four 

of the ten long peptides (Figure 5.13C). One to three out of 18 mice respond to PPP6R1, 

HEATR5A, SIPA1 and RBPJ long peptides. Of note, one out of eight mice untreated had a 

significant response to SIPA1 neo-antigen in untreated mice. 

 

Gp70 mRNA was highly expressed in Line1, and the immune response to Gp70 was compared 

in treated and untreated mice. No response to Gp70 antigen was observed in untreated mice 

(Figure 5.13D) while a significant response to Gp70, as compared to media negative control, 

in treated mice was seen (101±24 vs 78±24 SFU/10
5
 cells) (Figure 5.13E). 
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Figure 5.13 A small proportion of checkpoint blockade treated mice respond to Line1 neo-
antigens.  
Mice were inoculated subcutaneously with 5x10

5
 Line1 tumour cells. Mice were treated with 

200μg α-CTLA4 and 50μg α-GITR at day seven when tumours were between 16-20mm
2
 in size. 

Untreated mice were given PBS. IFN-γ ELISpot of tumour draining lymph nodes was performed 

seven days after treatment. Response to neo-antigen candidates in A. untreated mice (n=8) and B. 
treated mice (n=8). C. The number of treated mice that had a significant response to predicted 

neo-antigen (results from three separate experiments). Response to Gp70 antigen in D. untreated 

mice (n=4) and E. treated mice (n=4).  
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5.3 Discussion 
In this chapter, the sensitivity of the cell lines to combination checkpoint blockade therapy using α-

CTLA4 and α-GITR was determined. AB1, AB1-HA and Line1 responded to treatment. Neo-antigen 

candidates of AB1-HA were screened in treated animals and a second neo-antigen, UNC45A was 

identified. The magnitude of HA, UQCRC2 and UNC45A response was increased in tumour draining 

lymph nodes and the tumour of treated animals. It was also found that pre-existing neo-antigen 

responses correspond with the outcome of ICPB therapy. The Line1 neo-antigen candidates were 

also screened in treated mice, where a small proportion of mice had a response to four candidates. 

 

The observation that few neo-antigen specific responses could be detected in the tumour-bearing 

host could be reflective of immune suppression. Immune responses to mutant UNC45A were 

detectable in only a small proportion of untreated mice, and ICPB increased the proportion of mice 

that respond to UNC45A and increase the magnitude of immune response by 5.8-fold. The increased 

detection of immune responses to neo-antigens was also seen in NSCLC patients treated with α-PD-

1 (Rizvi et al., 2015), melanoma patients treated with α-CTLA4 (Carreno et al., 2015, Kvistborg et al., 

2014, Kvistborg et al., 2012) and in a murine model (d42m1-T3) following α-PD-1 treatment (Gubin 

et al., 2014). This observation post-ICPB supports the hypothesis that neo-antigen specific responses 

are indeed suppressed and can be ‘unmasked’. The increase in detectability could be attributed to 

the increase in magnitude and the dynamic range of immune response or a change of existing 

dysfunctional neo-antigen specific T-cells towards a functional phenotype. It is not entirely clear 

how ICPB alters neo-antigen T-cell responses but changes in both magnitude and phenotype has 

been observed (Fehlings et al., 2017, Kvistborg et al., 2014, van Rooij et al., 2013). 

 

Multiple studies in both human and murine tumours have shown that there is a change in the 

phenotype of total tumour infiltrating T-cells following ICPB treatment with an increase in the 
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proportion of functionally active cells (Chen et al., 2009, Vonderheide et al., 2010, Wei et al., 2017). 

For neo-antigen specific responses, one murine study specifically showed that α-CTLA4 increased 

the numbers and the percentages of functional phenotypes (e.g. PD-1-, GITR-) of neo-antigen 

specific T-cells in the tumour (Fehlings et al., 2017). While the current study showed an increase in 

the number of IFN-γ producing T-cells, little is known about the phenotype of UQCRC2 and UNC45A 

specific T-cells. Attempts at detecting the neo-antigen specific T-cells from ex vivo tumour and 

draining lymph nodes with MHC-peptide dextramers were unsuccessful (data not shown), likely due 

to low specificity of the tested dextramers but possibly compounded by the low frequencies of neo-

antigen specific T-cells. This warrants further investigation to unravel the effects of checkpoint 

blockade therapy on neo-antigen specific T-cells. 

 

In this study, the combination of α-CTLA4 and α-GITR increased the magnitude of neo-antigen 

specific T-cell responses in both the draining lymph nodes and tumour. This increase could be due 

to the effects of both CTLA4-4 which is thought to be involved in the priming of T-cells and increases 

the magnitude of neo-antigen responses (Carreno et al., 2015, Kvistborg et al., 2014, Kvistborg et 

al., 2012), and of GITR, which agonistic ligation abrogates the suppressive effects of regulatory T-

cells (Coe et al., 2010, Schaer et al., 2013). This combination of increased priming and inhibition of 

regulatory T-cells can result in the proliferation and infiltration of CD8
+
 effector T-cells (Mitsui et al., 

2010, Nishikawa et al., 2008), and result in the detection of neo-antigen specific immune responses 

attenuated by these two pathways.  

 

Based on clinical studies (Kvistborg et al., 2014), it was hypothesised that ICPB would enable 

multiple neo-antigen responses to be ‘unmasked’. However, ICPB treatment in the current study 

unmasked only one additional neo-antigen in the AB1/AB1-HA model, and none in the Line1 model. 

An exhaustive study of the capacity of other immune checkpoint therapies or other relevant 
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therapies to unmask other neo-antigens had not been undertaken and could potentially yield a 

different immune response profile to neo-antigens. PD-1 is another commonly targeted checkpoint 

molecule which enhances neo-antigen specific immune responses (Rizvi et al., 2015), but was not 

used in this current study. The PD-1 pathway is thought to attenuate immune responses, specifically 

muting responses of primed antigen-experienced T-cells (Wei et al., 2018), and can possibly 

unmasked immune response that have been primed but were dysfunctional. 

 

Clinically, a correlation has been reported between in silico predicted neo-antigen burden and 

response to ICPB (Luksza et al., 2017, Rizvi et al., 2015, Snyder et al., 2014). Changes to the immune 

responses against neo-antigens, in terms of magnitude, range and phenotype, have been observed 

in ICPB treated patients (Snyder et al., 2014, van Rooij et al., 2013). It has not been possible to 

determine in patients if these neo-antigen specific responses are the targets mediating tumour 

regression. Animal studies suggest that this is the case. Using the methylcholanthrene-induced 

sarcoma model, d42m1-T3, Gubin and colleagues identified two neo-antigens that were recognised 

by T cells of mice successfully treated with α-PD-1. Subsequent vaccination of tumour-bearing mice 

with these two neo-antigens induced tumour rejection (Gubin et al., 2014). This supports the notion 

that neo-antigens identified during ICPB mediated regression are ideal candidates to evaluate as 

vaccination targets. The identification of UNC45A in ICPB treated AB1-HA bearing animals strongly 

suggest that UNC45A is a key rejection antigen. This will be further investigated in the next chapter 

where animals will be vaccinated.  

 

Determining which patients will respond to ICPB is one of the major issues confronting cancer 

immunologists at the moment. One biomarker is tumour mutational load, and the corresponding 

predicted neo-antigen load which have been shown to correlate with outcomes to ICPB in multiple 

studies (Rizvi et al., 2015, Snyder et al., 2014, Van Allen et al., 2015). In this study, cell lines with 
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moderate neo-antigen burden (AB1-HA and Line1) were responsive to combination checkpoint 

blockade therapy. In contrast, AE17 mesothelioma, which has the lowest neo-antigen burden, and 

Lewis lung carcinoma, the highest, did not respond to ICPB. The low neo-antigen burden of AE17 

could be the limiting factor for a response to the treatment regime and suggests that a more 

aggressive combination immunotherapy approach would be required (Jackaman et al., 2012, Kissick 

et al., 2012). In contrast, as previously reported (Lesterhuis et al., 2013, Yoshimoto et al., 2014), 

Lewis lung appears not to be immunogenic despite having a high mutational burden. This could be 

due to immune editing where highly immunogenic mutations have been edited, and only weak neo-

antigens remain as has been observed in lung cancer patients where multiple immunoediting 

mechanisms, including the loss of neo-antigens and epigenetic downregulation of neo-antigens 

have been observed (Rosenthal et al., 2019). Another possibility is the downregulation or the loss 

of antigen presentation function of the MHC molecule. Lewis lung have a low MHC class I expression 

which has been shown to correlate with failure to respond to ICPB response in humans (Rodig et al., 

2018). Mutation burden or predicted neo-antigen burden alone would be insufficient to predict 

response to ICPB. 

