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Abstract  

One of the hallmarks of cancer is the ability to evade the immune system. 

Remarkably, there are non-human cancers that can be transmitted across 

individuals irrespective of the histocompatibility barrier. A well-known example is the 

Canine Transmissible Venereal Tumour (CTVT), which is a contagious mammalian 

clonal allograft.  

To understand how a mammalian cancer might evolve the ability to escape 

allogeneic recognition, we have passaged a genetically well-characterised mouse 

melanoma cell line from syngeneic mice (C57BL/6) into progressively more 

allogeneic mouse crosses and eventually into fully haplotype mismatched BALB/c 

mice. At each passage, we performed flow cytometry analysis on dissociated 

tumours to characterise the host intratumoural immune infiltrate and performed RNA-

seq analysis on the isolated tumour cells to obtain a more comprehensive view of 

the evolution of these tumours.  

Multiple passaging rounds resulted in a stepwise adaptation of the tumours to evade 

allogeneic recognition, eventually permitting their tolerance in fully mismatched mice. 

Flow cytometry showed greater immune infiltration in the earlier passages, including 

CD8+ and NK cells which, however, were unable to reject the tumour. In the later 

passages, CD8+ T cells were significantly reduced, while Dendritic Cells (DCs) 

increased. RNA-seq data on isolated tumour cells demonstrated changes in gene 

expression during passaging characterised by higher expression of inflammatory 

and antiviral markers and overexpression of intergenic Endogenous 

Retrotransposable Elements (RTE), MHC-I, PD-L1, and non-classical MHC 
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molecule Qa-1. MHC-I, PD-L1, and Qa-1 expression were all decreased in 

transplantable tumour cells when the RNA sensor RIG-I was knocked out. Following 

transplantation, antibody-mediated inhibition of both PD-L1 and Qa-1 caused tumour 

regression. These data demonstrate that our experimental model can successfully 

evolve tumours that bypass the histocompatibility barrier. Our model will provide new 

mechanistic insights into allograft tolerance that may be used to blunt organ 

transplant rejection.  
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Impact Statement 

Organ transplantation is required to save the lives of many patients. A major 

challenge for organ transplantation is the scarcity of matched donors. This is 

because of the histocompatibility barrier which governs the process of accepting or 

rejecting a graft. Transmissible cancers which are allografts that transmit to 

mismatched hosts are a model for bypassing the histocompatibility barrier. In 

addition, cancer is the second leading cause of death globally. It accounts for 

approximately 10 million deaths annually. The immune system should detect and 

eliminate transforming cells but in many cases that does not happen due to cancer's 

immune escape.  

In order to better understand how allografts might evade the histocompatibility 

barrier, I serially passaged a mouse melanoma into syngeneic animals first, then into 

increasingly mismatched mouse strains until a fully allo-transplantable tumour 

emerged. By Studying the adapted tumours our model may offer crucial insights into 

tumour immune evasion and tumour evolution. It also provides insight into how the 

immune system and cancer interact, as well as how cancer mutations allow it to 

escape the immune system.  The model is also helpful for studying cancer 

immunology and how tumours alter the immune infiltration to promote growth or 

create an environment that suppresses the immune system. Additionally, the model 

is useful for researching allogeneic graft rejection and its prevention, which may be 

used for organ transplantation. 
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Chapter 1: Introduction 

1.1 Histocompatibility Barrier  

The discovery of the Major Histocompatibility Complex (MHC) by George Snell 

marked a significant milestone in transplantation immunology, it provided insight into 

the genetic characteristics that prevented transplantation among different 

individuals. The implications of this discovery were profound and impacted the lives 

of numerous people since then, making it possible to identify which people are 

suitable for donating an organ to a recipient and shedding light on the immune 

functions that govern this process.  

MHC is an important part of the immune system and it is critical for the identification 

of foreign substances by the immune system. It consists of the Major 

Histocompatibility Complex Class I (MHC-I) and MHC-II. MHC Class I exists in 

almost all nucleated cells and presents endogenous peptides to CD8+ cytotoxic T 

cells. MHC Class II is mainly found on professional antigen-presenting cells (APCs) 

such as dendritic cells, macrophages, and B cells. MHC-II presents exogenous 

peptides to CD4+ helper T cells. The MHC-Is extremely polymorphic, therefore there 

are many distinct alleles for each MHC gene. This polymorphism leads to a variety 

of immunological responses across individuals (Carreras et al., 2019). In humans, 

the MHC-I is known as the Human Leukocyte Antigen (HLA) system. As of December 

2024, 41,003 HLA and associated alleles have been catalogued in the IPD-

IMGT/HLA Database (Robinson et al., 2000). This extensive polymorphism 

underscores the complexity of the HLA system, which plays a crucial role in immune 

recognition and transplantation compatibility. 
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Because the immune system recognizes foreign antigens, histocompatibility barriers 

pose a major challenge in organ and tissue transplantation. The mismatch between 

the organ donor and the recipient histocompatibility leads to graft rejection in what is 

known as allogeneic rejection.  

The study of allogeneic rejection dates back to the early 20th century, with pioneering 

experiments that shed light on the immune system’s response to foreign tissues. In 

these experiments, Leo Loeb and Ernest Tyzzer observed that tissues transplanted 

between genetically distinct individuals were invariably rejected. These findings 

suggested that an immune-mediated process dictated graft survival (Little & 

Johnson, 1922). Loeb’s mice experiments showed a correlation between genetic 

similarity and successful graft acceptance, while Tyzzer’s tumour experiments 

revealed the role of genetic differences in transplant rejection (Little & Johnson, 

1922). The inability of tumours to grow in mismatched hosts suggested a genetic 

barrier to acceptance, this understanding was the foundation for the 

histocompatibility barrier. Following these experiments in the 1940s Medwar showed 

that to treat a patient with severe skin burns, tissue from the same person (autograft) 

are accepted by the body, while skin tissue from a sibling donor (homograft) are first 

rejected slowly then upon a second transplantation attempt from the same donor the 

graft was rejected acutely (Gibson & Medawar, 1943). This work laid the ground for 

modern organ transplantation and influenced the understanding of the immune 

response towards transplanted organs.  
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1.1.1 Allogeneic Rejection in Mice 

Ernest Tyzzer's experiments in 1916 with Japanese Waltzing Mice and non-

Japanese Waltzing Mice and their crosses highlighted the role of genetic differences 

in allogeneic rejection. They experimented with subcutaneous injections of 

transplantable carcinoma (J.W.A.). This carcinoma was created especially for 

research to investigate the growth dynamics and tumour susceptibility of Japanese 

Waltzing Mice. Transplantable carcinoma J.W.A. was able to grow in 100% of 

susceptible Japanese Waltzing Mice and 0% in non- Waltzing Mice (resistant). Upon 

crossing waltzing and non-waltzing mice, the F1 hybrid offspring showed 100% 

tumour susceptibility, suggesting that susceptibility features are inherited 

dominantly. In F2 hybrids, the ratio of mice with tumour susceptibility to those with 

resistance was 9:7. Backcrosses between resistant non-waltzing mice and F1 

hybrids demonstrated a significant reduction in susceptibility, indicating that the 

further the genetic composition of the host from the tumour the higher the rejection 

rate (Little & Tyzzer, 1916). Strong in 1926 experimented with a transplantable 

mammary adenocarcinoma (dBrB) that originated from the dilute brown (dBr) mouse 

strain and obtained the same results as Tyzzer in dilute brown (dBr) mouse strain 

tumour-susceptible, Bagg Albinos (Alb) tumour-resistant strain and F1 and F2 

crosses (Strong, 1926a).  
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1.1.2 Development of Allo-transplantable Tumour 

Following these experiments, the histocompatibility barrier was challenged by the 

reports from Strong of a tumour that could grow in all mouse strains irrespective of 

the genetic background. In 1926, Strong reported the emergence of an allo-

transplantable tumour (dBrCX) that can grow in 100% of transplanted allogeneic 

hosts. No details were provided of the exact reasons for this emergence, but it 

happened after introducing the parental tumour into more allogeneic hosts which 

induced “mutations” that allowed it to grow in mismatched hosts. The mutation 

happened while maintaining tumours collected from old experiments in F1, F2, and 

backcross mice by injecting them into syngeneic hosts. The mutated tumour dBrCX 

showed an acceleration in growth dynamics where it reached 22 to 23 grams in 5 

weeks vs 0.5 to 1 gram in 3 months for normal tumours in dBr mice. Subsequent 

experiments with tumour dBrCX showed that it can grow completely in dBr, F1 

Hybrids (dBr × Alb), F2 generation, backcross generations, and Bagg Albinos (Alb) 

(Strong, 1926b). This experiment was the first to report the gain of mutations that 

allow tumours to grow in mismatched hosts.  

 

1.1.3 Serial Passaging and Tumour Adaptation 

Later in the 1950s, an experimental design of tumour gradual passaging in serially 

more allogeneic hosts showed the ability to produce tumours that can grow in 

mismatched hosts. Following earlier experiments which showed a 3-fold increase in 

the incidence of tumour take in relatively resistant backcross mice by first passaging 

parental tumours in F1 hybrid mice (BARRETT & DERINGER, 1950). Barrett and 

Deringer used a mammary adenocarcinoma (C3HBA) originating from the C3H 



 26 

strain for tumour transplantation studies in C3H, Strain C (BALB/c), and their 

crosses. They created five groups of tumours which consisted of the original tumour 

(stock tumour) and other passaged tumours they termed sublines. First subline: 

Before being tested in backcross hosts, the tumour was grown in F1 hybrids. Second 

subline: Serial transplantation of tumours in backcross hosts. Third subline: Prior to 

testing in backcross mice, the tumour from the second subline returned to C3H hosts 

for several generations. Fourth subline: A tumour that was grown in F1 hybrids for 

one generation before returning to C3H hosts for several generations.  

The comparison of tumour takes between the serially passaged and the non-

passaged parental tumours showed an improved tumour takes in the serially 

passaged when transplanted into backcross mice. The tumour take rate for direct 

transplantation into backcross (F1 x BALB/c) mice was 8% (15/182 hosts). For the 

first subline: a 30% tumour take rate (26/86 hosts) was seen in backcross hosts after 

tumours were first grown in F1 hybrids. For the second subline: a 33% tumour take 

rate (142/427 hosts) was eventually achieved by serial implantation in backcross 

hosts. This demonstrated how the tumour adapted over many generations to the 

resistant backcross hosts. For the third subline: tumours that were returned to 

syngeneic C3H hosts for five generations maintained a high transplantability in 

backcross hosts with a tumour take rate of 34% (56/163 hosts). This shows that 

adaptation to backcross hosts was permanent. For the fourth subline: tumours grown 

in F1 hybrids for one generation and subsequently reintroduced into C3H hosts for 

five generations showed a tumour take rate of 22% in backcross strain (48/219 hosts) 

(Figure 1.1). Although less noticeable, the adaptability was nevertheless greater than 

that of the original tumour (Barrett & Deringer, 1952). This experiment highlights how 
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tumours have the ability to adapt to mismatched hosts when introduced gradually or 

by repeated passaging in the same hosts.   

 

Figure1.1 A diagram illustrating the tumour sublines used and their take ratio 

in backcross mice.  

Adapted from (Barrett and Deringer, 1952) 
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1.2 The Canine Transmissible Venereal Tumour 

Cancer is a disease of genetic mutations more prevalent with aging when multiple 

mutations accumulate leading to oncogenes activation and tumour suppressor 

genes deactivation  (Uzman et al., 2000). There are 10 hallmarks of cancer that allow 

it to grow in a living host. One of these is the ability to evade the immune system 

(Hanahan & Weinberg, 2011). The immune system can differentiate between self 

and non-self. Yet, in many cancers, a neoantigen gets produced without the ability 

of the immune system to clear that cancer (Sharma & Allison, 2015). In fact, there 

are examples of cancers in hosts other than humans that gained the ability to be 

transmitted as a clonal allograft from an infected host to a healthy recipient with a 

functioning immune system. These cancers are known as transmissible tumours. 

Well-known examples of these are the Canine Transmissible Venereal Tumour 

(CTVT), the soft-shell clam tumours and the Tasmanian Devil Facial Tumour 

Disease (DFTD) (Siddle & Kaufman, 2015).  

 

1.2.1 CTVT Genetics  

CTVT is a unique tumour that is of a clonal origin where the tumour cell itself 

transmits from the infected dog to a recipient dog. It arose from a single dog (founder 

dog) about 11,000 years ago and can infect different dog breeds through coitus 

(Murchison et al., 2014). The clonal origin of CTVT was proven by different methods. 

First, all CTVT samples included a tumour-specific genetic markers, such as a LINE-

1 insertion upstream of the c-MYC oncogene, whereas the host tissues did not. 

Second, the tumour’s clonal character is supported by a unique and invariant MHC 
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haplotype in CTVT cells that differs from the host's MHC alleles. Third, phylogenetic 

analysis of the tumour MHC sequences, and mitochondrial DNA (mtDNA) confirmed 

their common ancestry. Fourth, CTVT has a surprisingly stable karyotype with 

consistent chromosomal markers across geographically and chronologically different 

samples, while being significantly aneuploid. These findings indicate that there is a 

single ancestral lineage shared by all tumours  (Murgia et al., 2006). The dog 

genome is diploid with 2n= 78 chromosomes. The CTVT genome is aneuploid and 

has accumulated 1.9 million somatic mutations and 646 genes deletions (Murchison 

et al. 2014). CTVT mutations suggest that it was exposed to low doses of UV light 

during its evolution. These include C>T and CC>TT mutations, which are 

characteristic of UV-induced DNA damage. These mutations are observed in human 

cancers that are associated with UV exposure such as skin cancers (Murchison et 

al., 2014).  

CTVT has mutations in tumour suppressor genes. These include a homozygous 

deletion of CDKN2A, which is involved in regulating the cell cycle and inhibiting 

tumour growth (Murchison et al., 2014). CDKN2A is essential for controlling the cell 

cycle and its loss or inactivation results in uncontrolled cell proliferation, which is a 

hallmark of cancer development (Ganguly et al., 2016). Also, CTVT shows 

downregulation or deletion of RASSF1 (Fêo et al., 2022). The tumour suppressor 

gene RASSF1 is well-known for facilitating DNA damage repair. In CTVT, 65% of 

tumour biopsies show RASSF1 downregulation with another 35% showing complete 

absence of expression. This downregulation is linked to tumour progression, 

indicating that lower RASSF1 expression plays a role in promoting CTVT 

progression (Fêo et al., 2022).  
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In addition, CTVT has mutations in oncogenes. The most characteristic mutation is 

the rearrangement of MYC. In this tumour, the c-MYC oncogene was rearranged by 

inserting to the 5’ the first exon of a transposable genetic element sequence (LINE, 

long interspersed element) (Amariglio et al., 1991). Samples of CTVT from around 

the world showed the existence of the LINE/c-MYC insertion suggesting that all the 

tumours might have arisen from the same dog (Figure 1.2) (Amariglio et al., 1991) 

(Murgia et al., 2006).  

Dogs have diverse genetic backgrounds and Dog leukocyte antigens (DLAs) are 

very polymorphic (Miyamae et al., 2023). Dogs express DLA class-I DLA-88, along 

with DLA-12 and DLA-64 and class II DLA genes DLA-DRB1, DLA-DQA1, and DLA-

DQB1. CTVT has haplotype DLA-88, DRB1, DQA1, DQB1, which is conserved in all 

tumours worldwide and is different from the hosts’ DLA haplotype (Murgia et al., 

2006).  
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Figure1.2 LINE-c-MYC and specific DLA detection in CTVT sample compared 

to hosts from around the world. Analysis of CTVT and normal tissue from CTVT 

infected dogs collected from different countries showing the presence of the MYC-

LINE-1 insertion and CTVT DLA haplotypes in tumour but not in normal tissue 

samples.   

Adapted from (Murgia et al. 2006)  

 

1.2.2 CTVT Transmission and World Distribution 

The primary mode of CTVT transmission is by direct contact during mating, where 

living cancer cells are transferred between dogs during coitus as an allograft despite 

DLA polymorphisms, completely bypassing the histocompatibility barrier (Fassati, 

2018). Other close contact methods can potentially spread CTVT such as licking or 
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biting the affected area (Ganguly et al., 2016). At least 90 nations have endemic 

cases of the disease, and areas with significant stray dog populations—such as 

sections of South and Central America, Africa, and Asia—have higher prevalence 

rates (Strakova & Murchison, 2014). While in developed countries, such as the UK, 

as a result of efficient dog control measures, the prevalence has decreased (Hayes 

et al., 2023). 

 

1.2.3 CTVT Pathogenesis  

In most cases, CTVT is not deadly, and metastasis only happens in 5% of cases. In 

some of the naturally infected dogs, regression happens spontaneously (Ganguly et 

al., 2016). After transmission, CTVT progression can be divided into 3 phases. The 

Progressive Phase (P-Phase), the Static Phase, Regression Phase (R-Phase). 

During the progressive phase, CTVT exhibits rapid growth and evasion of the host's 

immune system. In this phase MHC molecules are expressed by only a small 

percentage (2–5%) of tumour cells. Low MHC-I and MHC-II expression during this 

period helps the tumour evade immune recognition. In the static phase tumour 

growth stabilizes. The static phase is considered a transitional phase during CTVT 

transmission. Despite being less clearly characterised in the literature, this phase is 

thought to be a precursor to the regression phase. The tumour starts to shrink during 

the regression phase, due to the immune responses to the tumour. The infiltration of 

the tumour by Tumour-Infiltrating Lymphocytes (TILs) and their production of 

inflammatory cytokines such as Interferon gamma (IFN-γ) lead to the upregulation of 

MHC-I making the tumour more visible (Y.-W. Hsiao et al., 2002; Pai et al., 2011) (Y. 