 

It was shown that pre-existing immune responses correlated with ICPB outcomes. While a strong 

UNC45A response in responders suggest that UNC45A neo-antigen has an important role in 

determining clinical outcomes, it remains unclear if these draining lymph node neo-antigen 

responses participate, or are even important, in successful anti-tumour responses. Alternatively, 

increased neo-antigen responses could be a surrogate of an inflamed or immunologically ‘hot’ 

tumour, which has been shown to correlate to responsiveness towards immunotherapy (Li et al., 

2018). A ‘hot’ tumour could also be a reflection of the host immune status. The higher response in 

responders to non-specific stimulation of CD3/28 in individual animals suggested that the status of 

the immune system play a determining role. However, this requires further validation as the CD3/28 
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ELISpot response lacks proper resolution and a more evident marker of immune responsiveness 

would be required. Regardless, these findings have potential clinical significance. A strong neo-

antigen response could be useful as a predictive biomarker in patients or neo-antigen vaccination 

can be used to reverse an ICPB unresponsive phenotype.  

 

Another important observation in this study was that UNC45A was identified with a long peptide 

sequence, and it was further determined that the class I epitope was a nine amino acid long 

sequence. An eight amino acid long sequence was initially selected for screening based on predicted 

binding affinity. The result highlighted that selection based on predicted binding affinity alone could 

potentially result in false negatives.  

  

One strategy to mitigate this effect is to screening with long peptide sequences. Indeed, multiple 

studies have utilised long peptides sequences in the form of peptides or RNA sequences (Kreiter et 

al., 2015, Ott et al., 2017, Sahin et al., 2017). To ensure presentation and processing of peptides, 

DCs can either be pulsed with long peptides or electroporated with RNA encoding long peptide 

sequences, and these DCs used as antigen presenting cells for the screening of neo-antigen T-cell 

responses. Using such an approach, it is possible to perform a high throughput screen where 

multiple neo-antigen candidates using long sequences can be first tested, followed by the 

deconvolution of minimal epitopes.  

 

Together with the results seen in Chapter 4, despite there being an immune repertoire to a high 

percentage of neo-antigen candidates, few responses were identified in untreated and treated 

tumour bearing hosts. In summary, treatment with ICPB has been shown to increase the magnitude 

of neo-antigen responses and the range of detectable responses. Furthermore, a pre-existing neo-

antigen response was accompanied by a favourable ICPB treatment outcome. These results provide 
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further evidence that checkpoint blockade effects the neo-antigen specific T-cell response, and in 

reverse, the neo-antigen response could be a biomarker for sensitivity to checkpoint blockade. 

However, this could also be a surrogate marker of a more active immune status of the individual. 

Vaccination with the identified neo-antigens in this chapter will be investigated in the next chapter. 
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CHAPTER 6 NEO-ANTIGEN VACCINATION 
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6.1 Introduction 
One of the key goals of neo-antigen identification is to utilise these targets in a vaccine for the 

treatment of cancer. Studies in murine tumour models including mutagen induced tumours (Gubin 

et al., 2014, Yadav et al., 2014, Duan et al., 2014) and B16 melanoma (Kreiter et al., 2015) showed 

therapeutic effectiveness of neo-antigen vaccines with protection and regression of established 

tumours seen in between 60-85% of treated animals. Clinical studies have shown the neo-antigen 

vaccine approach to be feasible and safe in melanoma patients with no adverse reactions reported. 

Furthermore, preliminary results have been promising from these studies as the majority of patients 

remain relapse-free post-surgery and neo-antigen vaccination (Ott et al., 2017, Sahin et al., 2017). 

There is an intense interest in the neo-antigen vaccination approach for cancer treatment, in 

addition to academic and clinical research teams more than 30 companies are now active in this 

area (Bak et al., 2018). 

 

The selection of candidates for an effective vaccine remains a significant question for those 

embarking on neo-antigen vaccination. In general, there are three classes of neo-antigens that have 

been found to be effective candidates for vaccination. The first being candidates where endogenous 

immune responses were also found in tumour bearing host (Yadav et al., 2014). Second were 

‘rejection’ neo-antigens that were identified during ICPB induced rejection of the tumour (Gubin et 

al., 2014). The last were a small proportion of neo-antigens where there was an immune repertoire 

but had no endogenous immune response described or detected in the tumour-bearing host (Duan 

et al., 2014, Kreiter et al., 2015). Results from Chapter 4 and 5 suggest that UQCRC2 represents the 

first class of candidates and UNC45A, the second. The protective effects of these two neo-antigens 

in vaccine will be investigated in this chapter. 
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Currently, ICPB is clinically effective in approximately 20% of cases, and given the correlation seen 

between pre-existing immune responses to neo-antigens and an effective immune checkpoint 

blockade outcome (Chapter 4), it is hypothesised that utilising neo-antigen vaccination to boost the 

number of neo-antigen specific T cells could improve response rates to subsequent ICPB. This 

hypothesis is supported by the observation that three melanoma patients who relapsed following 

neo-antigen vaccination subsequently had complete responses to ICPB (Ott et al., 2017, Sahin et al., 

2017). Further investigation into the combination of neo-antigen vaccination and ICPB is required 

to access the efficacy of such a strategy and to provide insights on how to better design such 

treatments.  

 

The aim of this chapter was to assess the therapeutic effect of neo-antigen vaccination for 

mesothelioma. The effectiveness of targeting UQCRC2 and UNC45A neo-antigens in a vaccine to 

protect against AB1 mesothelioma will be assessed. Further, the combination therapy of neo-

antigen vaccine with immune checkpoint blockade will also be explored. Specifically, the assessment 

of increasing UNC45A responses to improve immune checkpoint blockade outcome. The candidates 

in Line1, which showed signs of immune responses in treated mice would also be explored. 
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6.2 Results 
 
6.2.1 Delayed growth of AB1 mesothelioma following prophylactic neo-antigen vaccination with 
poly-IC and α-CD40 
Previously, Yadav and colleagues effectively vaccinated mice against a murine colon carcinoma 

model (MC-38) by immunizing animals with synthetic long peptides (SLP) corresponding to the neo-

antigen and delivering them in a mixture of polyinosinic:polycytidylic acid (poly-IC) and α-CD40 

(Yadav et al., 2014). Poly-IC is a synthetic analogue of double-stranded RNA present in some viruses, 

that stimulates toll-like receptor-3 (TLR-3) and drives anti-viral responses (Alexopoulou et al., 2001). 

CD-40 is an immune receptor that provides ‘help’ to antigen presenting cells and drives CD8
+
 

cytolytic T-cell activation (Bennett et al., 1998).  

 

To evaluate the effectiveness of the UQCRC2 and UNC45A neo-antigens to protect mice from 

subsequent AB1 challenge, the Yadav et al. protocol was followed. Mice were vaccinated 

subcutaneously with two doses of a vaccine consisting of SLP, poly-IC and α-CD40 14 days apart. The 

vaccinated mice were subsequently inoculated with AB1 tumour cells, and tumour growth was 

monitored. The experimental schedule is illustrated in Figure 6.1. 

 

 

Figure 6.1 Schema of prophylactic neo-antigen vaccination with poly-IC and α-CD40.  
Mice were vaccinated with a neo-antigen vaccine (100μg synthetic long peptide + 100μg poly-IC + 

50μg α-CD40) sub-cutaneously near the base of the tail on the right flank. A booster vaccine was 

administered 14 days after the first vaccine. Control mice were given PBS. Mice were inoculated 

with 5x10
5
 AB1 tumour cells seven days after the booster vaccine and tumour growth monitored 

until 57 days post tumour inoculation or when tumours were >150mm
2
 in size. 

 

Figure 6.2 and 6.3 show the results of the vaccination experiment. AB1 tumours grew out in mice 

that received PBS (Figure 6.2A) and in the group that received adjuvant alone (Figure 6.2B). 
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Vaccination with UQCRC2 did not protect mice from AB1 (Figure 6.2C). Forty percent (2/5) of mice 

that were vaccinated with UNC45A neo-antigen, were protected (Figure 6.2D) as were a similar 

number which received both UQCRC2 and UNC45A peptides concurrently (Figure 6.2E). 

 

Further analysis of these data revealed that there was no difference in the mean tumour growth 

between PBS control and adjuvant alone vaccinated mice, but that growth of all peptide vaccinated 

groups was significantly delayed, including the group that received the UQCRC2 peptide vaccine 

(p=0.009) (Figure 6.3A). There was no difference between the mean tumour growth of mice that 

received both peptides and those that receive UNC45A only. Prophylactic neo-antigen vaccination 

with UQCRC2 alone (p=0.0203), UNC45A alone (p=0.0203) and both neo-antigens (p=0.0026) 

significantly improved survival when compared to PBS control (Figure 6.3B). This result shows that 

while UQCRC2 did not protect mice from AB1, it did provide some improvement in survival while 

UNC45A was protective in a portion of animals.
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Figure 6.2 Individual AB1 tumour growth curves of mice that received a prophylactic neo-antigen vaccine.  
Mice were vaccinated subcutaneously with two doses of neo-antigen vaccine (100ug peptide, 100ug poly-IC and 50ug α-CD40) and inoculated with 
5x105 AB1 tumour cells. Individual tumour growth of A. PBS control (n=5), B. Adjuvant only control (n=5), C. UQCRC2 vaccine (n=5), D. UNC45A 
vaccine (n=5) and D. Dual peptide vaccine (n=5).  
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Figure 6.3 Prophylactic vaccination with a neo-antigen vaccine delays AB1 tumour growth.  
Mice were vaccinated subcutaneously with two doses of neo-antigen vaccine (100ug peptide, 100ug poly-IC and 50ug α-CD40) and inoculated with 
5x105 AB1 tumour cells. Control mice were given PBS. A. Mean tumour growth. Mixed model ANOVA comparison of mean tumour growth was 
performed. B. Kaplan-Meier survival curve. Log-rank test (Mantel-Cox) was performed to compare vaccine groups against PBS vaccinated control.  
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6.2.2 Therapeutic adjuvant therapy alone results in the regression of established AB1 tumours 
Having observed that prophylactic neo-antigen vaccination with SLP, poly-IC and α-CD40 protected 

a proportion of mice from AB1 challenge, the anti-tumour effects of this strategy were investigated 

in a therapeutic setting. The vaccine was administered to mice with an established AB1 tumour 

between 16-20mm2 in size. This model is more reflective of the clinical situation where there is a 

tumour in situ, and the patient’s immune system will have interacted with the tumour over a period 

of time. In order to determine the therapeutic effects of the neo-antigen vaccine, mice bearing AB1 

tumours were administered a single dose of SLP with poly-IC and α-CD40 as adjuvants. The 

experimental schedule is illustrated in Figure 6.4. 

 

 
Figure 6.4 Schema of therapeutic neo-antigen vaccination.  
Mice were inoculated sub-cutaneously with 5x105 AB1 tumour cells on the right flank. On day 12 
when tumours were between 16-20mm2 in size, mice were vaccinated with neo-antigen vaccine 
(100μg synthetic long peptide + 100μg poly-IC + 50μg α-CD40) sub-cutaneously near the base of 
the tail on the right flank, and tumour growth monitored until day 65 or when tumours were 
150mm2 in size. Control mice were given PBS. 
 

Results of therapeutic vaccination are presented in Figure 6.5 and 6.6 where the administration of 

the toll-like receptor 3 agonist, poly-IC in combination with α-CD40 resulted in the complete 

regression of established AB1 tumours in 60% (6/10) of animals (Figure 6.5B). None of the mice that 

received UQCRC2 peptide in combination with poly-IC and α-CD40 were cured (Figure 6.5C), while 

40% (4/10) of mice that received the UNC45A vaccine, (Figure 6.5D) and two out of 10 mice that 

received both neo-antigen peptides as a vaccine had tumours completely regress (Figure 6.5E). 

 

Analysis of mean tumour growth rates show that all treated groups had significantly delayed tumour 

growth compared to PBS treated controls (Figure 6.6A). Notably, the tumour growth rate of the 
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group that received the poly-IC and α-CD40 adjuvant without any peptide was significantly less than 

all the peptide treated groups (p<0.0001) (Figure 6.6A). While there was a modest difference in 

tumour growth rate in mice that received the UQCRC2 vaccine compared to PBS controls (p=0.01), 

the adjuvant alone induced a significant difference compared to the UQCRC2 vaccine (p<0.0001). 

Interestingly, there was no difference in mean tumour growth rate in mice that received vaccines 

with UNC45A alone or in combination with UQCRC2 when compared to the adjuvant alone, 

suggesting that the effects were mainly attributed to the adjuvant. 

 

There was no survival benefit seen for UQCRC2 vaccinated mice relative to PBS controls, whilst mice 

that received the UNC45A peptide alone (p=0.0006) or in combination with UQCRC2 had significant 

survival benefit (p=0.0045). Notably, the adjuvant control group that received poly-IC and α-CD40 

induced a significant difference in survival compared to those that received UQCRC2 (p=0.0002) and 

both neo-antigens (p=0.0386). No difference in survival was seen between mice that received 

adjuvant only and UNC45A vaccine. 

 

Together, these results indicate that vaccination with UQCRC2 in the therapeutic setting abolished 

the anti-tumour effects of the adjuvant and was not beneficial. UNC45A did not abolish the anti-

tumour effects, but neither did it improve vaccination outcomes. 
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Figure 6.5 Individual AB1 tumour growth curves of mice that received a therapeutic neo-antigen vaccine.  
Mice were inoculated with 5x105 AB1 tumour cells and vaccinated subcutaneously with a single dose of neo-antigen vaccine (100ug peptide, 100ug 
poly-IC and 50ug α-CD40). Individual tumour growth of A. PBS control (n=10), B. Adjuvant only control (n=10),, C. UQCRC2 vaccine (n=10),, D. 
UNC45A vaccine (n=10) and E. Dual peptide vaccine (n=10). Results from two separate experiments. 
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Figure 6.6 Therapeutic adjuvant administration results in AB1 tumour regression.  
Mice were inoculated with 5x105 AB1 tumour cells and vaccinated subcutaneously with a neo-antigen vaccine (100ug peptide, 100ug poly-IC and 
50ug α-CD40). Control mice were given PBS. A. Mean tumour growth. H. Mixed model ANOVA comparison of mean tumour growth was performed. P 
value for treatment effect was shown. B. Kaplan-Meier survival curve. Log-rank test (Mantel-Cox) was performed to compare vaccine groups with 
mice that received PBS as controls. The survival analysis between vaccine groups and the mice that received adjuvants only was also performed. Data 
shown were from two separate experiments. 
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6.2.3 Therapeutic vaccination with neo-antigen peptides emulsified in montanide did not induce 
tumour regression 
As it was not possible to separate the effect of neo-antigen vaccination from the immune 

modulating effects of poly-IC and α-CD40 adjuvant, it was decided to trial another delivery agent. 

One of the most frequently used adjuvants for early clinical studies is Montanide ISA TM 51. 

 

Montanide forms a water-in-oil emulsion acting as an antigen depot, where antigen is gradually 

released and induces a prolonged immune response (Aucouturier et al., 2002). This formulation has 

been shown to enhance antigen-specific cytotoxic T-cell responses (Bijker et al., 2007, van Duikeren 

et al., 2012). Montanide is considered a safe product having been used in over 6,000 participants of 

Phase I to IV  clinical trials (Ascarateil et al., 2015), including cancer trials with TAAs (Hodi et al., 

2010, Schwartzentruber et al., 2011, Kenter et al., 2009). Therefore, the therapeutic effect of 

vaccinating with UQCRC2 and UNC45A emulsified in montanide in an established tumour model was 

investigated. The schedule of the therapeutic vaccination strategy is illustrated in Figure 6.7. 

 

 
Figure 6.7 Schema of therapeutic neo-antigen vaccination with peptide emulsified in montanide.  
Mice were inoculated sub-cutaneously with 5x105 AB1 tumour cells. On day 12 when tumours 
were between 16-20mm2 in size, mice were vaccinated with 50μg of synthetic long peptide 
emulsified in montanide with a 1:1 ratio. The vaccine was administered subcutaneously near the 
base of the tail on the right flank. Control mice were given PBS. Tumour growth was monitored 
until tumours reached 150mm2 in size. 
 