W. Hsiao et al., 2008). In this stage, around 40% of tumour cells express MHC 
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molecules (Pai et al., 2011). Reduced proliferation, increased apoptosis, and 

increased immune infiltration, especially T lymphocytes, are characteristics of the 

regression phase. This stage is observed in the tumour’s spontaneous remission, 

which is seen in immunocompetent dogs (Gonzalez et al., 2000). 

 

1.2.4 CTVT Lab Diagnosis  

The lab diagnosis of CTVT is based on cytological, immunohistochemical, 

cytogenetics, and molecular techniques. Histological diagnosis is less used due to 

the difficulty of differentiating CTVT from other round tumour cells. Cytologically, 

CTVT has a distinctive morphology with cell shapes ranging from spherical to oval, 

and they frequently have mitotic figures. CTVT cells have one or two noticeable 

nucleoli and chromatin clumping. The appearance of numerous transparent 

cytoplasmic vacuoles is the most distinctive cytological observation (Ganguly et al., 

2016). Immunohistochemically, CTVT is stained with a panel of antibodies that target 

different components of the tumour cells, such as vimentin, lysozyme, α-1-antitrypsin 

and glial fibrillary acidic protein. CTVT is negative for keratins, S100 and muscle 

markers (Ganguly et al., 2016). Cytogenetics is a powerful tool to diagnose CTVT 

that provides a definitive diagnosis. CTVT has a distinctive karyotypic appearance, 

very different from normal cells. The normal chromosome number in dogs is 78 and 

all chromosomes except two are acrocentric (the centromere is located near one end 

of the chromosome resulting in one short and one long arms). In CTVT, usually there 

are 59 chromosomes, and the number could range from 57 to 64. Chromosome 

morphology also differs from normal cells with 40 or 42 chromosomes having an 

acrocentric shape, and 15 or 17 having metacentric shapes (the centromere is 
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located in the middle resulting in roughly similar lengths of the 2 arms) (Figure 1.3) 

(Ganguly et al., 2016). Molecular Biology also provides diagnostics results of CTVT. 

Polymerase Chain Reaction (PCR) can be used to detect the LINE-c-MYC insertion 

that is present in CTVT samples from dogs around the world.  

 

     Normal dog sample       CTVT from Cape Verde          CTVT from Italy 

 

Figure1.3 Fluorescent in Situ Hybridization (FISH) of normal dog and CTVT. 

FISH of a normal dog sample (left panel), CTVT from Cape Verde (middle), and Italy 

(right). In normal dog sample 78 chromosomes in diploid arrangements are seen. 

CTVT samples from Cape Verde and Italy are showing 58 aneuploid chromosomes 

with different chromosomal additions, deletions, and translocations as indicated by 

the banding pattern.   

Adapted from (Murchison et al. 2014).  

 

1.2.5 CTVT Treatment  

The chemotherapeutic agent vincristine sulphate is the most effective treatment for 

CTVT and is considered the gold standard. Vincristine works mainly by disrupting 

microtubule formation but also can interact with DNA causing disruption of normal 
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cell processes. Vincristine mainly inhibits microtubule assembly by binding to tubulin, 

a protein that builds microtubules, which blocks cell division and results in cell death 

(Garg et al., 2024). In CTVT-affected dogs, vincristine is typically administered 

intravenously once a week until tumour regression. Vincristine frequently results in 

complete remission, though the length of treatment can vary depending on the 

tumour’s size and the surrounding conditions (Ganguly et al., 2016). The Fassati 

group showed that the immune system plays a major role in regression triggered by 

vincristine treatment. Tumour regression happens in a stepwise manner where first, 

the innate immune system gets activated early after treatment. This strong 

inflammatory response is defined by chemokines such as CCL5 being upregulated. 

Second, immune cells such as B cells, CD8+ and CD4+ T cells, and Natural Killer 

(NK) cells get recruited and infiltrate the tumour, which is accompanied by cell cycle 

arrest and tissue remodelling, leading to tumour clearance (Figure 1.4)(Frampton et 

al., 2018).  
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Figure1.4 Immune activation after CTVT treatment with vincristine. Vincristine 

treatment induced activation of the innate immune system in both tumour and normal 

epithelial cells surrounding the tumour, tumour growth arrest and tumour infiltration 

leading to regression.  

Adapted from (Frampton et al., 2018,) 

 

1.2.6 CTVT Immune Evasion. 

The exact mechanism that led to transmissibility of CTVT is not known but several 

immune evasion strategies have been reported. These include the downregulation 

of the MHC-I molecule, the presence of immunosuppressive cytokines such as TGF-

β in the Tumour Micro Environment (TME), impaired Dendritic Cells (DCs) function 

and upregulation of Vascular Endothelial Growth Factor (VEGF) which promotes 

angiogenesis and inhibit the infiltration of immune cells.   
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In contrast to many cancers that irreversibly lose MHC expression as a result of 

structural abnormalities such as deletions of the MHC heavy chain genes, CTVT 

downregulates MHC molecules through reversible regulatory pathways. This 

downregulation or loss of expression protects the tumour from immune surveillance 

and destruction. The reversibility of MHC expression is demonstrated by restoration 

of MHC expression during the R-phase and in vitro by co-culturing CTVT cells with 

TILs from the R-phase (Y.-W. Hsiao et al., 2002). In vivo studies of CTVT showed 

that the treatment with Interleukin-6 (IL-6) and IFN-γ induced the expression of the 

MHC molecules (Y. W. Hsiao et al., 2008). This MHC-I downregulation is due to the 

lack of β2-microglobulin (β2M) expression which is part of the MHC-I complex that 

is presented on the cell surface (Cohen et al., 1984). Unfortunately, little is known in 

CTVT on the other Antigen Presenting Machinery (APM) genes which are 

responsible for assembling and transporting the MHC molecule on the cell surface 

(Siddle & Kaufman, 2013). TGF-β has a complex dual role in the TME of CTVT, 

acting as both a tumour suppressor and a tumour promoter depending on the TME’s 

context. During the P-phase, TGF-β1 promotes tumour growth by suppressing 

Natural Killer (NK) cell function. Moreover, tumour-derived TGF-β1 exerts potent 

immunosuppressive effects by inhibiting the production of IFN-γ from TILs (Y. W. 

Hsiao et al., 2008). This suppression prevents the upregulation of MHC-I expression. 

This immune evasive strategy ensures the tumour’s survival and continued growth. 

Notably, in tumours resistant to vincristine treatment, tumour-derived TGF-β1 exerts 

an additional deleterious influence by suppressing endogenous TGF-β expression. 

The suppression of natural TGF-β, which typically mediates tumour suppression 

through the inhibition of cell proliferation and induction of apoptosis, paradoxically 
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facilitates tumour proliferation and progression. This dysregulation highlights the 

important role of tumour-derived TGF-β1 in modulating the tumour 

microenvironment, effectively hijacking natural growth-inhibitory mechanisms to 

promote malignancy (Ballestero Fêo et al., 2018). 

CTVT has a major effect on the survival and functions of DCs. During the P-phase, 

CTVT significantly reduces the differentiation, survival, and function of monocyte-

derived DCs (Liu et al., 2008). Both immature (iDCs) and mature (mDCs) DCs exhibit 

downregulation of important markers, including CD1a, CD83, CD80, CD86, and the 

MHC-I molecule. As a result of MHC-I and MHC-II downregulation, CTVT inhibits 

DCs' ability to present and uptake antigens, as shown by decreased allogeneic 

Mixed Lymphocyte Reaction (MLR) responses and endocytic activity (Liu et al., 

2008). Tumour-derived soluble factors from progression-phase CTVT induce 

apoptosis of monocytes and DCs, further depleting the immune system's capacity to 

respond to the tumour (Liu et al., 2008). In addition, the peripheral blood's monocyte 

count is reduced by 40% in CTVT-infected dogs. The tumour significantly reduces 

the efficiency with which mDCs are produced from iDCs and DCs are produced from 

monocytes (Liu et al., 2008). 

VEGF plays a critical role in establishing angiogenesis within CTVT. Very elevated 

VEGF expression has been reported in CTVT, highlighting its fundamental role in 

facilitating the tumour’s extensive vascularization and rapid growth. Increased VEGF 

activity is critical for ensuring the tumour’s survival by providing a continuous supply 

of nutrients and oxygen required for sustained proliferation and metabolic demands. 

Unlike many human cancers where elevated VEGF levels are strongly associated 

with poor prognosis and aggressive metastasises, CTVT's high VEGF expression is 
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not associated with metastasis (Ballestero Fêo et al., 2018). In other tumours, it has 

been demonstrated that VEGF inhibits immune infiltration of T-lymphocytes and 

macrophages. This is achieved by the reduction of NF-κB-induced endothelial 

activation, which lowers the expression of chemokines CXCL10 and CXCL11 that 

are important for T-cell recruitment (H. Huang et al., 2015; Turkowski et al., 2018).  
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1.3 The Tasmanian Devils Facial Tumour Disease  

Devils Facial Tumour Disease (DFTD) is a type of transmissible cancer in Tasmanian 

Devils (Sarcophilus harrisii). Its spread among devils led to major declines in their 

populations, with an estimated 85% reduction in the devil’s population since the 

1990s. This caused the devils to be classified as an endangered species by the 

International Union for the Conservation of Nature (IUCN) (Murchison, 2008). The 

disease takes advantage of the devil's limited genetic diversity which allows the quick 

spread of the tumour among its population (Murchison et al., 2012). The disease 

spreads mainly through biting during mating or social interactions, where cancerous 

cells implant in the wound of the bitten animal. There are two types of DFTD that 

grow in Tasmanian devils: DFT1 and DFT2. DFT1 emerged in 1986 and DFT2 in 

2011 (Stammnitz et al., 2023). DFT2 has emerged independently of DFT1 

highlighting the vulnerability of the devils to this disease (Stammnitz et al., 2018).  

 

1.3.1 DFTD Genetics 

Although there are genetic differences between DFT1 and DFT2, both tumours have 

emerged from undifferentiated Schwann cells which are of neural crest lineage 

(Murchison et al., 2012; Stammnitz et al., 2018). DFT1 affects both male and female 

devil hosts equally and was initially generated from the cells of a female "founder 

devil". Conversely, DFT2 originated from a male devil and preferentially infects male 

hosts, possibly because of the immunogenicity of chromosome Y-derived antigens 

in female hosts (Stammnitz et al., 2023). The clonal origin of DFT1 was confirmed 

on the basis of genomic, karyotypic, and mitochondrial DNA evidence. First, the 
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DFT1 genome has more than 17,000 unique chromosomal structural 

rearrangements, copy number changes, and somatic base substitutions, many of 

which are acquired somatically and exist in all DFT1 samples. Second, cytogenetics 

reveals that DFT1 tumours consistently have a pseudodiploid karyotype with 

particular chromosomal rearrangements such as deletions on chromosomes 1, 2, 

and 3 and trisomy of chromosome 5p. These abnormalities exist in all DFT1 samples, 

independent of location or time period. Third, the mitochondrial genome analysis of 

DFT1 indicated that all tumours have the same or a very related mitochondrial 

haplotype. This suggests that the tumours originated from a single female 

Tasmanian devil, who established the lineage (Murchison et al., 2012). 

DFT1 has mutations and deletions of important tumour suppressor genes such as 

FANCD2, PTEN, MGA and MAST3. Mutations in the FANCD2 gene, which is 

involved in DNA repair, cause genomic instability in DFT1, contributing to cancer 

progression (Murchison et al., 2012). In DFT1, the MGA gene, which inhibits MYC 

activity, exhibits recurrent truncating mutations. Its function as a crucial tumour 

suppressor in DFT1 is demonstrated by these loss-of-function changes, which lead 

to uncontrolled cell growth (Stammnitz et al., 2023). DFT1 shows a mutation in 

MAST3, which regulates the tumour suppressor gene PTEN. By attaching to the PDZ 

domain, MAST3 interacts with the tumour suppressor PTEN, stabilizing it and 

directing phosphorylation (Valiente et al., 2005).  

DFT2 clonal and independent origin is supported by the following evidence: first, 

DFT2 has a distinct and consistent aneuploid karyotype that distinguishes it from 

both DFT1 and the host Tasmanian devil. This includes structural abnormalities such 

as extra material on chromosomes 1, 2, and 4, deletions on chromosome 5, and 
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monosomy on chromosome 6. Additionally, the presence of both X and Y 

chromosomes separates DFT2 from DFT1. Second, microsatellite analysis 

demonstrated that DFT2 tumours have identical genotypes at polymorphic loci, 

which are distinct from those of their host devils and DFT1. Third, DFT2 has a distinct 

MHC class I genotype from both DFT1 and the hosts. Taken together, this indicates 

that DFT2 tumours are not generated from the hosts but rather form a distinct clonal 

lineage. Finally, the analysis of somatic structural variations reveals no overlap 

between DFT2 and DFT1. This genetic divergence validates DFT2 as an 

independently arising transmissible cancer (Pye et al., 2016). 

DFT2 shows homozygous deletions of PTEN which promotes tumour development 

and improves survival by inhibiting the PI3K/AKT pathway (Stammnitz et al., 2023). 

DFT2 demonstrates deletions in TP73, a p53 family member that is structurally and 

functionally similar to the well-known tumour suppressor TP53. It contributes to 

apoptotic cell death and can activate genes that respond to p53 (Stammnitz et al., 

2023; Stiewe & Pu, 2002). DFT1 oncogene mutations include RET, which is 

recognized for its function in stimulating cell division (Murchison et al., 2012). DFT1 

and DFT2 show amplification of the Platelet-Derived Growth Factor Receptor genes 

PDGFRA and PDGFRB, which increases cell proliferation and survival via receptor 

tyrosine kinase signalling. DFT2 has a higher rate of mutation than DFT1 due to 

chromosomal rearrangements and enhanced LINE-1 retrotransposon activity 

(Stammnitz et al., 2023).  

Unlike CTVT, DFT1 and DFT2 have some genetic diversity, and subclonal 

populations play a role in the development and progression of tumours. Genetically 

different populations of cancer cells can coexist within a single tumour due to intra-



 43 

tumour heterogeneity (Stammnitz et al., 2023). Moreover, unlike CTVT, there is no 

evidence of UV-induced mutagenesis. Specific mutational signatures such as Single 

Base Substitution Signatures (SBS) SBS1 and SBS5, which are age-related, exist in 

both DFT1 and DFT2, demonstrating that endogenous age-related mutations are 

behind tumour evolution rather than externally induced mutagenesis (Stammnitz et 

al., 2018). 

 

1.3.2 DFTD Transmission and Distribution 

The main mode of transmission in devils is biting which is a common practice in 

mating devils. The disease affects the fitter devils as they are more reproductively 

active (Woods et al., 2020). Since going extinct on the Australian mainland 3000 

years ago, the Tasmanian devil has only been found in the island state of Tasmania 

(Woods et al., 2018). Since its first discovery in 1996 in northeastern Tasmania, 

DFT1 has expanded to cover over 80% of the mainland of Tasmania. DFT2 first 

appeared in southeastern Tasmania in 2014 and is still limited to a smaller 

geographic area where it started (Woods et al., 2018). 

 

1.3.3 DFTD Pathogenesis  

After transmission through biting, DFTD grows rapidly and can reach large sizes. In 

untreated devils, tumours frequently spread to internal organs, exacerbating the 

disease severity. Tumours are distinguished by the fast growth of Schwann-like 

cancer cells, which avoid immune responses due to immune suppressive 

mechanisms. Tasmanian devils limited genetic variety lowers the chance of immune-
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mediated rejection of DFTD cells, which are transmitted as an allograft. DFTD cells 

avoid immune detection by lack of MHC class I expression, as in DFT1, or by the 

expression of similar MHC-I alleles to host devils in DFT2. Immunohistochemistry 

(IHC) showed almost no immune cell infiltration within the tumour. MHC-II+ and 

CD3+ cells are uncommon, and when present, they were found in the periphery of 

the tumours or near blood vessels. As the disease progresses, devils exhibit 

substantial facial abnormalities, difficulty feeding, and ultimately systemic symptoms 

due to tumour burden and metastasis. Most untreated devils die from malnutrition, 

subsequent infections, or organ failure caused by metastatic tumours within a year 

of tumour transmission (Tovar et al., 2017).  

 

1.3.4 DFTD Lab Diagnosis  

DFTD can be diagnosed in the lab by histology, immunohistochemistry, 

cytogenetics, and molecular biology. It has been established that Schwann cells, a 

type of glial cells that is a component of the peripheral nervous system, are the 

source of DFTD tumours (Tovar et al., 2011). Therefore, numerous Schwann cell 

markers are expressed in DFTD tumours which are used in diagnosing DFTD 

histologically and immunohistochemically. Histologically, large nodular aggregates 

of tumour cells are frequently produced within a thin, fibrous pseudo-capsule, with 

minimal fibrovascular stroma supporting the majority of the neoplastic cells. 

Additionally, cells can be grouped into cords, bundles, or streams and divided by tiny 

collagen fibres. The cells have a high nucleus-to-cytoplasm ratio and are spherical 

to polygonal. It is typical to see up to seven mitotic figures in a field (Tovar et al., 

2011). Immunohistochemically, different markers are used to identify DFTD with one 
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marker as the most specific and sensitive to DFTD which is Periaxin. Periaxin is 

normally expressed in myelinating Schwann cells. Periaxin expression was 

confirmed in a number of settings, such as primary DFTD tumours, metastases, 

cultured devil Schwann cells, and murine DFTD cell xenografts. Other markers of 

Schwann cells such as S100 protein, PMP22, and NGFR are among the other 

markers expressed in DFTD, but their expression was inconsistent compared to 

periaxin's consistency and specificity (Tovar et al., 2011). Cytogenetically, there is a 

diploid number of chromosomes in normal Tasmanian devil cells, which is 2n= 14. 