As shown in Figure 6.8, therapeutic vaccination with neo-antigen peptides emulsified in montanide 

did not result in the regression of established AB1 tumours. There was a slight delay in the tumour 

growth in two out of five mice that were vaccinated with UNC45A (Figure 6.8D). However, upon 

further analysis of the mean tumour growth rates, no significant difference between the UNC45A 
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vaccinated group compared to the unvaccinated and the control group of mice was found (Figure 

6.9A). No difference in survival was observed (Figure 6.9B).  
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Figure 6.8 Individual AB1 tumour growth curves of mice that received a montanide based therapeutic neo-antigen vaccine  
Mice were inoculated subcutaneously with 5x105 AB1 tumour cells on the right-hand flank. On day 12 when tumours were between 16-20mm2 in 
size, mice were vaccinated subcutaneously on the right flank near the base of the tail with a peptide vaccine (50ug synthetic peptide per neo-antigen 
emulsified in montanide). Individual tumour growth of A. PBS control (n=5), B. Montanide only control (n=5), C. UQCRC2 vaccine (n=5), D. UNC45A 
vaccine (n=5) and E. dual peptide vaccine (n=5).  
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Figure 6.9 Neo-antigen peptides emulsified in montanide do not reduce AB1 tumour growth in a therapeutic setting.  
Mice were inoculated subcutaneously with 5x105 AB1 tumour cells on the right-hand flank. On day 12 when tumours were between 16-20mm2 in 
size, mice were vaccinated subcutaneously on the right flank near the base of the tail with a peptide vaccine (50ug synthetic peptide per neo-antigen 
emulsified in montanide. Control mice were given PBS. A. Mean tumour growth. Mixed model ANOVA comparison of the vaccines on the mean 
tumour growth was performed. B. Kaplan-Meier survival curve. Log-rank test (Mantel-Cox) was performed to compare vaccine groups against PBS 
vaccinated control.
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6.2.4 Reversal of low UNC45A response did not improve ICPB outcomes 
In Chapter 5, it was shown that low UNC45A specific T cell responses pre-treatment were associated 

with failure to respond to ICPB therapy. Given that this neo-antigen has some clear anti-tumour 

effects when given as a vaccine, we hypothesised that ICPB outcomes would be improved if the 

magnitude of the pre-treatment UNC45A responses through vaccination. In order to investigate if 

vaccination can improve ICPB therapy outcome, the dual tumour model was again utilised. Mice 

were inoculated sub-cutaneously with 5x105 AB1 tumour cells on both flanks. To increase the 

magnitude of pre-existing UNC45A responses, mice were vaccinated with UNC45A SLP emulsified in 

montanide three days after tumour inoculation. The left tumour and inguinal draining lymph node 

were surgically resected ten days after vaccination. The immune response to UNC45A in the lymph 

node was determined. Mice were treated with checkpoint blockade one day after surgery. The 

experimental schedule is illustrated in Figure 6.10.  

 

 
Figure 6.10 Schema of vaccine and immune checkpoint blockade combination therapy in AB1 
tumour bearing mice.  
Mice were inoculated sub-cutaneously with 5x105 AB1 tumour cells on both flanks. On day three 
mice were vaccinated with 50μg UNC45A synthetic long peptide emulsified in montanide on both 
flanks. On day 13, when tumours were 16-20mm2 in size, the left tumour was surgically resected 
along with the inguinal tumour draining lymph nodes. Immune responses to neo-antigens in the 
lymph nodes were determined with IFN-γ ELISpot. On day 14, mice were administered 200μg of α-
CTLA-4 and 50μg of α-GITR intra-peritoneally. Control mice were given PBS. The growth of the 
right tumours was monitored until day 40 or when tumours reached 100mm2 in size. 
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Vaccination with UNC45A synthetic long peptide significantly increased the immune response to 

UNC45A in vaccinated mice (n=19, 34±21 SFU/105) compared to both unvaccinated mice (n=15, 8±8 

SFU/105, p<0.0001) and to mice that received montanide alone (n=18, 13±15 SFU/105, p=0.0009) 

(Figure 6.11) as determined by IFN-γ ELISpot assay. The immune response against UQCRC2 neo-

antigen, which was not included in the vaccine, was the same between groups as would be expected 

from tumour bearing animals.  

 

UNC45A vaccination alone did not have any effect on tumour growth (Figure 6.12B). Two out of ten 

mice that received immune checkpoint blockade alone had a partial response (Figure 6.12D). Of 

mice that received both montanide and ICPB, two out of ten mice had a complete response, and 

another two were partial responders with delayed tumour growth (Figure 6.12E). Of those that 

received both the UNC45A vaccine and ICPB, 30% (3/10) were complete responders, and one had a 

delay in tumour growth (Figure 6.12F).  

 

While none of the mice had a complete response to immune checkpoint blockade alone, treatment 

did induce a delay in tumour outgrowth (p=0.05) (Figure 6.13A) compared to untreated mice and 

significantly improved survival (p=0.0101) (Figure 6.13B). In mice that received combination vaccine 

and immune checkpoint blockade therapy significantly delayed tumour growth compared to those 

that received immune checkpoint blockade only was observed (p=0.0008). There was no difference 

in survival between the three groups of mice that received ICPB (Figure 6.13B). 

 

Examining pre-treatment UNC45A specific T cell results from ELISPOT assay the group of mice that 

subsequently had a complete response to ICPB had a higher median UNC45A response compared 

to non-responding group (37±20 SFU/105 vs 11±12 SFU/105 p=0.0016) (Figure 6.14). This result 



 237 

suggests that a strong UNC45A response could predict therapeutic response to ICPB treatment, but 

in itself is not a sufficient individual component alone of an effective ICPB-induced response.  

 

 
Figure 6.11 UNC45A neo-antigen vaccination increase the magnitude of UNC45A specific 
response.  
Mice were inoculated subcutaneously with 5x105 AB1 tumour cells on both flanks. On day three, 
mice were vaccinated with UNC45A peptide vaccine (50μg synthetic long peptide emulsified in 
montanide) on both flanks. The tumour on the left flank and tumour draining lymph node were 
surgically removed. IFN-γ ELISpot of the draining lymph node was performed to determine the 
immune response to UNC45A post vaccination and prior to checkpoint blockade. UQCRC2, which 
was not included in the vaccine was used as a control in the ELISpot. 
Data shown were from two separate experiments.
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Figure 6.12 Individual AB1 tumour growth curves of mice that received a montanide based UNC45A neo-antigen vaccine and immune checkpoint 
blockade.  
Mice were inoculated subcutaneously with 5x105 AB1 tumour cells on the right-hand flank. On day 3, mice were vaccinated subcutaneously on both 
flanks near the base of the tail with a peptide vaccine (50ug synthetic peptide per neo-antigen emulsified in montanide) on both flanks. The tumour 
on the left flank and tumour draining lymph node were surgically removed on day 13. On day 14, mice were administered 200μg of α-CTLA-4 and 
50μg of α-GITR intra-peritoneally. Growth of the right tumour was monitored and plotted. Individual tumour growth of A. PBS control (n=10), B. 
montanide only (n=10), C. UNC45A vaccine only (n=10), D. Checkpoint blockade (n=10), E. montanide and checkpoint blockade (n=10) and F. UNC45A 
vaccine and checkpoint blockade (n=10) I. CL4 (n=10). Data shown were from two separate experiments. 
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Figure 6.13 UNC45A neo-antigen vaccine did not improve immune checkpoint blockade outcome.  
Mice were inoculated subcutaneously with 5x105 AB1 tumour cells on the right-hand flank. On day 3, mice were vaccinated subcutaneously on both 
flanks near the base of the tail with a peptide vaccine (50ug synthetic peptide per neo-antigen emulsified in montanide) on both flanks. The tumour 
on the left flank and tumour draining lymph node were surgically removed on day 13. On day 14, mice were administered 200μg of α-CTLA-4 and 
50μg of α-GITR intra-peritoneally. Control mice were given PBS. Data shows the growth of the right tumour. A. Mean tumour growth. Mixed model 
ANOVA was performed to compare the tumour growth rate of different groups. B. Kaplan-Meier survival curve. Log-rank test (Mantel-Cox) was 
performed to compare vaccine groups against PBS vaccinated control. Data shown were from two separate experiments. 
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Figure 6.14 UNC45A specific response in vaccinated mice correspond to immune checkpoint blockade outcome. 
The immune response to UNC45A post vaccination and prior to checkpoint blockade of mice that received immune checkpoint blockade were 
plotted. Responders and non-responders were segregated. Student’s T-test was performed to compare the responding group and the non-
responding group across all animals that received ICPB. Data shown were from two separate experiments. 
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6.2.5 Neo-antigen vaccine did not improve checkpoint blockade outcomes in Line1 
Immune response to 10 candidate neo-antigens from Line1 that had predicted class I and II binder 

sites were previously screened in tumour bearing mice (Figure 4.11), and no immune response was 

observed. Mice did have an immune repertoire to seven neo-antigen candidates (Figure 4.14), and 

evidence was presented that some mice following ICPB had a significant response to four of these 

seven neo-antigens (Figure 5.13). In order to determine if boosting the immune response against 

these four candidates could improve ICPB outcome, mice were vaccinated with a neo-antigen 

vaccine and treated with checkpoint blockade. The remaining six candidates were also tested to 

determine if they had an effect on ICPB outcome. The experimental schedule is illustrated in Figure 

6.15A.  

 

The ten candidates were pooled into three groups (Figure 6.15B) based on the above results. Group 

A included neo-antigen candidates which were unmasked following ICPB treatment. Group B 

candidates were those for which an immune repertoire was evident but were not unmasked by ICPB 

and Group C were candidates for which there was no immune repertoire observed.  
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Figure 6.15 Schema of vaccine and immune checkpoint blockade combination therapy in Line1 
tumour bearing mice. 
Mice were inoculated sub-cutaneously with 5x105 Line1 tumour cells. On day three mice were 
vaccinated with peptide pools of 50μg per peptide emulsified in montanide. On day 10, mice were 
administered 200μg of α-CTLA-4 and 50μg of α-GITR intra-peritoneally. Control mice were given 
PBS. A. Schema of the experiment. B. Peptide pools. Green = Candidates with both an immune 
repertoire (response in vaccinated non-tumour bearing mice) mice and response in small portions 
of immune checkpoint treated mice. Blue = Candidates with immune repertoire only. Un-coloured 
= No immune repertoire.  
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Treatment with immune checkpoint blockade did not result in any complete responders, although 

tumour growth was delayed tumour growth compared to untreated mice (p=0.02) (Figure 6.16A 

and E). Vaccination with neo-antigens did not result in any complete responses neither was tumour 

growth delayed (6.16B-E). Line1 tumour growth rate was faster in mice vaccination with group A 

neo-antigens without ICPB than in untreated control mice (p=0.04) (Figure 6.16B and E). No effect 

on mean tumour growth rate was observed in groups of mice that received group B and group C 

neo-antigen vaccine (Figure 6.16C and D). The combination of immune checkpoint blockade with 

either vaccine A, B or C were no different from immune checkpoint blockade alone in terms of mean 

tumour growth rate (Figure 6.16B-E). 

 

Further, the vaccines did not significantly improve survival (Figure 6.16F). Interestingly, vaccine A 

significantly worsened survival (p=0.0031). Combination therapy did not improve survival compared 

to mice that received immune checkpoint blockade alone. 

 

In summary, vaccination with potential neo-antigen candidates in Line1 had no added benefit to 

immune checkpoint blockade outcome. Another interesting observation was that vaccination with 

group A peptides appeared to have detrimental effects.  
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Figure 6.16 Neo-antigen vaccination does not ICPB outcomes in Line1.  
Mice were inoculated subcutaneously with 5x105 tumour cells on the right flank. Vaccines were 
administered subcutaneously near the base of the tail three days after inoculation. Mice were 
treated with checkpoint blockade (200μg α-CTLA-4 and 50μg α-GITR) on day 10. Control mice were 
given PBS. Mean tumour growth curves of A. control groups, B. Group A peptides vaccinated 
groups compared to controls. C. Group B peptides vaccinated groups compared to controls. D. 
Group C peptides vaccinated groups compared to controls E. Mixed model ANOVA analysis of 
mean tumour growth.
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Figure 6.17 Kaplan-Meier survival curve of Line1 bearing mice that received combination vaccine and ICPB therapy.  
Mice were inoculated subcutaneously with 5x105 tumour cells on the right flank. Vaccines were administered subcutaneously near the base of the 
tail three days after inoculation. Mice were treated with checkpoint blockade (200μg α-CTLA-4 and 50μg α-GITR) on day 10. Control mice were given 
PBS. Kaplan-Meier survival curve of A. vaccines compared to PBS control and checkpoint blockade and B. combination therapy compared to 
checkpoint blockade.  
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6.3 Discussion 
In this chapter, neo-antigen vaccination was performed. Vaccination in both the prophylactic 

and therapeutic setting with a combination of SLP, poly I-C and αCD40 protected a small 

portion of mice from AB1 mesothelioma. The therapeutic administration of the adjuvants 

alone resulted in a robust anti-tumour response, and he addition of UQCRC2 abrogated the 

protective effects of the adjuvant in the therapeutic setting. The efficacy of another 

therapeutic vaccination strategy where neo-antigen peptides were emulsified in montanide 

was also attempted. This strategy did not result in a robust anti-tumour response. The 

reversal of a weak pre-existing UNC45A response did not reverse the lack of response to 

immune checkpoint blockade.  

 

One of the key aims of this study was to determine the efficacy of a neo-antigen vaccine 

approach for mesothelioma. In order to do this, the UQCRC2 and UNC45A neo-antigens were 

targeted. The immunological response to UNC45A appears to be held in check by suppressive 

factors in the majority of mice, whereas UQCRC2 is immunologically recognised by the 

majority of mice during AB1 tumour growth.  

 

Vaccination with UNC45A induced protection in the prophylactic setting, suggesting that 

mutant UNC45A specific T-cells are involved in tumour control. Unfortunately, in the more 

clinically relevant therapeutic setting, addition of the UNC45A peptide did not add to the 

protective effects achieved when immune modulators, poly-IC and αCD40, were given and 

neither was it protective when delivered in montanide. The observation that UNC45A was 

‘unmasked’ by immune checkpoint blockade strongly suggests that the T-cell response was 

suppressed in tumour bearing mice. Prophylactic vaccination could, therefore, increase 
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UNC45A specific T cell numbers as immune suppressive conditions associated with the 

tumour have not yet been established. However, vaccination in the therapeutic setting did 

not result in a better response compared to the administration of the adjuvant alone. 

Therefore, UNC45A neo-antigen specific T cells might be part of a successful anti-tumour 

response but be insufficient by themselves to eradicate an established tumour. Suggesting 

that not only the choice but also the number of neo-antigens targeted in a vaccine may be 

important for efficacy. Indeed, in the d42m1 murine sarcoma model prophylactic vaccination 

with two neo-antigens resulted in 88% of mice being protected while vaccination with either 

neo-antigen alone only induced protection in ~40% of animals (Gubin et al., 2014). Targeting 

multiple neo-antigens in a vaccine could be a mechanism to minimise tumour immune escape 

or to counter tumour heterogeneity (Gubin et al., 2014, Kreiter et al., 2015, Ott et al., 2017, 

Sahin et al., 2017, Yadav et al., 2014).  

 

Addition of the UQCRC2 peptide to poly-IC and α-CD40 abrogated the latter’s therapeutic 

effects. This is a concerning observation, suggesting that the inclusion of some peptides in a 

vaccine could detrimentally affect patients. Mechanistically it is possible that some peptides 

preferentially induce antigen-specific regulatory T-cells, rather than effector T-cells. 

Regulatory T cells specific for TAA and neo-antigens have been identified in various cancers 

(Ahmadzadeh et al., 2019, Bonertz et al., 2009, Togashi et al., 2019). In the B16 murine 

melanoma model, neo-antigens that induced CD4+ T-cells with a suppressive profile (high IL-

10, low IFN-γ and CD107) in vaccinated tumour bearing mice (Zeng et al., 2018), further points 

to the potential role of neo-antigen specific regulatory T-cells.   
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It is well established in the auto-immunity fields that peptide immunization can be used to 

induce regulatory T-cells (for clinical benefit) (Hoffmann et al., 2017, van Eden, 2019). 

Therefore, it is possible that the physio-biochemical properties of a given peptide and not just 

the immunomodulation factors of the immunization delivery (i.e. adjuvant, timing and dose) 

may influence whether the resulting immune response is stimulatory or suppressive. In a viral 

setting, pre-existing HA-specific regulatory T-cells generated from a prophylactic vaccine 

resulted in detrimental effects to anti-influenza immunity (Lin et al., 2018). Vaccination with 

neo-antigens that have pre-existing regulatory T-cells could in a therapeutic setting could 

result in the expansion of these T-cells and result in further immune suppression. The 

generation of regulatory T-cell response can also be a result of a sub-optimal vaccination 

condition (Lin et al., 2018, Kretschmer et al., 2005). Therefore, there is a need for the 

functional screening of neo-antigens to identify effector and to exclude inhibitory epitopes as 

well as to optimise vaccination conditions.  

 

Peptide vaccination using montanide as an adjuvant is safe and commonly used for the 

targeting of the TAAs such as Wilms’ tumour protein 1 and was able induced TAA-specific T-

cells responses but has not resulted in a robust tumour control (Van Driessche et al., 2012). 

In the current study, delivery of neo-antigens in montanide did not result in a tumour 

regression. Montanide forms a depot at the vaccination site and it has been shown that 

antigen-specific T-cells can be sequestered there (Hailemichael et al., 2013) and unable to 

traffic to the tumour. On the contrary, a short-lived water-based was able to induce antigen-

specific T-cells infiltration and tumour control (Hailemichael et al., 2013). The delivery route 

is crucial for the trafficking of neo-antigen specific T-cells and a ‘depot’ based approach that 

sequesters T-cell could limit the efficacy of a vaccine. 
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Neo-antigen vaccination can be potentially used to overcome immune resistance attributed 

to the lack of neo-antigen responses (Stronen et al., 2016), and possibly improve ICPB efficacy. 