In healthy individuals, there are no notable chromosome abnormalities or 

rearrangements. DFT1 cells exhibit a high level of aneuploidy, exhibiting differences 

in the number and structure of chromosomes. Chromosomal abnormalities are 

detected, such as structural alterations in chromosomes 2, 4, and 6. There are new 

marker chromosomes, known as M1, M2, and M3, which are regularly seen in DFTD 

samples (Figure 1.5) (Pyecroft et al., 2007). DFT2 cells have a specific aneuploid 

karyotype that sets them apart from DFT1 and the typical devil karyotype. Additional 

genetic material on chromosomes 1, 2, and 4 are among the main abnormalities, as 

well as a deletion in chromosome 5 and chromosome 6 monosomy. Due to its male 

origin, DFT2 maintains both the X and Y sex chromosomes, in contrast to DFT1. The 

four unique marker chromosomes (M1–M4) seen in DFT1 are absent from DFT2, 

confirming its independent origin (Figure 1.6) (Pye et al., 2016). 
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Figure 1.5 Chromosomal differences between DFT1 and Normal Tasmanian 

devil’s cell. Karyotype results of normal Tasmanian devils with 7 diploid 

chromosomes (upper panel) for female (middle panel) male (lower panel) and DFT1 

with deleted chromosome 2, trisomy chromosome 4, monosomy chromosome 6, and 

the formation of new M1, M2, and M3 markers.  

Adapted from (Stephen B. Pyecroft et al. 2007) 
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Figure 1.6 Chromosomal differences between DFT1, DFT2 and Normal 

Tasmanian devil’s cells. Karyotype results of normal male Tasmanian devils 

(upper panel) DFT1 (middle panel) and DFT2 from 4 different samples sharing the 

same aneuploid karyotype confirming DFT2 is distinct from DFT1 (bottom panel). 

Red arrows indicate chromosomes with structural abnormalities (additional material 

to the chromosome, deletions, rearrangements). LF, GG, RV, SN, JV, and NR 

indicated the name of the sample.  

Adapted from (Pye et al. 2015) 
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DFT1 and DFT2 can be diagnosed by using a PCR technique named “Tasman-

PCR”. Tasman-PCR detects tumour-specific interchromosomal translocations 

unique to DFT1 and DFT2 and not normal cells, ensuring high specificity and 

sensitivity for detecting these transmissible cancers. Tasman-PCR has shown 

remarkable sensitivity and specificity, with 93.3% of confirmed DFTD tumours 

amplifying markers specific to DFT1 or DFT2 (Kwon et al., 2018). 

 

1.3.5 DFTD Therapies  

Both DFT1 and DFT2 are fatal diseases that led to a major and quick decline in the 

Tasmanian devil’s population (Stammnitz et al., 2023). Several therapeutic 

approaches are being investigated, including immunotherapy and immunisation, and 

small molecule therapies. In vitro treatment with IFN-γ of DFT1 cells leads to MHC-I 

expression and this strategy is utilized to vaccinate Tasmanian devils with DFT1 cells 

that are immunogenic (Tovar et al., 2017).  Immunisation of healthy Tasmanian 

devils with DFT1 cells expressing surface MHC-I and adjuvant has showed promise 

in inducing antitumour responses. In a study, out of 5 immunized Tasmanian devils 

with immunogenic DFT1 cells and adjuvant, one Tasmanian devil showed no 

engraftment of the tumour and 3 showed tumour regression, which was associated 

with immune cell infiltration, predominantly CD3+ T cells and MHC-II+ antigen-

presenting cells, and antibody responses against DFTD cells (Tovar et al., 2017). 

Small molecule treatment with Imiquimod showed promise in different in vitro 

studies. Imiquimod, an immunomodulatory molecule, has been studied for its ability 

to trigger apoptosis in DFTD cell lines. It promotes antitumour immunity via TLR7 

signalling and induce apoptosis through ER stress pathways. Imiquimod therapy 
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downregulates anti-apoptotic gene expression and upregulates pro-apoptotic gene 

expression, making DFTD cells more susceptible to immunological responses 

(Patchett et al., 2016, 2018). 

 

1.3.6 DFTD Immune Evasion  

The main mechanism of immune evasion in DFT1 is through the lack of MHC-I 

expression on the cell surface. This lack of expression in DFT1 is reversible and is 

caused by transcriptional and epigenetic mechanisms. DFT1 downregulates 

essential genes in the antigen presentation pathway such as β2m and TAP1 and 

TAP2. DFT1 cells exhibit >450-fold lower expression of β2m compared to normal 

fibroblasts. TAP1 and TAP2, antigen-processing transporters, are undetectable or 

minimally expressed in DFT1 cells (Siddle et al., 2013). The downregulation of β2m 

and MHC-I genes is mediated by the ERBB-STAT3 axis. The ERBB-STAT3 

signalling pathway is hyperactivated in DFT1 cells. This pathway disrupts the 

transcription of MHC class I-related genes by inhibiting the STAT1 pathway, which 

is normally involved in promoting MHC expression. Phosphorylated STAT3 

sequesters STAT1 in heterodimers, decreasing its ability to regulate target genes 

such as β2m and MHC-I genes (Kosack et al., 2019). IFN-γ therapy effectively 

restores MHC class I expression in DFT1 cells. This involves upregulating β2m, 

TAP1, and TAP2 transcripts and reversing epigenetic repression. In vivo, 

lymphocyte-infiltrated tumours display enhanced MHC class I expression, indicating 

that the immune interaction with DFT1 cells can cause partial restoration of MHC-I 

expression (Siddle et al., 2013). Epigenetic modifications that lead to silencing of 

MHC-I expression include DNA methylation and histone modifications of promoters 
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of MHC class I-related genes. Similar to the transcription regulation reversal, 

epigenetic modification can be reversed by IFN-γ therapy or histone deacetylase 

inhibitors (e.g., trichostatin A) (Kosack et al., 2019; Siddle et al., 2013).  

The lack of MHC-I expression should lead to the attack of tumour cells by NK cells. 

DFT1 is believed to inhibit NK cells' effector function by expression of non-classical 

MHC molecules. Five nonclassical MHC class I genes, including Saha-UD, Saha-

UK, Saha-UM, Saha-MR1, and Saha-CD1, were detected in DFT1. However, there 

functions in DFTD is still hypothetical and needs more research (Cheng & Belov, 

2014; Hussey et al., 2022). Unlike DFT1, DFT2 shows a detectable MHC-I 

expression in most of the tested tumour samples, suggesting that the development 

of a contagious cancer such as DFT2 does not absolutely require the absence of 

MHC-I. However, the MHC class I alleles that are most abundantly expressed in 

DFT2 cells are either non-polymorphic or common among host devils, which lowers 

the tumour’s immunogenicity (Caldwell et al., 2018). Although DFT2 demonstrates 

MHC-I expression, there is a trend for MHC-I downregulation with time, possibly as 

the disease extends to new geographical areas with different MHC alleles (Caldwell 

et al., 2018).  

Another mechanism for immune evasion by DFT1 and DFT2 is the upregulation of 

PD-L1. In normal conditions, DFT1 and DFT2 cells do not express PD-L1. However, 

IFN-γ, a cytokine normally generated during immunological activation, causes PD-

L1 expression to be strongly upregulated leading to the inhibition of T cell functions 

(Flies et al., 2016). DFT1 also utilizes phenotypic plasticity and dedifferentiation as 

a mechanism of immune evasion. DFT1 cells respond to immunological pressure 

from immunized devils by de-differentiating toward a mesenchymal phenotype. 



 51 

Reduced expression of Schwann cell markers and increased expression of 

mesenchymal genes are characteristics of this phenotype. Dedifferentiation 

promotes resistance to immune-mediated death by increasing tumour cell 

invasiveness and immunological suppression. During dedifferentiation, the ERBB 

signalling pathway, which controls Schwann cell myelination, is inhibited. The 

mesenchymal transition and resulting immunological tolerance are driven by the 

upregulation of PDGFRA signalling (Patchett et al., 2021). 
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1.4 Choriocarcinoma 

Choriocarcinoma is an uncommon and aggressive malignant tumour that arises from 

trophoblastic cells, which are components of the placenta during pregnancy. It is 

divided into gestational and non-gestational forms, with differences in origins, clinical 

manifestations, and therapeutic approaches. Gestational choriocarcinoma (GC) 

develops from pregnancy-related tissues and is frequently linked to a Complete 

Hydatidiform Mole (CHM) or other gestational events. Most occurrences of 

androgenetic/homozygous XX choriocarcinoma are associated with a genetically 

related concurrent or preceding CHM (Savage et al., 2017) which is a form of 

trophoblastic disease during pregnancy that is defined by aberrant placental 

development in the absence of foetal tissue (Jacobs et al., 1980). Due to the fact that 

GC carries genetic material from both the mother and a genetically different source 

(father), GC is considered a hemi-allograft (Redman, 1990). Non-gestational 

choriocarcinoma (NGC) may develop from germ cells or be linked to somatic high-

grade cancers (Mangla et al., 2024). The majority of choriocarcinomas arise from 

aberrant trophoblastic cells linked with pregnancy, non-gestational choriocarcinomas 

are rare and occur irrespective of pregnancy (Savage et al., 2017). NGC will not be 

discussed in this introduction as it is not considered mismatched to the host. 

Accurate staging and treatment of choriocarcinoma require distinguishing between 

gestational and non-gestational cases.  
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1.4.1 Choriocarcinoma Genetics 

There are different genetic mutations that drive gestational choriocarcinoma 

oncogenesis, including mutations in ARID1A, SMARCD1, and EP300, which are 

involved in chromatin remodelling and were identified as significant driver mutations. 

ARID1A is a tumour suppressor gene, which is frequently mutated in many cancers. 

In multiple GC samples ARID1A displayed inactivating mutations and copy loss, 

indicating an involvement in tumorigenesis. SMARCD1 interacts with p53 to regulate 

apoptosis and cell cycle arrest. Inactivating mutations in SMARCD1 were discovered 

in GC, suggesting that its loss contributes to unchecked tumour growth. EP300 which 

is a chromatin regulator involved in gene transcription, is mutated in GC, likely 

disrupting normal cellular control of proliferation (Jung et al., 2020). In addition, 

choriocarcinoma cell lines show overexpression of the oncogene MDM2.  MDM2 

(Murine Double Minute 2) is an oncogene that is recognized for its ability to regulate 

the tumour suppressor p53. MDM2 is an E3 ubiquitin ligase that targets p53 for 

degradation. This interaction inhibits the p53-mediated tumour suppressive 

functions, including DNA repair, cell cycle arrest, and apoptosis (Landers et al., 

1997).  

Frequent chromosomal gains are found in 1q21.1-q44, 12p13.33-p11.1, 3p26.1-

p22.2, and 14q, which contain oncogenes that contribute to tumour growth. 

Chromosomal losses are less prevalent and they include areas such as 8p21-p12. 

Copy-Neutral Loss of Heterozygosity (CN-LOH) was found in almost all GC cases 

and identified as a crucial early event in tumour development (Jung et al., 2020). CN-

LOH is commonly detected in many cancers. CN-LOH happens when one allele is 

replaced by a duplicate of the other allele, resulting in a homozygous condition 
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without modifying the overall allele count. This can happen through processes like 

mitotic homologous recombination (H. Kim & Suyama, 2023).  

 

1.4.2 Choriocarcinoma Prevalence and Risk Factors  

Choriocarcinoma is rare, however it can occur after any type of pregnancy. Its 

prevalence varies greatly among populations and geographical areas. The incidence 

is roughly one per 24,096 pregnancies or one per 19,920 live births in the United 

States, with greater rates among non-white populations (Brinton et al., 1986). In 

North America and Europe, approximately 1 in 40,000 pregnant women get 

choriocarcinoma (Wahaibi et al., 2020). The prevalence is higher in Japan and 

Southeast Asia, at 9.2 per 40,000 pregnant women (Wahaibi et al., 2020). In Saudi 

Arabia, choriocarcinoma is very rare, with the majority of data obtained from case 

reports (Nasr et al., 2022). Risk factors for developing choriocarcinoma include age, 

race, pregnancy factors and some medications. Women under the age of 20 and 

those over the age of 40 have a higher incidence (Baltazar, 1976). Incidence rates 

are higher among non-white populations, such as African American, Asian, and 

American Indian women (Smith et al., 2003). There is increased risk in women with 

a history of foetal waste and with women with a history of prior molar pregnancies 

(Baltazar, 1976). Long-term use of oral contraceptives is linked to a higher risk of 

developing choriocarcinoma too (Wahaibi et al., 2020). 
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1.4.3 Choriocarcinoma Pathogenesis  

GC is the result of residual abnormal trophoblastic cells, which are a component of 

the placenta, such as placental giant cells or intravascularly growing trophoblasts 

near the placenta. It is frequently the result of previous gestational events, including 

the most prevalent precursor, the hydatidiform mole. The disease may first appear 

immediately after pregnancy or years later, with cases being reported as far back as 

25 years post-pregnancy (Mangla et al., 2017). The tumour is the result of genetic 

and cellular abnormalities in trophoblasts. GC starts at the uterine lining where the 

trophoblasts reside. Adjacent tissues, such as the uterine wall and pelvic structures, 

may be invaded by GC. Due to angiogenesis and vascular invasion and the immune 

evasion ability of GC, it can spread systemically. GC spreads predominantly via the 

bloodstream to the vagina, liver, brain, lungs, and kidneys. Symptoms caused by GC 

metastasis include abnormal uterine bleeding (vagina metastasis), haemoptysis (if 

lungs are involved), neurological symptoms (with brain metastases), and abdominal 

pain or jaundice (in liver involvement). However, even in metastatic stages, GC is 

highly treatable with appropriate chemotherapy (Brewer et al., 1978). 

 

1.4.4 Choriocarcinoma Lab Diagnosis 

Choriocarcinoma can be detected by checking serum levels for elevated pregnancy 

hormones, immunohistochemistry, chromosomal analysis, and molecular biology 

techniques. Beta human Chorionic Gonadotropin (beta-hCG) is a hormone produced 

normally in pregnancy, but GC beta-hCG levels can be three to 280 times higher 

than the highest values observed during a normal pregnancy. The beta-hCG to hCG 

ratio is much higher in choriocarcinoma compared to normal pregnancy (Ozturk et 
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al., 1988). Immunohistochemistry staining to detect elevated levels of beta-hCG is 

also used for the diagnosis of GC (Al-Attar et al., 2021). FISH technique is used to 

identify the presence of X and Y chromosome centromeres, which helps confirm the 

gestational origin of choriocarcinomas (Whaley et al., 2020). PCR-based 

microsatellite DNA assays are used to identify non-maternal (androgenic) genetic 

material, which verifies the tumour’s gestational origin (Cankovic et al., 2006). 

 

1.4.5 Choriocarcinoma Treatment  

Chemotherapy is the standard of care for treating gestational choriocarcinoma. The 

treatment regimen is tailored according to the International Federation of 

Gynaecology and Obstetrics (FIGO) risk score. The FIGO scoring method divides 

patients into low-risk (score 0–6) and high-risk (score ≥7) groups. Low-risk GC can 

be effectively treated with single-agent chemotherapy, primarily Methotrexate (MTX) 

or actinomycin D. MTX works by firmly attaching itself to Dihydrofolate Reductase 

(DHFR) and inhibiting its activity (Bogani et al., 2023). Because of this inhibition, 

dihydrofolate cannot be converted to tetrahydrofolate, which is a prerequisite for the 

synthesis of purines and thymidylate, both of which are critical for DNA replication 

and cell division (Huennekens, 1994). Actinomycin D causes cancer cells to undergo 

apoptosis and cell cycle arrest. It causes cell death by activating the p53-dependent 

pathway, especially in cells with wild-type p53. Low dosages of actinomycin D are 

used in cyclotherapy to target cancer cells while protecting healthy cells (Guijarro et 

al., 2021). MTX regimens, particularly the 8-day treatment with leucovorin rescue, 

are widely utilized. With these regimens, up to 95% of low-risk cases go into 

remission (Bogani et al., 2023). 
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 High-Risk GC requires multi-agent chemotherapy. The EMA-CO regimen 

(Etoposide, Methotrexate, Actinomycin D, Cyclophosphamide, and vincristine) is the 

standard protocol, achieving cure rates of 91–93% (Bogani et al., 2023). Etoposide 

stabilizes the DNA-topoisomerase II complex, inhibiting the re-ligation of cleaved 

DNA strands. This stabilization leads to an accumulation of DNA Double-Strand 

Breaks (DSBs), which are cytotoxic and may end in cell death if not adequately 

repaired (Montecucco et al., 2015). Cyclophosphamide acts mainly as an alkylating 

agent, creating cross-links in DNA that result in cellular apoptosis. This process is 

facilitated by its active metabolite, phosphoramide mustard, which triggers apoptosis 

in cancer cells by causing irreversible DNA damage (Voelcker, 2020).  

Immune checkpoint inhibitors, such as PD-L1 inhibitors (e.g., pembrolizumab, 

avelumab), have demonstrated potential in chemotherapy-resistant GC and clinical 

trials have shown significant remission rates (Bogani et al., 2023). 

 

1.4.6 Choriocarcinoma Immune Evasion 

PD-L1 is highly expressed in trophoblasts in normal placentas, which provides 

immune tolerance at the foeto-maternal interface. PD-L1 is very intensely expressed 

in trophoblast cells of choriocarcinoma which enables immune evasion by 

suppressing T-cell activity. In GC tumours, PD-1-positive immune cells, including T 

cells, were identified, particularly in areas with a high prevalence of lymphocytes. 

This suggests that PD-L1-expressing tumour cells are actively suppressing the 

immune system (Veras et al., 2017). The Human Leukocyte Antigen Class I (HLA-

A, HLA-B, HLA-C) expression varies in GC cell lines. In comparison to normal cells, 
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choriocarcinoma cells, including JEG-3 and BeWo, demonstrate a substantial 

decrease in HLA-A gene transcription. The HLA-A downregulation is attributed to 

genetic mutations in the enhancer elements of the proximal promoter region which 

is a major regulatory site of HLA-A expression. Unlike other reversible MHC tumour 

expression, the HLA-A expression in these choriocarcinoma cells is not inducible by 

IFN-γ, a cytokine that typically upregulates MHC class I expression. This absence of 

response highlights the tumour cells' ability to employ a robust immune evasion 

strategy (Lefebvre et al., 1999). The non-classical MHC molecules HLA-G and HLA-

E are naturally expressed on the surface of trophoblasts where they play an 

important role in immune tolerance for the foetus (Apps et al., 2009). HLA-G and 

HLA-E expression are detected in the choriocarcinoma cell lines JEG-3 and JAR 

cells respectively (Gobin et al., 1997a). JEG-3 and JAR demonstrate resistance to 

NK cell lysis, and this resistance is primarily independent of HLA class I expression. 