On the other hand, ICPB could modulate the suppressive tumour environment (Munn and 

Bronte, 2016), and enhance the functionality of vaccine induced neo-antigens specific T-cells. 

The ability of neo-antigen vaccination to induce and broaden anti-tumour immunity, and be 

further augmented by immune checkpoint modulators has evidenced by the enhanced 

activation of vaccine induced neo-antigen specific T-cells and synergistic anti-tumour effects 

in both murine models and melanoma patients (Duraiswamy et al., 2013, Ott et al., 2017, 

Sahin et al., 2017, Kuai et al., 2017). The combination neo-antigen vaccination and ICPB in this 

study failed to improve therapeutic outcome and could have been attributed to the 

sequestration of neo-antigen specific T-cells, and could also explain the failure of GP100-

montanide vaccine to improve CTLA-4 inhibition in melanoma patients (Hodi et al., 2010). 

Nonetheless, with the right vaccination strategy, neo-antigen vaccines have the potential to 

enhance therapeutic outcomes in combination with ICPB.   

 

This study only explored a small number of vaccination strategies. Other studies have used 

different neo-antigen delivery mechanisms including the use of  peptides with an adjuvant 

such as TLR-3 agonist (poly-IC) (Ott et al., 2017) or TLR-7(Imiquimod) (Li et al., 2016), neo-

antigen stimulated DC based vaccines (Carreno et al., 2015) and RNA encoding for neo-

antigens (Sahin et al., 2017). These approaches have varying degrees of success including the 

induction of immune responses against neo-antigens, regression of the primary tumour (Li et 

al., 2016) and the prevention of recurrence (Ott et al., 2017, Sahin et al., 2017). The following 

chapter will further discuss the challenges the neo-antigen vaccination field face and its 

application for the treatment of mesothelioma.  
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This study explored the feasibility of identifying neo-antigens for therapeutic vaccination  of 

mesothelioma using murine tumour models. Here, a genomic neo-antigen identification 

approach was used to identify neo-antigen candidates from murine mesothelioma and lung 

cancer cell lines. Immune responses to neo-antigen candidates in untreated and immune 

checkpoint blockade treated animals were analysed to gain insights into immunotherapy for 

cancer, including neo-antigen vaccination. 

 

The key findings in this thesis have implications in the clinic, in particular for the development 

of neo-antigen targeted therapies. Firstly, it was demonstrated that in both untreated and 

treated animals, very few immune responses to predicted strong neo-antigens were seen. 

This poses a challenge for the development of neo-antigen vaccines, particularly the 

identification and selection of therapeutic targets. Secondly, stochastic variability was 

observed in the immune responses against neo-antigens. Thirdly the magnitude of response 

correlated with immune checkpoint blockade outcome. This may have implications for the 

development of biomarkers to predict checkpoint antibodies response. Fourthly, neo-antigen 

vaccination alone or in combination with immune checkpoint blockade failed to improve 

outcomes in a therapeutic setting. This reiterates the challenge of identifying vaccine targets 

and on deciding the best setting for vaccine delivery. Whilst these findings have been 

discussed in each chapter, their implications on the development and application of neo-

antigen vaccines along with possible future directions will be discussed further here. 

 

7.1 Selection and identification of neo-antigens that induces an immune response 
Few endogenous immune responses to neo-antigens (2/80) with and without treatment were 

identified across three cell lines in this study. The paucity of immune responses was consistent 
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with the average of 1% of predicted neo-antigens observe to generate an endogenous 

immune response in multiple studies (Gubin et al., 2014, Tran et al., 2014, Wick et al., 2014). 

The initial expectation that the genomics-bioinformatics approach could easily identify 

effective neo-antigen targets has turned out to be false and it has proven to be frustratingly 

difficult to identify immune responses to neo-antigens. While several characteristics of neo-

antigens have been suggested as being associated with immunogenicity and therapeutic 

efficacy, much remains unknown. 

 

7.1.1 Limitations in the prediction and selection of class I neo-antigens 
Class I neo-antigens are targets that may be presented on the surface of tumour cells marking 

them for immune-mediated destruction by T-cells. This class of neo-antigen are key targets 

for neo-antigen vaccination. However, the accurate prediction of class I epitopes has proven 

to be highly difficult. MHC binding affinity alone appears to be insufficient in predicting class 

I epitopes as seen in this study along with several others (Duan et al., 2014, Stronen et al., 

2016). Further, even neo-antigen peptides found bound to the MHC I molecule might not be 

sufficient to induce an immune response (Yadav et al., 2014, Bassani-Sternberg et al., 2016). 

These observations suggest that other determinants are likely to play an essential role in 

conferring immunogenicity and should be explored. 

 

It is unclear what specific factors determine the immunogenicity of a neo-antigen and various 

immunological determinants have been explored to improve the selection of class I neo-

antigen candidates. This has included determinants such as MHC-peptide stability which was 

found to be a better predictor of immunogenicity compared to binding affinity (Rasmussen 

et al., 2016, Stronen et al., 2016). Other immunological determinants have also been 

analysed, including proteasomal cleavage patterns, peptide transport, the nature and the 
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position of the amino acid substitution but incorporating these into selection algorithms has 

not been shown to improve identification in a limited cohort of neo-antigens (Kosaloglu-Yalcin 

et al., 2018). Tools integrating multiple determinants that include predicted T-cell recognition 

have also been developed to better rank and prioritise neo-antigen candidates (Bjerregaard 

et al., 2017, Luksza et al., 2017). These tools either compare mutant sequences with all 

naturally occurring peptide sequences in the host proteome to de-prioritise sequences that 

would likely be subjected to thymic negative selection (Bjerregaard et al., 2017) or prioritised 

similarity to known antigenic sequences (Luksza et al., 2017). A possible approach to 

determine insights into key determinants of neo-epitope immunogenicity and to improve the 

selection of neo-antigens is through analysis of the characteristics of the ever-increasing 

number of neo-antigens that are identified over time.  

 

7.1.2 Limitations in the prediction and selection of class II neo-antigens  
Class II-restricted neo-antigen targets have been identified using genomics-bioinformatics 

approaches in murine and human studies, and neo-antigen specific CD4+ T-cells have been 

shown to be functional, produce IFN-γ and tumour necrosis factor-α, and/or be important in 

anti-tumour response (Linnemann et al., 2015, Ott et al., 2017, Sahin et al., 2017, Kreiter et 

al., 2015, Tran et al., 2014). The identification and selection of class II neo-antigens present a 

different set of difficulties as compared to class I epitopes. The challenges predominantly 

arise from the promiscuity of peptide binding to MHC class II and the open structure of the 

molecule, which allows peptides of variable length and flanking residues to bind. Flanking 

residues can affect the binding affinity of a peptide (Arnold et al., 2002, Holland et al., 2013), 

and the accurate prediction of the epitope including the flanking residue is difficult with most 

algorithms, which are primarily focused on the core peptide sequences (Andreatta et al., 

2018, Jensen et al., 2018, Wang et al., 2010b). Relying on prediction algorithms alone is likely 
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to result in many false negatives. Indeed, the immunogenic class II epitopes identified in 

murine models have a mean of 10% percentile rank score with most of the candidates above 

the typically accepted binding cut-off of 2% (Kreiter et al., 2015).  

 

The promiscuity of peptide binding also increases the probability of a neo-antigen 

encompassing a class II neo-antigen site as evidenced by there being more than 70% of 

immunogenic neo-antigens eliciting CD4+ responses despite selection based on class I binding 

affinity (Kreiter et al., 2015, Ott et al., 2017, Sahin et al., 2017). Taken together, class II neo-

antigens are highly frequent and may be important targets for neo-antigen vaccination. 

However, a vast improvement to class II neo-antigen prediction is required to accurately 

identify class II candidates. With more training data from mass spectrometry identified class 

II peptide sequences eluted from MHC II molecules and integration of peptide processing to 

account for flanking residues may improve prediction. 

 

7.1.3 Immune suppression in limiting the identification of neo-antigens  
Immune suppression could play a vital role in the lack of detectable spontaneous responses.  

Approximately 60% of neo-antigens predicted were immunogenic (i.e. there was a neo-

antigen immune repertoire in the host), and this has been consistent with other murine and 

human studies (Castle et al., 2012, Duan et al., 2014, Kreiter et al., 2015, Ott et al., 2017, Sahin 

et al., 2017). This was expected as the adaptive immune response can recognise a diverse 

range of targets (Nikolich-Zugich et al., 2004, Wing and Sakaguchi, 2011). Differences 

between the immune repertoire and endogenous response suggests that immune 

suppression could have resulted in the lack of detectable responses, or could also be due to 

the lack of sufficient ‘dangerous’ priming. 
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Checkpoint inhibitors remove immune restraints and can enhance neo-antigen responses. 

They could thus produce the ‘unmasking’ of suppressed immune responses. Indeed, it has 

been previously shown that ICPB increases the breadth of detectable neo-antigen responses 

in humans (Kvistborg et al., 2014). It was somewhat surprising to note that only one additional 

neo-antigen response was found following ICPB in the AB1 model, given the number of 

potential strong neo-antigens identified. However, this was similar to a mouse sarcoma model 

where only two neo-antigens were identified after ICPB (Fehlings et al., 2017, Gubin et al., 

2014). It is likely that a more exhaustive study of the capacity of other immune checkpoint 

blockade therapies would ‘unmask’ more neo-antigens that were supressed by other 

mechanism not investigated in this study. Nevertheless, this and other studies demonstrate 

that restraints on neo-antigen specific immune responses can be reversed and can thus 

broaden the range of detectable neo-antigens. 

 

A key challenge is to identify responses that can be unmasked. However, the identification of 

neo-antigen specific responses in a diseased patient will be difficult. Alternatively, a naïve 

host repertoire (HLA-matched) could be analysed for such responses and could provide 

evidence of an immune repertoire and identify the presence and nature of host immune 

suppression. This was shown to be feasible for identifying neo-antigen specific T-cells from 

human melanoma patients (Stronen et al., 2016). Neo-antigen specific T-cells could be 

suppressed in the host, and the identification and unmasking of these suppressed responses 

could prove to be essential for the selection of neo-antigen targets for vaccination. 

 

7.2 Immune response to neo-antigens following immune checkpoint blockade 
Recent observations suggest that the immune recognition of neo-antigens plays a key role in 

the therapeutic efficacy of checkpoint inhibitors. Effective immune responses of checkpoint 
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blockade therapy appear to be directed against neo-antigens (Gubin et al., 2014, Robbins et 

al., 2013, van Rooij et al., 2013) and there exists a positive correlation between the neo-

antigen load and immunotherapy response (Van Allen et al., 2015, Goodman et al., 2017). 

Indeed tumour types with high overall mutation burdens such as melanoma, lung cancer, and 

those with dysregulated DNA repair or recombination genes have the highest response rates 

(Hellmann et al., 2018, Le et al., 2017), and at the individual level higher response rates have 

been seen in tumours with a high clonal neo-antigen burden (McGranahan et al., 2016).  

 

While a high tumour mutational burden and its corresponding neo-antigen burden appears 

to be a predictor of checkpoint therapy response, there are often exceptions where patients 

with a low level of mutations do respond to ICPB and vice versa. Further, up to 80% of NSCLC 

patients do not respond to checkpoint therapy (Greillier et al., 2018) despite having a mean 

of 7.2 mutations/Mb,  higher than most other tumour types (Chalmers et al., 2017). Relying 

on the overall mutation burden alone is insufficient to stratify responders and non-

responders. A high neo-antigen burden and the probability of containing an immunogenic 

neo-antigen is likely only a pre-requisite for a positive response to therapy, not the 

determining factor. 

 
Interestingly, syngeneic mice bearing an identical tumour, with identical tumour burden in 

this study exhibited varied responses to checkpoint inhibitors suggesting that other biological 

mechanisms determine response to ICPB. Using the same AB1 model, Lesterhuis et al. also 

showed that by day 6, identical tumours in genetically identical mice exhibit stochastically 

heterogeneous networks of gene expression that correlate with ICPB outcome (Lesterhuis et 

al., 2015). A specific T-cell gene signature was upregulated in responders but not non-
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responders, prior to ICPB. This partly parallels higher levels of T-cell infiltration, which is one 

characteristic of a ‘hot’ tumour with a T-cell-inflamed phenotype, something that has been 

correlated to ICPB responsiveness (Li et al., 2018, Vareki, 2018).  

 

The variability was found to stratify responders and non-responders to ICPB therapy, with 

those having a higher magnitude of neo-antigen specific responses responding best to ICPB. 

The reason for this stochastic difference in the magnitude of immune response is unclear, 

given that all other parameters are identical. This finding represents part, though not all, of 

the tumour microenvironment signature that correlates with improved survival and response 

to ICPB (Lee et al., 2018). This evidence suggests that the ‘hotness’ of the tumour, abundance 

of neo-antigens, magnitude of neo-antigen specific response and ICPB outcome are closely 

related. While the magnitude of detectable neo-antigen response as a potential biomarker 

needs to be further validated, it could potentially be used in conjunction with mutational 

burden and the tumour inflammation status for more comprehensive predictions.  

 

 
7.3 Neo-antigen vaccination and immunotherapy for MPM 
Genomic analysis has shown that mesothelioma has a relatively moderate tumour mutational 

burden compared to other cancer types, with genomic instability and recurrent mutations in 

several tumour suppressor genes such as CDK2NA, NF2 and BAP1 (Benedetti et al., 2015, Bott 

et al., 2011, Bueno et al., 2016, Guo et al., 2015, Lo Iacono et al., 2015, Hmeljaki et al., 2018). 

Consequently, there is a lower predicted tumour neo-antigen burden with an average of four 

high-affinity MHC class I binding class peptides predicted per patient. Mutations in the 

tumour suppressor genes BAP1, NF2 and TP53 have been predicted to encode for multiple 

neo-antigen candidates (Bueno et al., 2016). Another study found a median of 19 potential 
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MHC class I and 16 MHC Class-II predicted neo-antigens from 11 MPM patients (Lee et al., 

2018).  

 

The low neo-antigen burden in MPM suggests that checkpoint therapy is likely to have limited 

effectiveness based on mutation burden alone. In early studies, checkpoint inhibitors have 

indeed failed to demonstrate robust anti-tumour responses in MPM patients, however, 

outliers have been observed. One of the more promising treatment approaches utilises 

checkpoint inhibitors in combination with chemotherapy and has seen remarkable objective 

response rates of 61% (Nowak et al., 2018). The synergistic effect of chemotherapy and ICPB 

is thought to be attributed to the enhanced cross-presentation of neo-antigens during 

apoptotic cell death induced by chemotherapy (Kroemer et al., 2013, Nowak et al., 2003). This 

implies that lack of cross-presentation and priming of the immune response could be the 

limiting factor for an effective ICPB response. Neo-antigen vaccination can, in theory, be used 

to elicit a more directed response against neo-antigens, and enhance the effectiveness of 

ICPB. The complete response to PD-1 blockade in three melanoma patients after neo-antigen 

vaccination (Sahin et al., 2017, Ott et al., 2017) suggest that this could be a viable treatment 

strategy. The potential of such a combination approach in cancer treatment has not been well 

studied and could be beneficial for mesothelioma patients. However, there is a need to 

identify neo-antigens that would be effective in a vaccine. 

 

7.3.1 Selection of effective class I neo-antigen targets for vaccination  
Tumour recognition and eradication by neo-antigen specific T-cells might fail despite 

generating a strong immune response due to the absence of the target on the surface of the 

tumour cells. Responses identified based on the genomics approach alone could be 
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insufficient, as only 7% of CD8+ T-cell responses were found to recognise autologous tumour 

cells (Ott et al., 2017). The implementation and integration by proteomics (i.e. mass 

spectrometry) could improve the identification and selection of neo-antigen targets that were 

indeed presented on tumour cells. It is noted that the sensitivity threshold of current mass 

spectrometry methods would likely result in a substantial number of false negative results. 

Nevertheless, a combination of genomics and proteomics approaches would aid the selection 

of neo-antigen candidates for screening and significantly improve the chance of identifying 

clinically effective targets.  

 

Further, such an approach can also be used to identify neo-ORF derived neo-antigen targets 

that are often thought to be more immunogenic than SNVs due to their degree of difference 

from wild type protein sequences. A 13 amino acid neo-peptide of a mutated BAP1 protein 

has been predicted to be presented by an MPM patient’s MHC molecule (Lai et al., 2016). The 

mutation was found to be present on tumour cells but not on normal cells through the 

immunohistochemistry staining with a BAP1 neo-antigen specific antibody. Such a neo-

antigen would be an ideal target for neo-antigen vaccination. Neo-ORF candidates are often 

hard to validate by genomic methods, and a genomics-proteomics integrative approach could 

aid the identification of such targets for potential vaccination. 