The susceptibility to NK lysis was not increased by attempts to reduce HLA class I 

levels through acid treatment or masking with monoclonal antibodies (mAbs), 

highlighting the inhibitory function of non-classical HLA molecules (Avril et al., 1999). 

HLA-E works by binding the immune checkpoint receptor NKG2A on NK cells leading 

to inhibition of their activation and proliferation. Additionally, high expression of HLA-

E in the tumour microenvironment results in the preferential expansion of the 

dysfunctional NKG2A+ NK cells (Kaulfuss et al., 2023). HLA-G promotes immune 

tolerance by interacting with the inhibitory receptor ILT2. This interaction leads to 

strong inhibitory signals that suppress the cytotoxic capacity of NK (Favier et al., 

2010).  
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1.5 Bivalve Transmissible Neoplasia 

Disseminated neoplasia (DN) is a leukaemia-like cancer in bivalves (e.g., clams, 

mussels, and oysters) characterised by the proliferation of abnormal, anaplastic cells 

in the haemolymph (circulatory system) (Martín-Gómez et al., 2013). There are many 

types of DN in bivalves but in the 2010s a transmissible type of DN called Bivalve 

Transmissible Neoplasia (BTN) was identified. BTN can spread between individual 

bivalves, such as clams and mussels, through the transmission of cancerous cells. 

Different independent types of BTN were identified that arose from different lineages 

and can infect different species (Hammel et al., 2022; Skazina et al., 2021a; Skazina, 

Ponomartsev, et al., 2023a). Each species typically hosts a distinct BTN lineage, and 

these lineages arose independently. However, rare cases of cross-species 

transmission have been documented, demonstrating BTN's ability to adapt and 

spread in certain marine environments. Over 10 BTN types were identified that affect 

over 20 species of bivalves (Bruzos et al., 2023; Metzger et al., 2015a, 2016; 

Weinandt et al., 2024). BTN was discovered in different geographical locations and 

is causing significant challenges to the marine ecosystem.  

 

1.5.1 BTN Genetics  

The clonal origin of BTN was confirmed by: first, nearly identical genotypes were 

found in cancer cells from several hosts in various places in New York, Maine, and 

Prince Edward Island. Differences between these genotypes and the genetic profiles 

of the host animals indicated that the cancer cells were spread from another source 

rather than starting in the specific host. Second, all cancerous haemocytes had the 
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Steamer retrotransposon, which is linked to tumour growth, at particular integration 

sites. A single clonal origin is strongly suggested by the fact that these integration 

sites were the same in samples from various geographic locations. Third, cancerous 

cells had unique mtDNA single nucleotide polymorphisms (SNPs) that distinguished 

them from host tissues. These mtDNA changes were shared by all cancerous cells, 

which further supports clonal transmission. Fourth, all leukemic samples displayed 

the same patterns for microsatellite loci in cancer cells. The microsatellite profiles of 

the host tissues varied, highlighting the fact that the cancer cells were a clonally 

transmitted lineage rather than being generated from the hosts' genomes. Fifth, 

tetraploid and aneuploid DNA content, a sign of clonal growth, was seen in cancer 

cells. All leukemic clams had the same abnormal ploidy level, which suggests a 

common ancestor. Sixth, leukaemia was effectively produced by transplanting 

malignant haemocytes into healthy clams. This direct experimental evidence showed 

that cancer cells spread the disease horizontally by acting as infectious agents 

(Metzger et al., 2015b).  

Bivalve cancers exhibit many similarities to the genetic profiles of oncogenes and 

tumour suppressor genes shown in humans. The Mytilus trossulus Bivalve 

Transmissible Neoplasia 2 (MtrBTN2) lineage, which infects Blue Mussel, for 

example, shows activation in six of the ten key oncogenic signalling pathways often 

dysregulated in human cancers. (e.g., Hippo, Notch, Wnt, Myc, PI3K, and Cell Cycle 

pathways) (Burioli et al., 2023). For example, PI3K/AKT signalling was highly 

activated, with lower expression of its negative regulators. (PTEN and PIK3R1), 

which are known tumour suppressor genes. This activation promotes cell growth, 

metabolism, and survival. The Cyclin D1 gene (CCND1), a major driver of cell cycle 
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progression, was significantly upregulated, facilitating unchecked proliferation in 

MtrBTN2 cells (Burioli et al., 2023). Other genes related to the cell cycle, such as 

members of the anaphase-promoting complex (ANAPC1, ANAPC4, ANAPC5), were 

also overexpressed, promoting tumour progression (Burioli et al., 2023). 

MYC, an important oncogene that promotes cell proliferation and metabolic 

reprogramming has missense substitutions in its transcriptional activation region, 

indicating a strong oncogenic involvement in MtrBTN2 cells (Burioli et al., 2023). 

Wnt pathway activators, such as CTNNB1 and APC, were overexpressed, while 

negative regulators like SFRP1 were suppressed, indicating pathway activation 

(Burioli et al., 2023). 

The p53 gene, known for its role in DNA damage repair and apoptosis, exhibited 

mutations unique to MtrBTN2, including synonymous and missense substitutions. 

p53 ability to inhibit tumours may be compromised by these alterations.  MDM2, a 

regulator of p53, showed several distinct mutations that could impair its ability to 

regulate apoptosis, promoting tumour growth (Burioli et al., 2023).  

 

1.5.2 BTN Transmission and World Distribution 

The transmissible cancer in Mya arenaria (soft-shell clam) is traced back to a single 

founder clam, with all current cancer cases descending from this origin. The cancer 

lineage is estimated to be between 344 to 877 years old, indicating it has been 

spreading undetected for centuries (Hart et al., 2022). It is transmitted by cellular 

transmission of neoplastic cells in an infected host to another clam (Metzger et al., 

2015b). Different BTN cancers have been detected around the world. This includes 
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the North Pacific and Barents Sea, the Subarctic Sea of Okhotsk, the Southern Baltic 

Sea, Puget Sound and Washington Coastline, the French Atlantic Coast, and South 

America and Europe (Hammel et al., 2024; Michnowska et al., 2022; Skazina et al., 

2021b; Skazina, Odintsova, et al., 2023; Skazina, Ponomartsev, et al., 2023b). 

 

1.5.3 BTN Lab Diagnosis  

Different techniques used to diagnose BTN in the lab including histology, flow 

cytometry, and molecular techniques. Tissue histology remains the gold standard for 

diagnosing BTN, providing details of the cellular morphology and structure of 

neoplastic tissues. Tissue histology for BTN involves calculating the Nuclear-to-Cell 

Ratio (NCR) by measuring the cell and nucleus area of both healthy haemocytes and 

neoplastic cells, which can reveal information about the abnormal characteristics of 

neoplastic cells. (Skazina, Odintsova, et al., 2023). Flow cytometry identification of 

DN in general including BTN is based on the detection of aneuploid cells (higher 

DNA content). Additional cell populations of aneuploid cells are indicative of 

neoplasia. DN is suggested if mussels' haemocytes contain at least 5% aneuploid 

cells among normal haemocytes. (Skazina, Odintsova, et al., 2023). Specific cancer 

lineages and their genotypes are identified using molecular approaches, such as 

mtDNA sequencing and the screening for the presence of specific loci known to be 

diagnostic for BTN including the nuclear elongation factor 1α (EF1α). This method 

helps in distinguishing between different BTN lineages, such as MtrBTN1 and 

MtrBTN2, and in detecting genetic chimerism, a hallmark of transmissible cancer 

(Hammel et al., 2022; Skazina et al., 2021a; Skazina, Ponomartsev, et al., 2023a).  
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1.5.4 BTN Immune Evasion  

The immune system of bivalves is not fully understood yet. However, recent 

advances in the field of bivalve immunity showed that mussels have cellular and 

humoral immunity (Bouallegui, 2019).  
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1.6 Human Cases of Cancer Transmission  

Human-to-human cancer transmission is an extremely uncommon occurrence; 

however, it can happen under specific circumstances. These include accidental 

transmission either in organ transplantation from a tumour carrying donor or during 

surgery to remove tumours, transplacental transmission from the mother to the 

foetus, and the transmission from mother to infant during labour.  

 

1.6.1 Accidental Transmission 

A surgery was performed in 1996 on a 32-year-old patient who had malignant fibrous 

histiocytoma, a kind of sarcoma. During the surgery, a 53-year-old surgeon 

unintentionally cut their hand using a tumour-cell-contaminated scalpel. The wound 

site was immediately disinfected and dressed (Gärtner et al., 1996). At the site of the 

injury, the surgeon discovered a tumour five months later that was genetically and 

histologically identical to the patient's tumour. The surgeon's and patient's tumours 

were classified as malignant fibrous histiocytomas of the storiform–pleomorphic 

subtype (Gärtner et al., 1996). Histologically, the tumours had the same cellular 

morphology, which included fibroblast-like and histiocyte-like cells with multiple 

mitotic figures and necrotic regions. HLA typing of HLA-DRB1 and HLA-DQB1 alleles 

revealed total mismatches between the tumour and the surgeon's HLA, confirming 

that the tumour cells transferred from the patient and that the tumour is not from the 

surgeon's tissues (Gärtner et al., 1996). 
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1.6.2 Transplacental Transmission 

Maternofoetal transmission of maternal cancer happens when cancer cells from the 

mother cross the placenta into the foetal circulation. There have been about eighteen 

cases of this reported, including uterine cancer, lung cancer, leukaemia, and 

melanoma. (Arakawa et al., 2024). In a case of maternal melanoma transmission, a 

6-month-old boy had a tumour in his temporal bone and left middle ear. The mother 

passed away few weeks after giving birth due to metastatic melanoma. Histological 

analysis of the tumour showed small to medium-sized cells with eosinophilic 

cytoplasm that was poorly defined and oval to round nuclei. (Raso et al., 2010). IHC 

revealed that the tumour was melanoma and was positive for the markers S100, 

HMB-45, and BAF47 and negative for epithelial membrane antigen, CD3, CD20, and 

other markers, ruling out other types of paediatric tumours. (Raso et al., 2010). The 

maternal origin was confirmed by tumour biopsies that showed a XX chromosomal 

profile in more than 60% of the tumour cells. The results were verified using FISH, 

which revealed similar maternal-derived XX cells in the tumour. (Raso et al., 2010). 

These results highlight how maternal melanoma cells can penetrate the placenta and 

develop into a tumour in the developing foetus. 

 

1.6.3 Vaginal Transmission During Labour 

In Japan two cases of paediatric lung cancer in a 23-month-old and 6-year-old boys 

were reported. Both cases involved vaginal deliveries of infants born to mothers with 

undetected cervical cancer. Tumour cells from the mothers' cervical carcinomas 

were likely transmitted to the infants through aspiration of vaginal fluids contaminated 

with tumour cells during delivery (Arakawa et al., 2021).  
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This process is distinct from the more frequently documented transplacental 

transmission, in which cancer cells from the mother enter the foetus’s bloodstream 

through the placenta (Arakawa et al., 2021). Clinically, Patient 1: the 23-month-old 

boy was found to have neuroendocrine lung cancer, which was genetically and 

histologically identical to his mother's cervical tumour. Patient 2: The 6-year-old boy 

had lung mucinous adenocarcinoma, which was genetically identical to the cervical 

cancer of his mother (Arakawa et al., 2021). Shared mutations between the tumours 

in the mother and the baby were discovered by next-generation sequencing. Patient 

1 had KRAS (c.G38A:p.G13D) and TP53 (c.G853A:p.E285K) mutations. While 

Patient 2 had KRAS (c.G35A:p.G12D) and STK11 (c.464+1G→A) mutations 

(Arakawa et al., 2021). The clonal transmission was confirmed by the presence of 

exonic SNPs from the mothers' tumours in both children, which were not present in 

the children's germline DNA (Arakawa et al., 2021). 
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1.7 Antitumour/ Allograft Immune Responses 

The immune system plays an important role in detecting and clearing transformed 

cells as well as recognizing allogeneic grafts and destroying them. Both responses 

involve cells such as T cells, NK cells, DC among others (Böttcher et al., 2018) 

(Benichou & Thomson, 2009). Because transmissible cancers involve the 

transmission of an allogeneic tumour, its rejection may depend on immunological 

mechanisms involved in both allograft and tumour recognition. 

 

1.7.1 Antitumour Immune Response 

Different events take place in a successful anti-tumour immune response. NK cells 

recognize stress molecules and unusual features such as the absence of MHC-I 

expression or stress signals on transformed cells and directly lyse them (Bald et al., 

2020). NK cells also help in recruiting DCs to the tumour (Böttcher et al., 2018) that 

detect neoantigens and immunogenic antigens produced by dead cancer cells (Bald 

et al., 2020). These antigens are then presented to the T Cell Receptor (TCR) loaded 

on MHC-I and MHC-II molecules, alongside a co-stimulatory signal such as 

CD28/(CD80, CD86), leading to the activation, proliferation and differentiation of 

effector Cytotoxic T Cells (CTLs) (Nunès & Olive, 2021). The co-stimulatory signals 

are essential for an effective immune response against tumours since T cell 

activation without co-stimulation can result in immunological tolerance, apoptosis, or 

T cell anergy (Appleman & Boussiotis, 2003). Activated T cells then migrate to the 

tumour site and infiltrate the tumour. These T cells recognize tumour antigens 

presented on MHC-I and kill these cells by granzymes, perforins, and Fas dependent 
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killing (Andersen et al., 2006), (Tay et al., 2021) (Dolina et al., 2021; Klement et al., 

2018; Topham & Reilly, 2018) (Ben-Shmuel et al., 2020). 

 

1.7.2 Allograft Immune Response 

There are 2 types of allorecognition of an allograft by T cells, direct and indirect. 

Direct allorecognition happens when recipient T cells encounter allogeneic MHC 

molecules presented by the donor’s “passenger” DC. This interaction can involve 

CD4+ or CD8+ T cells and lead to robust polyclonal T cell response involving 10% 

of the peripheral T cell repertoire (Benichou et al., 2011). As a result of this response, 

CD8+ T cells kill the donor cells leading to acute transplant rejection. Depletion of 

donor’s graft DCs leads to prolonged graft survival (Boardman et al., 2016). This 

reaction is short in duration as the donor's DCs are eliminated (Benichou & Thomson, 

2009). Indirect allorecognition happens when the donor's allopeptides are presented 

on the MHC molecule of the recipient DCs into T cells. The resulting immune 

response is less robust compared to the direct allorecognition and directed to one or 

a small number of the donor MHC antigen's dominant determinants (Benichou et al., 

2011) (Benichou & Thomson, 2009). However, this response persists leading to 

chronic rejection of the allograft (Benichou & Thomson, 2009).  

Tregs serve an important function in suppressing the immunological response to the 

donor alloantigens, which prevent graft rejection. Tregs are particularly effective in 

suppressing the indirect allorecognition pathway, which leads to “linked 

suppression", which make effector T cells recognizing other antigens on the same 

APC tolerant to these antigens (Walsh et al., 2004). Tregs function by 
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downregulating the expression of costimulatory molecules (e.g., CD80, CD86) and 

MHC class II on the APCs, limiting their ability to activate effector T cells. These 

APCs become tolerogenic, where they present antigens in a manner that induce 

suppression instead of activation (Walsh et al., 2004). 

There are different mechanisms for allograft rejection depending on the tissue being 

transplanted. Skin allografts, for example, are characterised by acute rejection, 

where the graft is rejected 10-14 days after transplantation (J. Zhou et al., 2013a). 

Following vascularization of the skin graft, the donor’s DCs migrate from the graft to 

the draining lymph node and prime the recipient’s T cell either directly or indirectly 

by presenting the donor antigens to the recipient T cells or APCs respectively. Upon 

activation, CD8+ and CD4+ T cells recognize the allograft antigens and lyse them by 

granzymes, perforins, and Fas dependent killing (J. Zhou et al., 2013a). CD4+ T cells 

also can perform effector functions through the secretion of IFN-γ and Tumour 

Necrosis Factor α (TNF-α) (Tay et al., 2021). In the case of an allograft encounter, 

they detect the mismatched MHC molecule and then attack that graft (Dolina et al., 

2021; Klement et al., 2018; Topham & Reilly, 2018). 

NK cells can play a dual role, where they can either support rejection or delay it. NK 

cells are recruited to the graft due to the transient inflammation associated with 

transplantation. After their recruitment, NK cells exercise their cytotoxic activity on 

the graft contributing to rejection. Conversely, NK cells can attack the donor’s DCs 

preventing them from presenting the donor’s antigens to T cells leading to the delay 

of rejection (Wang et al., 2017a) (Reeves & James, 2017a).  
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1.8 Hypothesis and Aims 

The mechanisms of how CTVT and DFTD became transmissible are unknown. Due 

to the lack of archival samples for both CTVT and DFTD, studying their evolution to 

be transmissible is not possible.   

Therefore, in this project, we sought to evolve a transplantable tumour similar to 

CTVT in mouse models which will have many benefits. First, this will represent a 

good model to learn about evading the histocompatibility barrier. Second, it will be a 

model to learn about cancer tolerance. Finally, by understanding why these 

allografted tumours are not rejected and the immune tolerance/evasion mechanisms 

deployed by these tumours. These immune tolerance/evasion mechanisms could be 

applied to address medical challenges such as allogeneic rejection. The 

understanding of these mechanisms could also improve immunotherapies by 

targeting the molecules responsible for tolerance especially since different cancers 

employ similar strategies to evade the immune system (Lawson et al., 2020; Vinay 

et al., 2015). 
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1.8.1 Hypothesis 

Serial passaging of melanoma cells YUMM1.7 into progressively more allogeneic 

mice will lead to tumour escape of allogeneic rejection.  