 
7.3.2 Identification of rejection antigens 
One of the key challenges for neo-antigen vaccines is to identify neo-antigens that are not 

only immunogenic but are also protective. It is thought that neo-antigens identified during an 

effective ICPB treatment would identify rejection neo-antigens that are ideal for vaccination 

targets and this is the case in a murine sarcoma model (Gubin et al., 2014). However, 

therapeutic vaccination with UNC45A was not beneficial in the AB1 model. The failure could 
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be due to several reasons such as the vaccination strategy (dose, route, adjuvants) being 

unable to generate a sufficient magnitude of anti-tumour response, that the neo-antigen is 

simply a ‘passenger’ response or that a single candidate is not enough. There is currently no 

simple method to identify rejection neo-antigens nor is there a consensus on how many neo-

antigens are needed in a vaccine to prevent immune escape. In murine models, two neo-

antigen candidates have been shown to be much more effective than one (Gubin et al., 2014) 

implying the need for multiple rejection neo-antigen targets. 

 

7.3.3 Screening for inhibitory neo-antigens and driving an effector CD4+ response 
The abrogative effects of the long UQCRC2 peptide on the anti-tumour effects of the 

adjuvants suggest that the peptide could be inhibitory. One possibility could be the induction 

of a neo-antigen specific class II suppressive response. Therefore, another challenge will be 

to ensure that epitopes in a vaccine induce a CD4+ effector response and not a suppressive 

response. Specifically that the selected peptide and the vaccination approach should be 

designed to elicit a T-helper(TH)-1 phenotype, which ‘helps’ CD8 responses rather than a TH-

2 or a regulatory T-cell response. The presence of neo-antigen specific regulatory CD4+ T-cells 

has been shown in the tumour microenvironment of patients (Ahmadzadeh et al., 2019, 

Togashi et al., 2019) and these could be involved in active suppression of anti-tumour immune 

responses. Therefore, there is a need to validate neo-epitopes for their functionality prior to 

vaccination, as has been suggested in the murine B16 model (Zeng et al., 2018). Such a 

process would enable the selection of a beneficial class II neo-antigen for vaccination and 

could prove crucial in ensuring that the vaccine is effective. 

 

Furthermore, the delivery and the adjuvants used in the vaccine would also play an important 

role. Specific TLR-2 adjuvants (Sutmuller et al., 2006), as well as the blocking of CD154 (CD40 
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ligand) (Ferrer et al., 2011) have been known to drive a regulatory T-cell response. While, the 

combination of poly-IC and α-CD40 have not been shown to drive a regulatory response, and 

have been shown to induce an antigen-specific TH-1 response (Kumai et al., 2017), it remains 

possible that a vaccine with inhibitory epitopes could drive the expansion of pre-existing 

antigen-specific regulatory T-cells. 

 

7.3.4 Towards personalised treatment of MPM 
It is envisioned that in the near future, MPM could be treated with the following approach. 

Cancer genomics and neo-antigen targeted therapies would provide personalised treatment 

options for MPM patients. Extensive sequencing of the tumour, where the immune status of 

the tumour and the identification of neo-antigens using integrated genomics-proteomics 

approach would be performed. Biomarkers such as baseline neo-antigen responses, generic 

immune status and tumour immune profile could further inform the clinicians on the best 

treatment strategy for the patient. Options would include a combination of chemotherapy, 

neo-antigen vaccination and/or ICPB depending on the status of the individual. Further, the 

tracking of the neo-antigen specific responses and immune status during the treatment will 

inform the clinician of necessary changes to the treatment regime. To achieve this, more work 

is needed to better understand the role neo-antigens play in successful and unsuccessful 

treatment response to best design appropriate treatment approaches for each patient. 

 
7.4 Future directions 
Following the work in this study, there are three potential areas of focus that should be 

further investigated. 

 

1. Identification of neo-antigen candidates from neo-ORFs. Specifically, the 

optimisation of indel calling and the use of whole-genome sequencing for 
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chromosomal rearrangement identification. Neo-ORF candidates often result in 

complex neo-antigens, where there is a high degree of change from the wild type 

protein sequence and could provide an advantage over SNV derived neo-antigens. 

Neo-ORFs have not been extensively explored and warrant in-depth analysis and 

investigation. Further, the integration of proteomics can be explored to better filter 

for neo-antigen targets that are presented on the tumour (both SNVs and neo-ORFs). 

This would provide essential information for the design of neo-antigen vaccination 

pipelines for the clinic. 

 

2. Explore epitopes that stimulate an inhibitory response and their potential to limit 

vaccine therapy. Epitopes that stimulates an inhibitory T-cell response could play an 

essential role in tumour escape. Interrogating the presence of a mutant UQCRC2 

specific CD4+ responses, among other candidates, and the characterisation of their 

lineage (i.e. regulatory T-cells) and their functional phenotype (e.g. IL-10). This will 

provide insights into identifying and selecting epitopes and the design of the vaccine 

to prevent inducing inhibitory and driving effector responses. 

3. Investigate the heterogeneity, including numbers, phenotype and functionality, in 

the pre-existing immune response to neo-antigen and their effects on treatment 

outcome. This could be a biomarker for immunotherapy and might inform the design 

of effective therapies. Specifically, if these responses are direct indicators or merely 

a surrogate of upstream immune processes, if these responses are indeed involved 

in tumour rejection, and how best these neo-antigens could be targeted to improve 

immunotherapy response rates and outcome. 
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7.5 Conclusion 
Neo-antigen vaccines are promising strategies for cancer immunotherapy due to their ability 

to augment tumour specific immune response, overcome central tolerance, provide a tailored 

treatment approach with consideration of inter-tumoural variability and minimise the risk of 

autoimmunity. While preclinical studies are encouraging in this space and provide evidence 

that neo-antigens can be identified and prioritised, and in some murine models neo-antigen 

vaccination has cured established tumours (Gubin et al., 2014, Yadav et al., 2014, Kreiter et 

al., 2015), neo-antigens are often rare and have proven difficult to identify. Currently, we are 

at the limits of our neo-antigen identification capabilities, in terms of sensitivity of the 

methods and assays (genomics, mass spectrometry, prediction algorithms and detection 

assays), and more research is needed to try and identify if characteristics of a particular 

antigen can be incorporated into vaccine design. Better bioinformatic prediction tools and 

screening assays are needed to prioritise neo-antigens with higher accuracy and reduce the 

rate of ‘false positives’ as well as potentially inhibitory epitopes. 

 

Further research is needed to advance our understanding of neo-antigens and anti-tumour 

immune responses in order to establish more effective immunotherapy treatments, and 

possibly to identify a biomarker for response to immunotherapy. Furthermore, the strategy 

of combining neo-antigen vaccines with other immunomodulators such as checkpoint 

blockade may enhance immunogenicity and achieve better clinical outcomes. Neo-antigen 

vaccination could provide the missing link to better patient outcomes. 
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Appendix 1 – Buffers and Solutions 
 

1. 1X PBS 
 
8g NaCl 
0.2g KCl 
1.44g Na2HPO4 
0.24g KH2PO4 
Dissolve in 800mL distilled water and adjust to pH 7.4. Make up to 1L with distilled 
water and autoclave to sterilise.  
 

2. 1X DNA Lysis Buffer 
 
50mM Tris – 0.5mL of 1M Tris  
800mM NaCl – 1.6mL of 5M NaCl 
20mM EDTA –0.4mL of 0.5M EDTA  
1% SDS – 0.5mL 20% SDS solution 
 

3. 1X TE Buffer 
 
5mL 1M Tris pH 8 
1mL 0.5M EDTA pH 8 
496mL RNase free distilled water 
 

4. 5X DNA Loading Buffer 
 
50mL Glycerol 
10mL 0.5M EDTA (pH 8.0) 
5mL 1M Tris (pH 5) 

 
 

5. 1X TAE Buffer 
 

242g Trizma-base 
57.1mL Glacial Acetic Acid 
100mL 0.5M EDTA (pH 8.0) 
Make up to 1L with distilled water and store at room temperature. 

 
 

6. 10X RBC Lysis Buffer 

 

16.52g NH4Cl 

2.38g NaHCO3 

400uL 0.5M EDTA (pH 8.0) 

Make up to 200mL, adjust to pH 7.3 and filter sterilise. 
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7. RPMI 10 

 
500mL RPMI 
0.5mL 2ME 
9mL HEPES 
50mL filtered FCS 
 

8. ELISpot Dilution Buffer 
 
250uL FCS 
49.25mL 1X PBS 
 

9. MACS buffer 
 
PBS pH7.2 – 378.4mL 
0.5% bovine serum albumin (BSA) – 20mL 10% BSA 
2mM EDTA -1.6mL of 0.5M EDTA 
Adjust to pH 7.4 and filter sterilise. 
 
 
 