 

1.8.2 AIMS 

1- Generate the transplantable tumour 

2- Evaluate the tumour microenvironment  

3- Study the evolution of the tumour across the passages   

4- Identify the mechanisms of immune evasion 
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Chapter 2: Materials and Methods 

2.1 Materials 

2.1.1 Buffers and Solutions 

FACS buffer 1% FBS, 0.05% sodium azide, 5mM EDTA in PBS (1L): 

 

10ml FBS 

500μl NaN3 

10ml 0.5M EDTA 

1L PBS 

  

Tissue Lysis Buffer (20 ml):  

 

Tris-Cl (1 M, pH 8.0-8.5): 2.0 ml  

NaCl (5 M): 0.8 ml  

SDS (10% in sterile H2O): 0.4 ml  

EDTA (0.5 M): 0.2 ml  

Sterile dH2O: 16.6 ml 

 

2.1.2 Commercial Reagents, Enzymes and Antibodies for In Vivo Studies  

Reagent Catalogue Source 

  RNeasy Mini Kit  74104 Qiagen 

 Phenol:Chloroform + Tris Buffer 11886714 Thermo Scientific 
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PROTEINASE K - SOLUTION A4392.0005 VWR 

Polybrene SC-134220 INSIGHT BIOTECHNOLOGY 

LTD 

Collagenase, Type IV, powder 10780004 Gibco 

RBC Lysis Buffer (10X) 420301 Biolegend 

FuGENE 6 Transfection Reagent E2691 Promega 

Cyto-Fast™ Fix/Perm Buffer Set 426803 Biolegend 

InVivoPure pH 7.0 Dilution Buffer IP0070 BioXCell 

InVivoMAb anti-mouse PD-1 (CD279) BE0146 BioXCell 

InVivoMAb anti-mouse Nonclassical 

MHC Class I molecule Qa-1b 

BE0165 BioXCell 

InVivoMAb mouse IgG1 isotype control, 

unknown specificity 

BE0083 BioXCell 

RU.521 HY-114180 MCE MedChemExpress 

Mouse CXCL10/IP-10/CRG-2 DY466-05 R&Dsystems 

Mouse CCL5/RANTES  DY478-05 R&Dsystems 

DuoSet Ancillary Reagent Kit 3 DY009 R&Dsystems 

QIAGEN Plasmid Midi Kit 

 

12143 Qiagen 
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One Shot™ Stbl3™ Chemically 

Competent E. coli 

C737303 Invitrogen 

 

2.1.3 Table of Antibodies for Flow Cytometry 

Marker Fluorochrome Catalogue Source 

MHC-II (I-A/I-E) Alexa Flour 700 56-5321-82 Invitrogen 

CD3 APC 17-0032-82 Invitrogen 

CD11c PE/Cy7 117318 Biolegend 

CD335 (NKp46) PE 12-3351-82 Invitrogen 

CD4 FITC 116003 Biolegend 

CD11b BV711 101241 Biolegend 

Gr-1 BV510 108437 Biolegend 

CD8α BUV805 612898 BD 

Bioscience 

CD45 BV421 563890 BD 

Bioscience 

F4/80 APC-eFlour780 47-4801-82 Invitrogen 

H-2Db PerCP/Cy5.5 111518 Biolegend 

H-2Kb Pacific Blue 116514 Biolegend 
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CD45 Alexa Flour 700 103128 Biolegend 

CD44 APC 103012 Biolegend 

H2-Kb FITC 116505 Biolegend 

H-2Db FITC 111505 Biolegend 

PD-1 BV711 135231 Biolegend 

CD69 APC-eFlour780 104526 Biolegend 

CD4 PerCP/Cy5.5 100434 Biolegend 

CD3 BUV395 563565 BD 

Bioscience 

Qa-1(b) BV510 744386 BD 

Bioscience 

PD-L1 PE 124308 Biolegend 
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2.2 Methods 

2.2.1 Mice 

6-8 weeks old inbred C57BL/6 (B6), BALB/c, CBA/Ca and FVB/N mice were 

acquired from Charles River and Envigo. For breeding, 2 males and 2 females 

breeders were set to get litters for the required mouse strains. Male and female mice 

were used for tumour implantation studies in equal ratios. C57BL/6, F1 (B6 x 

BALB/c), F2 (F1 x F1), N2 (F2 x BALB/c) crosses, BALB/c, were used in this project. 

All experiments were performed in accordance with UK Home Office regulations, 

project license number PP2330953 and number PC79FA7AB under study approval 

and supervision from the BSU at UCL in accordance with the 3R (Replacement, 

Reduction, Refinement) Principles. Genotyping was done using the Mini Mouse 

Universal Genotyping Array (MUGA) platform by Transnetyx on tumour or spleen 

cells.   

 

2.2.2 Tissue Culture 

YUMM1.7 were obtained from the American Tissue Culture Collection (CRL-3362). 

YUMM1.7 and dissociated tumour cells were grown in DMEM/F-12 media (Gibco) 

supplemented with 10% FBS (Labtech), 1% non-essential amino acids (Gibco), and 

1% penicillin/streptomycin (Gibco). In t25 or t75 flasks and incubated at 37°C at 5% 

CO2 levels. Cells were passaged every 2-3 days at 70-80% confluency.   
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2.2.3 Tumour Transplantation 

Tumour cells were grown in vitro for 2 to a maximum of 4 passages. Cells were 

suspended in sterile PBS at 10 million cells/ml and prepared for injection. Mice were 

anaesthetized, weighted, ear clipped, shaved at the site of injection and injected in 

the left flank area with 1 million cells in 100 μl PBS. Mice were monitored daily for 

tumour growth and their general health was assessed using the BSU scoring system. 

Mice weights were monitored and recorded on a bi-daily basis. Tumours were 

measured by calibre at regular intervals and if tumours reached 15 mm in diameter, 

the mice were culled, and tumours and spleens were collected for analysis. Tumour 

volume was calculated using this formula: 0.5 x Length x Width2 (0.5 x L x W2) 

 

2.2.4 Tumour and Spleen Dissociation 

Tumours were dissociated using the following protocol (Quintana et al., 2008). 

Tumours were dipped in 70% ethanol very briefly and then rinsed in Hank’s buffer 

(HSS) + pen/strep. In a bijou, tumours were minced on ice for 10 minutes with two 

pairs of small scissors into small pieces (1 mm or less) in 1ml Hank’s buffer + 

200U/ml Collagenase IV + pen/strep (filter sterilised). After DNAseI addition (1 mg/ml 

final), the samples were incubated for 25 min at 37°C with gentle shaking. Samples 

were washed in 10 ml cold Hank’s buffer, digested with 1 ml of 0.05% Trypsin-EDTA 

for 5 min at 37°C and filtered through a 70 μm nylon mesh adding HSS to prevent 

clogging. Samples were diluted in 30 ml HSS + pen/strep, centrifuged at 1,500 rpm 

in a benchtop centrifuge for 5 minutes and resuspended in the appropriate buffer. 

Mouse spleens were filtered through a 70 μm nylon mesh, and then RBCs were 
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lysed using RBC Lysis Buffer (Biolegend). Cells were washed and then resuspended 

in FACS buffer.  

 

2.2.5 In vitro Cell Surface Staining  

For In vitro staining: cells were grown in media until around 100% confluent. Then 

cells were washed with PBS, trypsinised (0.25%)  and centrifugated for 5 minutes at 

350X g. Cells were resuspended in FACS buffer (1% FBS, 0.05% sodium azide, 

5mM EDTA in PBS) and aliquoted in 5ml polypropylene FACS tubes. For ex vivo 

staining: dissociated tumour cells were resuspended in FACS buffer and aliquoted 

in FACS tubes. For in vitro staining: cells were stained with the following antibodies:  

H2-Db (PerCP/Cy5.5, Biolegend), H2-Kb (Pacific Blue, Biolegend), PD-L1 (PE, 

Biolegend) and Qa-1(b) (BV510, BD Bioscience). For ex vivo staining dissociated 

cells were stained with the following antibodies: CD45 (BV421, BD Bioscience), CD3 

(APC, Invitrogen), NKp46 (PE, Invitrogen), CD4 (FITC, Biolegend) CD8α (BUV805, 

BD Bioscience), Gr-1 (BV510, Biolegend), CD11b (BV711, Biolegend), F4/80 (APC-

eFlour780, Invitrogen), MHC-II (I-A/I-E) (Alexa Flour 700, Invitrogen), CD11c 

(PE/Cy7, Biolegend), CD45 (Alexa Flour 700, Biolegend), CD3 (BUV395, BD 

Bioscience), CD4 (PerCP/Cy5.5, Biolegend), CD44 (APC, Biolegend), CD69 (APC-

eFlour780, Biolegend), PD-1 (BV711, Biolegend), and Live/Dead (live dead blue, 

ThermoFisher). Antibodies were diluted 1:100 in FACS buffer containing the cells 

and incubated for 30 minutes at 4°C in the dark. Cells were washed with 2 ml PBS, 

resuspended in 200 l FACS buffer + 200 l 4% Paraformaldehyde (PFA) and 

analysed using BD Fortessa flow cytometers. The absolute count was calculated 
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using CountBright Absolute counting Beads (Invitrogen) following the manufacturer's 

instructions.  

 

2.2.6 FMO 

To assist with gating in the 16-colour panel, fluorescence minus one control was 

used, and then the gating strategy obtained from FMO was applied to ex vivo tumour 

samples. The gating method to identify populations of cells was created by 

comparing stains with and without a certain antibody. 

 

2.2.7 In vitro Intracellular MHC-I Staining  

Cells were grown in media until around 100% confluent. Then cells were washed in 

PBS, trypsinised and centrifugated. Cells were fixed in 500 l fixation buffer for 20 

minutes at room temperature in the dark. Cells were centrifugated at 350X g for 5 

minutes and resuspended in 200 l permeabilization/wash buffer, then centrifugated 

at 350X g for 5 minutes. The supernatant was decanted, cells were resuspended in 

200 l prem/wash buffer and centrifugated at 350X g for 5 minutes. After decanting 

the supernatant, the cells were stained with the antibodies at 1:100 dilution in the 

permeabilization/wash buffer and incubated for 20 minutes in the dark at 4°C. Cells 

were washed 2 times with perm/wash buffer and centrifugated at 350X g for 5 

minutes. Cells were resuspended in 200 l FACS buffer and analysed using BD 

Fortessa flow cytometers.  
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2.2.8 Fluorescent Immunocytochemistry (ICC) Staining 

Cells were grown in media on top of a coverslip coated with 0.1% gelatin. Then cells 

were washed with PBS. Cells were stained with H2-Db antibody (1:100, Biolegend) 

and Concanavalin A (50 μg/ml, Invitrogen) for 30 minutes in the dark at room 

temperature. Cells were washed then fixed with 4% paraformaldehyde for 30 

minutes at room temperature. Coverslips were transferred to slides on top of the 

nuclear stain with mounting media (DAPI, Invitrogen). Slides were imaged on a Nikon 

C2 confocal microscope.  

 

2.2.9 Spleen Stimulation and Tumour and Spleen cGAS Inhibition 

BALB/c mouse spleens were collected and filtered through 70μm strainers to get 

single-cell suspensions. RBCs were lysed with RBC lysis buffer, and then spleen 

cells were aliquoted at 1 million cells. Splenocytes were treated with the cGAS 

inhibitor RU.521 or DMSO for 3 hours and then transfected with 1 μg of DNA 

fragments generated by sonication using FuGENE transfection reagent at 

transfection reagent: DNA ratios of 3:1. After 24 hours incubation at 37°C in the 

tissue culture incubator splenocytes were stained with the multiparameter antibody 

panel and analysed by flow cytometer. For tumour cGAS inhibition: 1 million Balb/c-

2 tumour cells were treated with the cGAS inhibitor RU.521 or DMSO and incubated 

at 37°C for 24 hours then stained and analysed by flow cytometer.  

 



 83 

2.2.10 Bacterial Culture Transformation 

One ShotTM Stbl3TM Chemically Competent E. coli cells (Invitrogen) were used for 

transforming the plasmids Ddx58 gRNA1, Ddx58 gRNA2, Empty Vector, pCMV-

VSV-G envelope, and pCMV-Gag/Pol in accordance with the manufacturer's 

instructions. After transformation, bacteria were cultivated on LB agar plates 

supplemented with the ampicillin antibiotic and incubated overnight at 37°C. Single 

bacterial colonies were selected the following day and added to 5 ml of LB broth that 

contained 100 μg/ml ampicillin. These cultures were incubated in a shaking incubator 

(Kuhner ISF-1-W Incubator Shaker Pred ISF1-X/Z) set at 200 rpm for the entire night 

at either 37°C. The starter cultures were then expanded into 100 ml of antibiotic-

containing LB broth in an Erlenmeyer flask and incubated for the entire night at 37°C 

while being shaken constantly.  

 

2.2.11 Plasmid DNA Extraction and Glycerol Stock Preparation 

QIAGEN Plasmid DNA Midiprep Kit was used for the extraction of plasmid DNA from 

bacterial cultures in accordance with the manufacturer's guidelines. A Nanodrop 

spectrophotometer was used for DNA concentration measurement. Glycerol stocks 

were made by combining equal parts of bacterial culture and 80% glycerol, and they 

were then stored at -80°C for long-term storage. 
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2.2.12 LB Agar Preparation 

LB agar was prepared by dissolving 20 g of (Sigma) Luria-Bertani (LB) agar granules 

in 1 L of deionized water (dH2O), sterilizing the medium in an autoclave at 121°C for 

15 minutes, and then cooling it before use. 

 

2.2.13 LB Broth Preparation 

To prepare (LB) broth, 20 g of Sigma's broth powder was dissolved in 1 L of 

deionized water (dH2O) and autoclaved for 15 minutes at 121°C. The broth was 

cooled at room temperature before use. 

 

2.2.14 RIG-I KO by CRISPR/Cas9 

To produce RIG-I KO Balb/c-2 cells, lentiviral particles containing the relevant KO 

constructs were prepared by transfecting 293T cells with FuGENE transfection 

reagent with 3 plasmids: eSpCas9-LentiCRISPR v2 with gRNAs targeting the Ddx58 

gene exons 4 (gRNA1) and exon 3 (gRNA2) (gRNA1: 

ATGTCTTATCAGATCCGACA, gRNA2: ATCCGAATGTTTGATTAATC) or Empty 

vector (GenScript); pCMV-VSV-G envelope and pCMV-Gag/Pol packaging vectors 

as previously described (Zhyvoloup et al., 2017). After 24 hours, the media was 

changed. The virus-containing supernatants were collected 48 and 72 hours after 

transfection. Balb/c-2 cells were infected with the lentivirus in the presence of 8 μg/ml 

Polybrene. Forty-eight hours after infection, fresh media containing puromycin (2 

μg/ml) was added and clones were selected by limiting dilution.  
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2.2.15 DNA Extraction 

DNA was extracted from different clones and control samples using 

phenol/chloroform. Cells were digested overnight in Tissue Lysis buffer + Proteinase 

K (200μg/ml) at 55 °C. Phenol chloroform isoamyl alcohol (25:24:1) was added to 

the lysed cells, tubes were inverted few times and centrifugated at 14000 RPM in a 

benchtop centrifuge for 15 mins at 4°C. The aqueous phase was collected and added 

to a new tube. 2 volumes of chilled 100% ETOH was added. Tubes were 

centrifugated at 14000 RPM for 15 mins at 4°C. The supernatant was discarded and 

150 μl of chilled 70% ETOH was added. Tubes were centrifugated at 14000 RPM for 

5 mins at 4°C. Supernatant was discarded and the remaining 70% ETOH was 

removed by pipette without disturbing the pellet. Molecular Grade H2O was added 

to the pellet and DNA concentration was measured by nanodrop.  

 

2.2.16 PCR 

PCR amplification was performed with the following primers: gRNA1 Ddx58 (F: ATA 

CCG CTT CCA CAA AAG CT, R: CCA TGT AGT TCC CTT CCT CC) gRNA 2 Ddx58 

(F: AAG CCA TCG AAA GTT GGG AC, R: AAG GGG GCA ACT TTA ACT GC) Beta 

Actin (F: TGA GCT GCG TTT TAC ACC CT, R: AAG TCA GTG TAC AGG CCA GC). 

Thermocycling conditions were as follows: initial DNA denaturation step at 94°C for 

10 minutes. Followed by denaturation for 30 seconds, annealing at 52°C for 30 

seconds, extension at 72°C for 30 seconds for 30 cycles. Final extension at 72°C for 

10 minutes. PCR products were resolved in a 2% gel.  
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2.2.17 ELISA 

Tumour cells were grown in vitro in t25 flask in DMEM/F12 media with 10% FBS, 1% 

1% non-essential amino acids, and 1% penicillin/streptomycin until almost 100% 

confluent. The supernatant was collected, then centrifugated briefly to remove debris 

and CXCL10 and CCL5 were measured using the R&Dsystems sandwich ELISA kit 

(DY466, DY478) in a 96 well plates using 100 μl undiluted supernatant. Optical 

density was determined by using a microplate reader at 450nm (Thermo Scientific). 

Standard curve was calculate using four parameter logistic curve.   

 

2.2.18 In Vivo Neutralizing Antibodies Treatment 

Mice were injected with 1 million cells in 100 μl sterile PBS of Balb/c-2 tumour cells. 

After the tumours were palpable, mice weights were measured, and mice were 

injected intraperitoneally with 4 doses of 5mg/Kg of the designated antibody on days 

4, 7, 10, and 13 post-tumour injections. Mice were monitored daily, and tumour 

volumes were recorded. Mice were injected with the following neutralizing 

antibodies: Anti-mouse PD-1 (RMP1-14, BioXcell), anti-mouse Nonclassical MHC 

Class I molecule Qa-1b (4C2.4A7.5H11, BioXcell), and mouse IgG1 isotype control 

(MOPC-21, BioXcell). The antibodies were prepared in pH 7.0 dilution buffer 

(BioXcell).  

  

2.2.19 RNA Extraction 

Total RNA was extracted using the RNAeasy kit (Qiagen) following the 

manufacturer’s instructions. Briefly, cells were trypsinised and washed with PBS. 
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Biopsies and cells were lysed with RLT buffer until totally homogenized. 1 volume of 

70% ethanol was added, and the lysate was mixed and moved to the Rneasy spin 

column and centrifugated. The Flowthrough was discarded. The column was washed 

with RW buffer, and then RPE buffer twice. RNA was eluted with nuclease-free water 

and stored at -80 °C. RNA concentration was checked with a Nanodrop and RNA 

quality was checked with a tapestation analysis.  

 

2.2.20 Library Preparation for Transcriptome Sequencing 

Messenger RNA was purified from total RNA using poly-T oligo-attached magnetic 

beads. After fragmentation, the first strand cDNA was synthesized using random 

hexamer primers, followed by the second strand cDNA synthesis using either dUTP 

for directional library or dTTP for non-directional library. For the non-directional 

library, it was ready after end repair, A-tailing, adapter ligation, size selection, 

amplification, and purification for the directional library, it was ready after end repair, 

A-tailing, adapter ligation, size selection, USER enzyme digestion, amplification, and 

purification.  The library was checked with Qubit and real-time PCR for quantification 

and bioanalyzer for size distribution detection. Quantified libraries will be pooled and 

sequenced by Novogene on Illumina platforms. 

 

2.2.21 Clustering and Sequencing  

The clustering of the index-coded samples was performed according to the 

manufacturer’s instructions. After cluster generation, the library preparations were 

sequenced on an Illumina platform and 150 bp paired-end reads were generated. 
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2.2.22 RNA-seq Quality Control 

Raw data (raw reads) of fastq format were firstly processed through in-house perl 

scripts. In this step, clean data (clean reads) were obtained by removing reads 

containing adapter, reads containing ploy-N and low-quality reads from raw data. At 

the same time, Q20, Q30 and GC content the clean data were calculated. All the 

downstream analyses were based on the clean data with high quality. 

 

2.2.23 Reads Mapping to the Reference Genome 

Reference genome and gene model annotation files were downloaded from genome 

website2 directly. Index of the reference genome was built using Hisat2 v2.0.5 and 

paired-end clean reads were aligned to the reference genome using Hisat2 v2.0.5. 

We selected Hisat2 as the mapping tool for that Hisat2 can generate a database of 

splice junctions based on the gene model annotation file and thus a better mapping 

result than other non-splice mapping tools. 

 

2.2.24 Quantification of Gene Expression Level 

FeatureCounts v1.5.0-p3 was used to count the reads numbers mapped to each 

gene. And then FPKM of each gene was calculated based on the length of the gene 

and reads count mapped to this gene. FPKM, expected number of Fragments Per 

Kilobase of transcript sequence per Millions base pairs sequenced, considers the 

effect of sequencing depth and gene length for the reads count at the same time, 
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and is currently the most commonly used method for estimating gene expression 

levels. 

 

2.2.25 Differential Expression Analysis 

Differential expression analysis of two conditions/groups (three or more biological 

replicates per condition) was performed using the DESeq2 R package (1.20.0). The 

resulting P-values were adjusted using the Benjamini and Hochberg’s approach for 

controlling the false discovery rate. Genes with an adjusted P-value <=0.05 found by 

DESeq2 were assigned as differentially expressed.  

 

2.2.26 GSEA Enriched Pathway Analysis  

DE genes from each comparison (each passage against reference YUMM17) were 

combined, resulting in 7282 genes. The log2FC values were subjected to k-means 

hierarchical clustering with k=6, and the result was displayed as a heatmap using 

the R package 'pheatmap' v1.0.12 (https://CRAN.R-

project.org/package=pheatmap). Each row represents one gene. Functional analysis 

for any group of genes of interest (clusters 1+4,  Balb/c-2 vs F0) was performed using 

Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005) implemented as 

a Java tool GSEA v4.1.0 (https://www.gsea-msigdb.org/gsea/index.jsp) using 

normalised counts and the following parameters: 'meandiv' normalisation, geneset 

permutation, n=1000 permutations per test, metric Signal2Noise, and weighted 

enrichment statistic. We queried functional genesets at the MSigDB database 
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(https://www.gsea-msigdb.org/gsea/msigdb/index.jsp) based on Gene Ontology 

terms, Reactome, Kegg, and others, and identified those with an FDR < 5%. 

 

2.2.27 Ingenuity Pathway Analysis  

Significantly differentially expressed genes were used in QIAGEN IPA core analyses. 

The following details were loaded into the input table describing the outcome of a 

differential gene expression analysis: Genome ID, the significance of the impact size 

is described by the mean expression across all samples, the log2 fold change ratio 

of the gene expression between the two groups, and the P-value/FDR of the 

differential-expression test between the two groups. 

 

2.2.28 Analysis of Repeats 

Repetitive regions were annotated as previously described (Attig et al., 2017). In 

brief, the mouse genome (GRCm38.78) was masked using RepeatMasker 

(RepeatMasker v.4.09, www.repeatmasker.org) configured with nhmmer (Love et 

al., 2014a) in sensitive mode using the Dfam 2.0 library (v150923). RepeatMasker 

annotates long terminal repeat and internal regions separately, complicating the 

summation of reads that span these divides. Tabular outputs were therefore parsed 

to merge adjacent annotations for the same element and to produce a gene transfer 

format (GTF) file compatible with popular read-counting programs. Read pairs were 

aligned with HISAT2 (D. Kim et al., 2015) and primary, stranded mappings were 

counted with featureCounts (Subread (D. Kim et al., 2015) using standard GTF files 

for annotated genes and the curated RepeatMasker GTF files for repeat regions. For 

http://www.repeatmasker.org/
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accuracy and to prevent ambiguity, only reads that could be uniquely assigned to a 

single feature were counted. Those reads remaining were normalized to account for 

variable sequencing depth between samples, using DESeq2 (Love et al., 2014b). All 

downstream differential expression analyses and visualization were carried out using 

Qlucore Omics Explorer 3.3 (Qlucore). Analysis of repeat expression was performed 

using the Qlucore Omics Analysis platform (qlucore.com). Scores below 0.1 were 

discarded and the data was logged to base 2. Repeats were filtered using a t-test for 

all samples before N2.1, and all samples after N2.1 inclusive. Filters were set at SD 

> 0.34, q <0.05, and fold-change >2. This was used to produce a heatmap, and 3D 

PCA plot. Repeats passing this threshold were exported from qlucore. R was used 

to examine the enrichment of repeat families. Fisher’s exact tests were used to test 

for enrichment of repeat families in the up- and down-regulated repeat lists, 

compared to all repeats in the mouse genome. Benjamini Hochberg correction was 

applied to the resulting p-values to account for multiple testing. The same list of 

repeats was also tested for enrichment of inter or intragenic status of the repeats.  

 

2.2.29 Annotation of Intergenic and Intragenic Repeats 

Lists of inter and intragenic repeats were created by analysing the intersection of bed 

files of gene and repeat loactions.  A bed file of gene locations from GRCm38.78 

was prepared from the GTF using GFFUtils gtf2bed (github.com/fls-bioinformatics-

core/GFFUtils). A second bed file was generated from the GTF of repeats using the 

same method. The intersection of these bed files was found using BEDtools Intersect 

(Quinlan & Hall, 2010).  Qlucore annotation text files of lists of gene intersecting and 

non-gene-intersecting repeats were then made and used to annotate heatmaps. The 
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lists were also used for enrichment analysis in R. Both the chi-squared and Fisher’s 

exact test results are reported. 

 

2.2.30 Schematic Illustrations  

Schematic Illustrations were performed using biorender.  

 

2.2.31 Statistical Analysis 

Statistical Analysis for samples of more than 3 groups was performed using Prism 

software and 1-way Anova or 2-way Anova with Tukey correction for multiple 

comparisons, P values of 0.05 or less were considered significant. Statistical 

analysis for samples less than 3 groups was carried out using unpaired t-test with 

Welch’s correction, P values of 0.05 or less were considered significant.  
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Results  
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Chapter 3: Establishment of the Transplantable Tumour Model 

3.1 Introduction 

Organ transplantation is a vital aspect of contemporary medicine, providing patients 

with end-stage organ failure with potentially life-saving options. Despite major 

breakthroughs in transplantation medicine, various obstacles exist, including organ 

shortage, chronic rejection, and problems related to long-term immunosuppression. 

Organ shortage is the major challenge for organ transplantation. This is because of 

the histocompatibility barrier which necessitates that the transplanted organ be a 

close match to the recipient (Kupiec-Weglinski, 2022). As a result of this hurdle 

waiting lists for patients needing an organ are long. For example, the United Network 

for Organ Sharing (UNOS) reports that over 100,000 people are waiting for an organ 

transplant in the United States alone at any given moment (UNOS, 2025). The pitfalls 

of the current organ transplantation strategies raised the need for the adoption of 

new strategies to get around these problems. One of the new strategies that might 

be implemented is adopting the mechanisms employed by transmissible cancers 

such as CTVT to escape immune killing. Understanding the mechanisms of CTVT 

tolerance and applying them to the transplanted organs leading to a local tolerance 

of the organ could potentially solve problems such as shortage of organs and the 

use of systemic immunosuppression drugs that have many side effects such as 

infections by Herpes group viruses (CMV, EBV), Hepatitis viruses (HBV, HCV), 

bacterial infections (Pseudomonas species (spp), Mycobacterium tuberculosis), and 

fungal infections (Candida spp, Aspergillus spp) (Fishman, 2017) and malignancies 

such as Kaposi sarcoma, skin cancer, non-Hodgkin lymphoma, and  liver cancer 

(Shekhar Gogna; Karan Ramakrishna; Savio John, 2024). Unfortunately, the 
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mechanisms of immune tolerance caused by CTVT are not entirely known. Nor is 

how this tumour evolved to be transmissible. This is because CTVT is estimated to 

have originated 8500-11000 years ago and we do not have ancient samples 

(Murchison et al., 2014) (Baez-Ortega et al., 2019). Therefore, one approach to 

understanding how a tumour became transmissible is by trying to create a 

transplantable tumour by selection through serial passaging in different mouse 

strains, which have well-characterised MHC-I and MHC-II haplotypes and immune 

system function, and are amenable to experimentation (affymetrix, 2024)  

To evolve the transplantable tumour by adaptation, we decided to reproduce mouse 

tumour transplantation studies in the 1920s and 1950s reporting the occasional 

generation of tumours that were transplantable across different inbred strains 

(Barrett & Deringer, 1952; Strong, 1926b). This was achieved by serial passaging of 

a mouse mammary adenocarcinoma (C3HBA) initially in syngeneic mice (C3H), then 

into F1 mice (C3H x BALB/c), followed by N2 mice (F1 x BALB/c), then pure BALB/c 

mice (Barrett & Deringer, 1952). The Fassati group showed previously through RNA 

sequencing that CTVT transcriptional profile is most similar to skin cancer, 

cutaneous melanoma, and melanoma (Frampton et al., 2018). We therefore 

replicated the experimental design of the 1950s transplantation studies using the 

YUMM1.7 melanoma cells. YUMM (Yale University Mouse Melanoma) are 

genetically well-characterised cells generated by the dissociation of tumours that 

developed in a male BRAF(V600E) Pten-/- Cdkn2a-/- C57BL/6 mice (Meeth et al., 2016). 

These cells express detectable levels of MHC-I (Erkes et al., 2020), form tumours 

when injected into syngeneic C57BL/6 mice and the tumours do not respond to anti-

CTLA4 and anti-PD-1 antibodies, suggesting low antigenicity (Wang et al., 2017a). 
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In addition to the melanoma origin, YUMM1.7 cells share with CTVT genetic features 

such as loss of Cdkn2a (Meeth et al., 2016), making them a suitable model to evolve 

a transplantable tumour.  

The mutations in YUMM1.7 cells have major implications for melanoma 

pathogenesis. The BRAF(V600E) mutation results in the activation of the MAPK 

pathway promoting cell growth and proliferation; while CDKN2A loss affects cell 

cycle regulation and PTEN loss limits the control of the PI3K-AKT signalling pathway, 

resulting in reduced apoptosis and increased cell proliferation. Together, these 

mutations allow YUMM1.7 cells rapidly to proliferate in hosts which is a feature of 

melanoma tumours (Meeth et al., 2016). Another advantage of using the YUMM1.7 

cell line is the close genetic resemblance to a significant subset of human 

melanomas. This also makes the YUMM1.7 cells a good model for studying the 

effects of the Braf mutation, which exists in around 50% of human melanomas, and 

70-88% of these are BRAF(V600E) (Castellani et al., 2023) (Meeth et al., 2016). 

Additionally, tumours from injected YUMM1.7 get infiltrated by different immune cells 

which provides a better model of the TME and how these tumour cells interact with 

the immune system (Wang et al., 2017b). YUMM1.7 cells were therefore considered 

a good model to select a transplantable tumour.  

Immunocompromised mice have been extensively used in tumour transplantation 

studies mainly to understand the roles of certain immune cells in tumour 

immunology, these include Nude mice which lack T cells, Severe Combined 

Immunodeficient mice (SCID) which lack functional T and B cells, and Non-Obese 

Diabetic (NOD) SCID mice lacking complement, NK cells, macrophages and 

dendritic cells functions in addition to T and B cells (Okada et al., 2019). These mice 
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models are not considered a good model for our study as the lack of immune cells 

will not lead to the selection of tumours that are completely immune evasive similar 

to transmissible cancers. Other than the studies from the 1920s and 1950s 

mentioned above, there have been limited studies to replicate or generate allo-

transplantable tumours which could grow in non-immunocompromised mouse 

models. One study from 1996 reported the development of a spontaneous malignant 

fibrous histiocytoma (now termed undifferentiated pleomorphic sarcoma) in the ddY 

mouse strain that was able to grow in several allogeneic mouse strains. However, 

no explanation of what enabled this tumour to grow in mismatched hosts was 

provided (Yamamoto & Yamamoto, 1996). Another allo-transplantable tumour that 

has been reported is Sarcoma 180. It is a pleomorphic sarcoma that originated from 

a Swiss mouse tumour that developed spontaneously. This tumour grows rapidly, 

usually leading to the death of the grafted mouse within 3 to 4 weeks and it can be 

grafted into up to 20 mouse strains including C57BL/6 and BALB/c. This cell line has 

an impaired MHC-I expression due to a lack of β2m (Alfaro et al., 1992; Cui et al., 

2003).  

However, to our knowledge, there are no studies that have selected an allo-

transplantable tumour and investigated the mechanisms leading to this phenotype. 

(Meeth et al., 2016) (N. Liu et al., 2023; Wang et al., 2017b) 
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3.2 Results 

   3.2.1 Passaging Strategy Rationale and Mouse Strains  

In this study, we utilized the passaging strategy employed by Barret and Deringer 

(Barrett & Deringer, 1952) with minor changes (explained later). This strategy is 

better suited to gradual tumour adaptation that could lead to tumour growth in 

mismatched hosts. This is supported by experiments that showed tumours that were 

passaged in F1 hybrid mouse could grow in N2 hybrid mouse while the parental 

tumours not passaged in F1 could not (BARRETT & DERINGER, 1950). This method 

also has the advantage of inducing natural selection of immune evasive tumours 

without any requirement for host immune suppression or other tumour genetic 

alterations.    

Choice of mouse strains and hybrids for transplantation experiments 

C57BL/6 Mouse 

Inbred C57BL/6 mouse strain is one of the most utilized mouse models in biomedical 

research due to their many advantages. They are known for having good health and 

longevity. As a result of the C57BL/6 genome sequencing, their genetic composition 

is well characterised. C57BL/6 phenotype is reproducible, and their immune system 

is well-defined (“Initial Sequencing and Comparative Analysis of the Mouse 

Genome,” 2002). The characterisation of the TME in C57BL/6 mice has been crucial 

in elucidating the ways in which immune cells and other components can either 

stimulate or suppress the formation of tumours (Perez-Lanzon et al., 2024). 

Regarding the MHC haplotype, C57BL/6 are H-2Kb H-2Db H-2Lnull I-Ab I-Enull 

MHC (affymetrix, 2024). YUMM1.7 the cell line is syngeneic to this mouse strain 
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therefore tumour implantation experiment should result in a successful tumour 

growth without rejection as has been shown by previous experiments (Moreno et al., 

2016) 

BALB/c Mouse 

BALB/c mice, characterised by their albinism, are a stable of biomedical research. 

They are used in immunological, infectious diseases, and cancer studies due to their 

competent immune system, well-characterised genetics, and the propensity to 

produce antibodies in abundance (Köhler & Milstein, 1975). They express MHC 

haplotypes H-2Kd H-2Dd H-2Ld I-Ad I-Ed (affymetrix, 2024; Roitt et al., 2006). 

Understanding the mechanisms behind allograft rejection and tolerance has been 

greatly aided by the BALB/c mouse strain, which has a strong immune response and 

is susceptible to a variety of immunological treatments (Valujskikh et al., 2002). 

These reasons make BALB/c mice a good model for investigating the effector 

mechanisms of rejection, including the roles of cytokines, T cells, and B cells in 

mediating graft damage in these hosts (Tian et al., 2022). Since this mouse is fully 

mismatched to the C57BL/ strain, YUMM1.7 cells are expected to be rejected in 

BALB/c mice.  

F1 Hybrid Mice 

F1 hybrid mice were produced by crossing C57BL/6 with BALB/c mice. This causes 

the progeny to have a genetic background that combines the two inbred strains 

(Silver, 1995). Combining the unique H-2 haplotypes of their parental strains 

produces MHC heterozygosity in F1 hybrid mice, which leads to a varied array of 

MHC molecules on the cell surface. This genetic diversity helps T cells be exposed 
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to a greater variety of peptides, which may improve the immune system's capacity 

to identify and react to infections and malignancies (Roitt et al., 2006). F1 hybrid 

mice express MHC-I and MHC-II molecules from both parent strains (Celada & 

Welshons, 1962). Therefore, it is expected that YUMM1.7 cells would be accepted 

in this mouse strain.  

F2 Hybrid Mouse 

F2 hybrid mice are produced by crossing two F1 mice. When F1 mice mate, a unique 

random mixing of alleles from both parental strains produces F2 offspring (de Angelis 

et al., 2004). This genetic diversity makes F2 hybrid a good model for studying 

diseases related to genetics such as metabolic, cardiovascular diseases, and 

cancer. As a result of alleles from their F1 parents segregating and recombining, F2 

hybrid mice have a broad variety of MHC genotypes which makes them a good 

model for transplantation studies (Barnes & Krohn, 1957). Skin graft transplantation 

experiments of parental mice skin grafts into F2 mice showed that, depending on the 

genotype of the parent, almost 100% of the transplanted grafts can survive for up to 

2 weeks, although skin grafts are eventually rejected by a delayed response (Barnes 

& Krohn, 1957). Thus, this hybrid is expected to be suitable for short-term tumour 

selection. 

N2 Hybrid Mouse 

The F2 mice were backcrossed with BALB/c mice to generate the N2 hybrid. N2 

mouse crosses have the advantage of some genetic heterogeneity while being 

closer to the genetic background of BALB/c mice (Falconer & Mackay, 1996) (Silver, 

1995) (Falconer & Mackay, 1996) (Churchill & Doerge, 1994). Because N2 mice 
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express around 75% of the genome of one of the parental strains, it is possible to 

identify certain genome regions that are associated with disease development or 

progression through QTL mapping, including tumour adaptation in vivo and 

metastasis (Churchill & Doerge, 1994; Falconer & Mackay, 1996; Silver, 1995) 

(Klein-Rodewald et al., 2022). Tumour transplantation studies in the 1950s utilizing 

N2 mice (F1 X Backcrossed to the resistant parent strain) showed that 20 out of 58 

tumours were able to grow if they were previously passaged in F1 hybrid mice. While 

0 out of 30 grew when directly injected from parental strain to N2 hybrid mice 

(BARRETT & DERINGER, 1950). Therefore, YUMM1.7 cells are not expected to 

grow in the N2 mice. 

CBA/Ca Mouse 

CBA/Ca inbred mouse strain is used in the fields of audiology, immunology, cancer, 

and longevity (Henry & Chole, 1980) (Flurkey et al., 2007) (Henry & Chole, 1980) 

(Willott, 1986). They are susceptible to Noise-Induced Hearing Loss (NIHL) and Age-

related Hearing Loss (AHL). Their resistance to spontaneous tumour development 

despite their long lifespan makes them a good model for immunological, cancer, and 

ageing studies (Flurkey et al., 2007) (Henry & Chole, 1980) (Willott, 1986). CBA/Ca 

mouse strains express the MHC haplotype H-2Kk H-2Dk H-2Lnull I-Ak I-E) 

(affymetrix, 2024) which is mismatched relative to both C57BL/6 and BALB/c mice. 

FVB/N Mouse 

FVB/N mice are characterised by their high fertility rate and physical robustness 

making them a good model for long-term studies. They are routinely used for the 

creation of Transgenic (TG) and Knockout (KO) mouse strains due to their large 
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pronuclei which makes it easier to introduce foreign DNA through injection (Taketo 

et al., 1991). TG and KO FVB mice are one of the most used models in biomedical 

research including cancer research to investigate gene functions in oncogenesis and 

tumour progression (Torrey et al., 2005; Yun et al., 2021). The FVB/N mouse strain 

has the MHC haplotype H-2Kq H-2Dq H-2Lq I-Aq I-Enull (affymetrix, 2024) and is 

therefore mismatched relative to CBA, C57BL/6 and BALB/c mice. 

 

 

Table 3.1: MHC haplotypes for different mouse strains. 

 
MHC-I MHC-II 

Mouse strain H-2K H-2D H-2L I-A I-E 

C57BL/6 b b null b null 

BALB/c d d d d d 

CBA/Ca k k null k k 

FVB/N q q q q null 

 

 

3.2.2 Optimizing Tumour Cell Number for Injections 

Initial experiments were carried out by Drs. Bennett and Fassati before I joined the 

Fassati lab to determine the optimal number of cells for injection and tumour growth; 

1x105 or 1x106 YUMM1.7 cells were injected subcutaneously into the left flank of 

male and female C57BL/6 mice and tumour growth and mouse weight were 

monitored at regular intervals. No weight loss was observed at any of the tested cell 
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numbers. Injection of 1x106 YUMM1.7 cells resulted in 100% (5/5) tumour growth 

within 1 week whereas injection of 1x105 cells resulted in 80% (4/5) tumour growth 

with a slower kinetic (Figure 3.1). Therefore, all subsequent experiments were 

conducted with 1x106 YUMM1.7 cells. 

 

 

 

 

 

 

 
 

 

Figure 3.1. Adapted from Dr. Clare Bennett. Optimizing tumour cell injections. 1x105 

or 1x106 YUMM1.7 cells were injected subcutaneously into the flank area of mice 

and tumour growth and mouse weight were monitored at regular intervals. Left panel, 

tumour diameter, right panel mouse weight. 

 

3.2.3 Tumour Passaging Strategy 

The experimental design involves injecting 1 million cells into the left flank of the 

mice under anaesthesia and monitoring tumour growth at daily intervals for 2 weeks, 

or until the tumour mass reaches the maximum allowed diameter of 15 mm. This 

time interval is based on skin allografts acute rejection, which happens within 10-14 

days (J. Zhou et al., 2013b). At that point, mice were sacrificed by exposure to carbon 

dioxide and neck dislocation. Tumours were collected by surgical excision, avoiding 
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contamination with normal tissues such as skin and muscle. Excised tumours were 

immediately dissociated initially by mechanical mincing and then by digestion with 

collagenase and trypsin at a low concentration of 0.05%. Single cells were counted, 

expanded in vitro for 2-4 passages and 1 million cells were re-injected into the next 

mouse cross. The supernatant of confluent cultures was stored at -80C for ELISA 

testing. Aliquots of the cells were used to extract RNA and for multiparameter flow 

cytometry. Several aliquots were frozen in liquid Nitrogen. 

I started by injecting 1 million YUMM1.7 cells into 17 syngeneic C57BL/6 mice. The 

tumours produced from this step (hereafter called F0) were passaged into the F1 

mouse cross (C57BL/6 x BALB/c) to get the F1 tumours. Unlike the studies from the 

1950s, we chose to add one more passaging step in the F2 mouse (F1 x F1) to better 

adapt the F1 tumours to the next passage in the N2 cross. Crossing the F1 mouse 

with a similar F1 mouse resulted in four different groups. The first group had black 

fur mimicking the C57BL/6 mouse. The second group had white fur mimicking the 

BALB/c mouse. The third group had a similar fur colour to the F1 mouse. Finally, the 

fourth group has a lighter shade of brown than the F1 mouse strain. All groups were 

used for the injection experiments, and tumours grew in each group, except the white 

fur. However, the fourth group was chosen for tumour collection and further 

passaging. This is because the fur colour indicates that they are genetically a step 

closer to BALB/c mice than the F1 hybrid mice.  

To check the genetic composition of these F2 mice, some littermates were 

genotyped by Transnetyx using their validated platform of SNPs mini Mouse 

Universal Genotyping Array (MUGA) (Sigmon et al., 2020). Genotyping of spleen 

cells showed that the percentage of alleles that are coming from the BALB/c strain 
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ranged from 67-77% while the ones from the C57BL/6 strain ranged from 21-31% 

(Table 2). The F2 tumour cells were injected into N2 mice, tumours that grew were 

excised and dissociated and the cells were re-injected into the N2 mice, and this step 

was repeated two more times to improve adaptation. The resulting tumours were 

called N2.1, N2.2 and N2.3 respectively. Genotyping of a few N2 mice indicated that 

they are genetically more similar to BALB/c mice than the F2 mice, as alleles coming 

from BALB/c represented 80-87% while alleles from C57BL/6 were 12-19% (Table 

2).  After the successful growth of the passaged tumours in N2.3 mice, I inoculated 

dissociated N2.3 cells into completely allogeneic BALB/c mice. This passage gave 

the Balb/c-1 tumours, which were passaged into BALB/c mice again to obtain the 

Balb/c-2 tumours. Adapted tumours were injected in the parental syngeneic C57BL/6 

mice to check if their transplantation potential had changed during selection. To 

confirm that the adapted tumour growth was due to general transplantability rather 

than a specific C57BL/6 to BALB/c adaptation, I passaged the Balb/c-2 tumours into 

CBA/Ca and FVB/N mice, both of which are mismatched to C57BL/6 and BALB/c 

and to each other (Figure 3.2). Dissociated tumour cells from all passages were 

genotyped using mini MUGA to check for strain genetic background and all tumour 

passages showed that they retained their C57BL/6 background (table 3).   

At each passage, dissociated tumours were analysed by flow cytometry to study the 

intratumoural host immune cell infiltrate or after passaging in vitro to clear host 

immune cells, cells were analysed by flow cytometry to analyse tumour markers and 

nucleic acids were extracted for RNA-seq from the isolated tumour cells. Some 

tumour biopsies were frozen for further analysis (Figure 3.3).  
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Table 3.2: Genotyping using Mini MUGA platform of spleen cells from C57BL/6, F2, 

N2, and BALB/c mice.   

Sample Background Zygosity Informative 
Markers 

Informative 
Markers % Genome % 

C57BL/6 C57BL/6J and C57BL/6JOlaHsd N/A 8846 100.00% 100.00% 
 Total 8846 100.00% 100.00% 

F2_1 

BALB/cAnNTac Homozygous 1317 47.40% 55.40% 
C57BL/6J Homozygous 310 11.20% 8.50% 
BALB/cAnNTac X C57BL/6J Heterozygous 1119 40.30% 35.80% 
Unexplained Homozygous 2 0.10% 0.00% 
Unexplained Heterozygous 31 1.10% 0.30% 
 Total 2779 100.10% 100.00% 

F2_2 

BALB/cAnNTac Homozygous 1318 47.40% 55.40% 
C57BL/6J Homozygous 310 11.10% 8.50% 
BALB/cAnNTac X C57BL/6J Heterozygous 1120 40.30% 35.80% 
Unexplained Homozygous 2 0.10% 0.00% 
Unexplained Heterozygous 32 1.20% 0.30% 
 Total 2782 100.10% 100.00% 

F2_3 

BALB/cAnNTac Homozygous 1319 47.40% 55.40% 
C57BL/6J Homozygous 310 11.10% 8.50% 
BALB/cAnNTac X C57BL/6J Heterozygous 1120 40.30% 35.80% 
Unexplained Homozygous 2 0.10% 0.00% 
Unexplained Heterozygous 30 1.10% 0.30% 
 Total 2781 100.10% 100.00% 

F2_4 

BALB/cAnNTac Homozygous 1319 47.50% 55.40% 
C57BL/6J Homozygous 311 11.20% 8.50% 
BALB/cAnNTac X C57BL/6J Heterozygous 1117 40.20% 35.80% 
Unexplained Homozygous 2 0.10% 0.00% 
Unexplained Heterozygous 30 1.10% 0.30% 
 Total 2779 100.10% 100.00% 

F2_5 

BALB/cJRj Homozygous 1175 41.90% 47.30% 
C57BL/6J Homozygous 119 4.20% 4.80% 
BALB/cJRj X C57BL/6J Heterozygous 1468 52.30% 47.80% 
Unexplained Homozygous 2 0.10% 0.00% 
Unexplained Heterozygous 42 1.50% 0.20% 
 Total 2806 100.00% 100.10% 

F2_6 

BALB/cJRj Homozygous 1755 62.40% 62.00% 
C57BL/6J Homozygous 174 6.20% 5.60% 
BALB/cJRj X C57BL/6J Heterozygous 835 29.70% 32.20% 
Unexplained Homozygous 5 0.20% 0.00% 
Unexplained Heterozygous 43 1.50% 0.20% 
 Total 2812 100.00% 100.00% 

N2_1 

BALB/cJRj Homozygous 2109 75.10% 80.70% 
C57BL/6J Homozygous 10 0.40% 0.00% 
BALB/cJRj  X C57BL/6J Heterozygous 649 23.10% 19.10% 
Unexplained Heterozygous 41 1.50% 0.20% 
 Total 2809 100.10% 100.00% 

N2_2 

BALB/cJRj Homozygous 1700 60.70% 68.60% 
C57BL/6J Homozygous 10 0.40% 0.00% 
BALB/cJRj  X C57BL/6J Heterozygous 1057 37.70% 31.20% 
Unexplained Heterozygous 35 1.20% 0.20% 
 Total 2802 100.00% 100.00% 

Balb/c 
BALB/cJRj Homozygous 8826 99.90% 100% 

Unexplained Homozygous 10 0.10% 0.00% 

  Total 8836 100% 100% 
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Figure 3.2: Summary of the experimental strategy to passage tumours. 1 million 

YUMM1.7 cells were injected into syngeneic C57BL/6 mouse. Tumours that grew in 

syngeneic mice (F0 tumours) were dissociated and tumour cells were expanded in 

vitro for 2 to 4 passages then 106 F0 tumour cells were injected into F1 mice. F1 

tumours were passaged in F2 mice as before. The resulting F2 tumours were 

passaged in N2 mice serially three consecutive times, (N2.1, N2.2 and N2.3). The 

N2.3 tumours were injected into BALB/c mice two consecutive times (Balb/c-1 and 
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Balb/c-2). 106 Balb/c-2 cells were then inoculated into C57BL/6, CBA and FVB/N 

mice. 

 

 

Table 3.3: Genotyping using Mini MUGA platform of tumour cells from F0, F1, F2, 

N2.1, N2.2, N2.3, Balb/c-1, Balb/c-2, CBA/Ca, and FVB/N passages.   

Sample Substrain 
Homozygous 
Diagnostic 
Alleles  

Heterozygous 
Diagnostic 
Alleles 

Potential 
Diagnostic 
Alleles 

% 
Observed 

YUMM1.7 C57BL/6J 133 6 156 89.1 

F0 C57BL/6J 133 6 156 89.1 

F1 C57BL/6J 133 6 156 89.1 

F2 C57BL/6J 133 6 156 89.1 

N2.1 C57BL/6J 133 6 156 89.1 

N2.2 C57BL/6J 133 6 156 89.1 

N2.3 C57BL/6J 133 6 156 89.1 

Balb/c-1 C57BL/6J 133 6 156 89.1 

Balb/c-2 C57BL/6J 133 6 156 89.1 

CBA C57BL/6J 133 6 156 89.1 

FVB C57BL/6J 133 6 156 89.1 
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Figure 3.3: Methods to analyse the tumours. Tumour samples were collected; 

some tumours were frozen. Other tumours were dissociated to separate tumours 

from host immune cells. Tumour cells were grown in vitro for 2-4 passages to 

eliminate host immune cells then analysed in vitro by flow cytometry for tumour 

markers, or total RNA was extracted and analysed by RNA-seq. Tumour supernatant 

was collected for Enzyme-Linked Immunosorbent Assay (ELISA) analysis. The host 

immune infiltrate was analysed ex vivo by multiparameter flow cytometry. 
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3.2.4 Tumour Take Rates 

During the experiments, mice were monitored for general signs of health, including 

activity, appearance, weight loss, clinical signs such as diarrhoea and dehydration, 

and whether there were changes to the mouse body condition i.e.: apparent skeletal 

structure or loss of muscles before and after tumour injections. According to the 

guidelines of the UCL BSU, the experiment had to stop if mice lost 20% of their 

weight or developed diarrhoea. None of the injected mice developed diarrhoea. The 

weights of the mice showed minor fluctuations after tumour injections but none of 

these mice lost more than 20% of their weight (Figure 3.4) or showed reduced activity 

or changes in appearance or body condition, indicating good health of the mice in 

general after tumour injections.  

Table 3.4 shows the number of tumours “takes” at each mouse passage (a “take” is 

defined as a tumour that is measurable and is not rejected two weeks after cell 

injection). This is based on the fact that acute allograft rejection happens between 

10 to 14 days (J. Zhou et al., 2013b). In the F0, F1, and F2 mouse crosses, no 

significant rejection was observed as 94.1%, 92.3, and 94.1% of tumours grew, 

respectively. However, the first N2 passage (N2.1) showed only a 40% take rate with 

6/15 tumours growing without rejection. Another passaging round in the N2 mouse 

cross (N2.2) increased the tumour take to 46.7% (14/30), and a third round (N2.3) 

increased the tumour take to 100% (6/6). The N2.3 tumours grew successfully when 

injected into the completely allogeneic BALB/c mice with a take rate of 75%. A further 

round in the BALB/c mice (Balb/c-2) increased that to 93.8%. Balb/c-2 tumours 

passaged into CBA/Ca and FVB/N mouse strains grew successfully with a 100% 

take rate. Importantly, there were no takes when 1 million YUMM1.7 cells were 
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injected directly into N2 or BALB/c mice, demonstrating the strength of the allogeneic 

barrier in our model. Thus, serial passaging of YUMM1.7 cells into progressively 

immunological discordant mouse crosses resulted in tumour adaptation and greater 

allograft tolerance. 
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Figure 3.4: Mice Weights monitoring after tumour injection. Mice were injected 

with cells dissociated from different tumour passages. Mice weights were recorded 

on a bi-daily basis. Weight in grams for mice with successful tumour takes is shown.  

 

Table 3.4: Tumour “takes” (tumours that grew in 2 weeks) and number of tumours 

dissociated at each passage. YUMM1.7 cells were also directly injected into N2 and 

BALB/c mice. Equal ratios of males and females were used for each passage.  

Mouse strain Tumour passage  No. of injected mice No of takes  
No of 
tumours 
dissociated 

C57BL/6 F0 17 16 9 

F1 (C57BL/6 x BALB/c) F1  13 12 9 

F2 (F1 x F1) F2  17 16 5 

N2 (F2 x BALB/c) N2.1  15 6 6 

N2  N2.2 30 14 3 

N2  N2.3 6 6 3 

BALB/c Balb/c-1  12 9 5 

BALB/c Balb/c-2 16 15 5 

C57BL/6 B6 6 6 4 

CBA/Ca CBA/Ca 10 10 4 

FVB/N FVB/N 10 10 4 

N2  YUMM1.7  10 0 0 

BALB/c YUMM1.7 20 0 0 
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3.2.5 Phylogenetic Tree of Passaged Tumours 

Due to the challenge of increasing mismatch between the hosts and these tumours, 

and to maximize the chance of tumour growth in the next passage, the two largest 

tumours were used at each passage for further propagation, except in N2.1 tumours 

where only 1 tumour was passaged due to the limited availability of N2 mice at this 

stage. The phylogenetic tree of the tumours is shown in Figure 3.5.  

 

Figure 3.5. Phylogenetic tree of passaged tumours. YUMM1.7 cells were 

passaged using the strategy described in Figure 3.2. The 2-3 best-growing tumours 

were chosen for passaging into the next mouse generation except for the N2.2 

passage.   
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3.2.6 Tumour Growth Kinetics  

To better understand the adaptation process, I monitored tumour growth daily and 

then calculated tumour volume using the formula 0.5 x Length x Width2 (0.5 x L x 

W2) (Figure 3.6a). Tumour growth kinetics showed some differences across the 

passages. The F0 tumour started to appear 4 days after injection and grew at a rapid, 

constant rate. F1 tumours were slower as most tumours started to appear at day 6 

post-injection. These tumours showed two patterns: tumours that grew exponentially 

or tumours that were stationary without being rejected. A similar behaviour was 

observed for N2.1 and N2.2 tumours. N2.3 tumours grew more rapidly than F1, N2.1 

and N2.2 tumours, suggesting better adaptation to the N2 mouse cross after 

repeated passaging. However, when injected into BALB/c mice, N2.3 tumours grew 

more slowly with several tumours being stationary like in the F1 passage. Faster 

tumour growth was recorded in the second Balb/c (Balb/c-2) passage, with some 

tumours first appearing as soon as day 2 post-injection, suggesting better tumour 

adaptation to the BALB/c mice after repeated passaging. Balb/c-2 tumours injected 

in C57BL/6 mice showed an exponential growth pattern exceeding the one seen with 

the F0 tumours. The growth kinetics were different between CBA/Ca and FVB/N 

strains. In the CBA/Ca mice, the tumours started appearing on day 4 after injection 

and then grew exponentially until tumour collection. Whereas FVB/N tumours started 

to appear 2 days post-injection but showed slower tumour growth (Figure 3.6b).   

Concerning tumours that grew and then regressed, these were all tumours that did 

not manage to grow large (<150 mm3), and regression happened gradually, 8-12 

days after tumour appearance (Figure 3.6b). A similar pattern was observed for 

YUMM1.7 cells injected directly, without prior adaptation, into the N2 or BALB/c mice. 
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Only 3/10 N2 mice injected with 1 million YUMM1.7 cells grew small tumours, which 

were all eventually rejected. Two of these tumours did not exceed 20 mm3 and one 

65 mm3. Only 5/20 BALB/c mice injected with YUMM1.7 cells were able to grow 

detectable tumours. These tumours did not exceed 32 mm3 and three of these were 

rejected rapidly whilst two were rejected more slowly (Figure 3.6c). Overall, these 

results indicate a stepwise adaptation of tumour cells to progressively 

immunologically discordant mouse crosses.  
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Figure 3.6: Tumour growth curves. a) Experiment timeline, mice were checked 

daily after injection for tumour growth. The results are presented as tumour volume 

using the formula (0.5 x L x W2). b). Tumour volume in mm3 for non-regressed 

tumours are shown. c) Tumour volume in mm3 for regressed tumours.  
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3.3 Discussion  

Here we showed that, in agreement with the results reported by Barrett and Deringer 

in the 1950s (Barrett & Deringer, 1952), serial tumour passaging into progressively 

more mismatched mouse crosses allowed the tumours to evade the 

histocompatibility barrier. We used melanoma YUMM1.7 cells for our transplantation 

studies because CTVT is likely derived from a melanoma and shares with YUMM1.7 

cells some important genetic features (Broit et al., 2021; Cohen, 1985; Frampton et 

al., 2018). However, the early tumour transplantation studies reported a mouse 

mammary adenocarcinoma growth in mismatched mouse strains (Strong, 1926b) 

and later studies reported an adaptation for adenocarcinoma and sarcomas (Barrett 

& Deringer, 1952) (Dunham & Stewart, 1953). This suggests that cancer, at least in 

mice, has an intrinsic evolutionary potential to evade allogeneic rejection. The lack 

of allogeneic rejection makes it more likely that Balb/c-2 tumours might be 

transmitted across individuals, although we have not tested this possibility.  

To create the allo-transplantable tumour we used fully immunocompetent mice, 

which has advantages compared to immunocompromised mice. 

Immunocompromised mice such as Nude, SCID, and NOD SCID lack important 

immune cells that are essential in the anti-tumour and transplantation immune 

responses. Therefore, tumour adaptation might not happen due to the lack of 

selective pressure exerted by the immune system on tumour cells (Dunn et al., 

2004). This is clear in our study where only 40% of the N2.1 tumours were able to 

grow in N2 mice but two more rounds of passaging in the same host increased that 

to 100% while non-adapted parental YUMM1.7 did not grow at all in this host. 

Additionally, this model can be very useful in tumour evolution studies. There are 
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three stages regulating cancer-immune system interactions (Schreiber et al., 2011; 

Vesely et al., 2011). The first one is immune surveillance where normal cells 

undergoing malignant transformation are detected and killed by the immune system. 

This selective pressure forces the tumour to make changes to evade the immune 

surveillance in a process known as cancer immunoediting which is the second stage 

for cancer development. The third stage is immune evasion where cancer clones 

that successfully underwent immune editing can escape the immune system and 

proliferate causing clinically apparent cancer. Within this framework, our approach 

could be helpful in shedding light on tumour evolution strategies to escape immune 

surveillance. 

Although we believe this model provides many benefits to study mechanisms of both 

allogeneic rejection and tumour immune escape, there are also limitations. These 

include the long time required to produce all the hybrid mouse strains. It is difficult to 

collect samples that regressed which limits the analysis to successful tumours only. 

Moreover, there are differences between tumours and normal organs that give 

tumours advantages in escaping the immune system. Firstly, tumours are 

conditioned to escape immune detection to be able to grow and metastasize by going 

through the aforementioned steps of selection. Secondly, tumour plasticity allows it 

to make phenotypic and functional changes in vivo that allow it to escape the immune 

system. Thirdly, this project focuses on acute rejection, therefore whether the 

adapted tumours can survive chronic rejection is not known. Finally, the self-renewal 

abilities of tumours are not possessed by normal organs which could still lead to 

chronic rejection if no complete graft tolerance is achieved. 
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Chapter 4: Analysis of Tumour Immune Infiltrate 

4.1 Introduction  

Different immune cells play different roles which either support or inhibit tumour 

growth. Myeloid cells such as macrophages and immature cells expressing Gr-1 and 

CD11b have immune suppressive functions, leading to tumour progression. Tumour 

Associated Macrophages (TAM) are abundant in the TME. They are divided into two 

types M1 and M2. M1 macrophages play an inflammatory role. While M2 or 

alternative macrophages have immune suppressive functions. M2 macrophages 

reduce inflammation and suppress T cell functions by secreting factors such as IL-

10 and TGF-β (M. Li et al., 2022a). CD11b+ Gr-1+ cells (markers of Myeloid Derived 

Suppressor Cells [MDSCs] or neutrophils) are a group of heterogeneous populations 

of myeloid cells. They play an immune suppressive function on T cells through the 

production of factors such as arginase (ARG-1), TGF-β, IL-10, and COX2 

(Gabrilovich, 2017). They also produce factors such as VEGF leading to 

angiogenesis and tumour progression (Gabrilovich, 2017).  

Although DCs have a very important anti-tumour role in presenting tumour antigens, 

there is increasing evidence of dysfunctional DCs leading to tumour tolerance. 

Tolerogenic DCs are quiescent immature cells that lead to the differentiation of T 

cells into more tolerant Th2 and regulatory T cells (Treg) instead of effector Th1 and 

Th17 T cells (Podestà et al., 2015a). These cells have been reported to prevent 

allotransplant rejection in murine models (Podestà et al., 2015a) and promoting 

tumour progression (Del Prete et al., 2023) (Bald et al., 2020). 
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Lymphoid cells such as CD4+, CD8+ T cells, and NK cells are important in fighting 

cancer cells. CD4+ T cells play an important role in coordinating the immune 

response against tumours. They exercise their antitumour role mainly by helping 

CD8+ CTLs. In order for naïve T cell to be activated two events need to take place. 

First, antigen on the surface of MHC-II of mature DC gets presented to TCR of T 

cells (signal one). Second, costimulatory signal such as CD28/(CD80, CD86) (signal 

two) interaction between mature DC and T cells.   

In this chapter, I have therefore examined the TME to understand the different 

immune infiltrate at different tumour passages and correlate it with allogeneic tumour 

rejection, or lack of it. 
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4.2 Results 

4.2.1 Immune Cell Markers and Spleen Staining  

To understand the interactions between tumours and the host immune system, I 

assessed the intratumoural immune infiltrate by multiparameter flow cytometry. 

Different immune cells that are involved in the anti-tumour response and graft 

rejection were investigated, including total leukocytes (CD45+), lymphocytes 

(CD45+ CD3+), T cells (CD45+ CD3+ CD4+ or CD8+), NK cells (CD45+ CD3- 

NKp46+), dendritic cells (CD45+ CD3- MHC-II+ CD11c+), macrophages (CD45+ 

CD3- CD11b+ F4/80+) MDSCs or Neutrophils (CD45+ Gr-1+ CD11b+) (Bronte et 

al., 2016; Dean et al., 2024; Diao et al., 2018; Qiao et al., 2023). To test the validity 

of the antibodies and to set the gating strategy, spleen samples from C57BL/6 mice 

were collected, RBCs were lysed, then cells were stained with the multiparameter 

antibodies panel (Figure 4.1). The results showed that the chosen antibody panel 

identified the desired cell types, which were detected at frequencies that matched 

known reference values (Table 1) (Bio-Rad, 2017; Stemcell Technologies, 2013). 
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Figure 4.1: Spleen multiparameter staining. C57BL/6 mouse spleens were 

collected and filtered through 70μm strainers to get single-cell suspensions. RBCs 

were lysed, then spleen cells were aliquoted, stained with the multiparameter 

antibody panel and analysed by flow cytometry. 
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Table 4.1: Frequencies of the indicated cell populations found in the spleen. 

Comparing normal spleen frequency according to reference values and spleens 

used for the experiments described here.  

Cell Type Normal Spleen Frequency Tested Spleens 

T cells 21-35% 25-30% 

CD4+ T cells 13-20% 15-19% 

CD8+ T cells  7-15% 8-11% 

NK cells 1-5% 2-5% 

Monocyte/Macrophage 3.5-5% 2-4% 

Dendritic cells 0.5-3% 0.5-1.8% 

 

The dissociation protocol included an incubation step with 0.05% trypsin for 5 

minutes. Some reports have shown that trypsin can digest some antigens from the 

cell surface of immune and tumour cells when used at a higher concentration (0.25%) 

and incubated for 30 minutes or more (Tsuji et al., 2017). Therefore, to assess if the 

low trypsin concentration used for tumour dissociation affected antigen surface 

levels, I carried out tumour dissociation in the presence or absence of 0.05% Trypsin-

EDTA for 5 minutes and analysed the cells by flow cytometry using the same panel 

of antibodies described above. The results showed that a short incubation with 

trypsin at a low concentration increased the yield of dissociated cells and did not 
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appreciably reduce the intensity of the surface markers, except for an apparent small 

reduction in Gr-1 (Figure 4.2).  
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Figure 4.2: Testing the effect of incubating cells with 0.05% trypsin-EDTA for 5 

minutes during tumour dissociation. F0 tumours were dissociated following the 

protocol described in the methods section (Quintana et al., 2008) in the absence or 

presence of 0.05% trypsin-EDTA for 5 minutes. After dissociation, samples were 

stained using the same antibodies shown in Figure 4.1. Flow cytometry plots for 

CD45+ cells (a) CD3+ and NK cells (c) CD4+ and CD8+ T cells (e) DCs (h) 

macrophages (j) Gr-1+ CD11b (l). Histogram overlays of the two conditions tested 

(red: F0 no trypsin, blue: F0 with trypsin) for CD45 (b), CD3 (left panel) NKp46 (right 

panel) (d), CD4 (left panel) CD8 (right panel) (f), MHC-II (left panel) CD11c (right 

panel) (i), F4/80 (left panel) CD11b (right panel) (k), Gr-1 (left panel) CD11b (right 

panel) (m).  

 

4.2.2 Evaluation of Intratumoral Immune Infiltrate  

Using this tumour dissociation protocol, the tumour infiltrate was characterised at 

each passage. To comprehensively evaluate the tumour immune infiltrate, I used 

two parameters: 1- Absolute Counts and 2- Frequency of immune cell population 

within the CD45+ cell population. I analysed 5 key tumour passages that can shed 

light on the adaptation of tumours during passaging and their interaction with the 

immune system. F0 is the starting point of passaging in the syngeneic mouse strain 

(C57BL/6), N2.1 the first tumour passage that showed high regression/rejection 

rates, Balb/c-2 is the last step of passaging in a fully mismatched mouse strain 

(BALB/c), and CBA/Ca and FVB/N that represent two different strains mismatched 

to both C57BL/6 and BALB/c.  
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The number and frequency of leukocytes (CD45+ cells) showed an increase in the 

N2.1 passage compared to F0 and their number and frequency decreased in the 

subsequent passages Balb/c-2, CBA/Ca, and FVB/N (Figure 4.3a,b,c). This 

indicated that the high tumour regression rates in N2.1 most likely exerted a strong 

selective pressure on the subsequent tumours to be less immunogenic.  
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Figure 4.3: Analysis of the tumour CD45 immune infiltrate. F0, N2.1, Balb/c-2, 

CBA/Ca and FVB/N tumours were dissociated and freshly isolated cells were stained 

with the same antibodies described in Figure 4.1. Samples were analysed by flow 

cytometry according to the gating strategy shown in Figure 4.1. (a) Flow cytometry 

plots for CD45+ cells. (b) CD45+ cells count. (c) Frequency of CD45+ cells in 

tumours. F0 (n=4), N2.1 (n=6), Balb/c-2 (n=4), CBA/Ca (n=4), and FVB/N (n=4). 

Statistical analysis was carried out using two-way ANOVA with Tukey’s multiple 

comparison correction. Each dot represents a different tumour. * Denotes (P= < 

0.05). ** Denotes (P= <0.01). *** Denotes (P=0.001) **** Denotes (P<0.0001).   
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Lymphocytes (CD3+) numbers showed a trend similar to CD45+ cells (Figure 4.4b) 

but their frequency relative to CD45+ cells was different. F0 tumours showed the 

highest frequency of CD3+ T cells. A gradual decrease was noticed in N2.1 then 

Balb/c-2 which had the lowest frequency of CD3+ T cells. The frequency of CD3+ T 

cells gradually increased in CBA/Ca and FVB/N tumours respectively (Figure 4.4a,c). 

CD4+ T cell numbers mirrored the CD3+ T cells trend (Figure 4.4e) while their 

frequency showed an upward trend in tumour passages after F0 (Figure 4.4d,f). This 

suggests that they might be regulatory T cells (Tregs) which are inhibitory in nature, 

but Tregs were not specifically analysed. CD8+ T cell numbers showed a significant 

increase from F0 to N2.1. Remarkably, Balb/c-2, CBA/Ca, and FVB/N tumours had 

low levels of infiltrating CD8 T cells (Figure 4.4g) despite the fact that these tumours 

expressed high levels of MHC-I (explained later). This suggested impaired homing 

activity of CTLs. The CD8+ T cells frequency showed a gradual decrease from F0 to 

N2.1 to Balb/c-2 and CBA/Ca although FVB/N showed a slightly higher frequency of 

CD8+ T cells than CBA/Ca (Figure 4.4d,h). NK cell numbers showed a sharp 

increase from F0 to N2.1 and Balb/c-2 followed by a sharp decrease in CBA/Ca and 

FVB/N (Figure 4.4i). The relative percentage of NK cells in the CD45+ population 

showed a sharp increase from F0 to N2.1 which gradually decreased in the 

subsequent tumour passages but remained higher than the baseline levels (Figure 

4.4a,j).  
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Figure 4.4: Analysis of the tumour lymphoid cells infiltrate. F0, N2.1, Balb/c-2, 

CBA/Ca and FVB/N tumours were dissociated and freshly isolated cells were stained 

with the same antibodies described in Figure 4.1. Samples were analysed by flow 

cytometry. (a) Flow cytometry plots for CD3+ and NK cells. (b) CD3+ cells count. (c) 

Frequency of CD3+ cells in CD45+ cells. (d) Flow cytometry plots for CD4+ and 

CD8+ T cells. (e) CD4+ T cells count. (f) Frequency of CD4+ T cells in CD45+ cells. 

(g) CD8+ T cells count. (h) Frequency of CD8+ T cells in CD45+ cells. (i) NK cells 

count. (j) Frequency of NK cells in CD45+ cells. F0 (n=4), N2.1 (n=6), Balb/c-2 (n=4), 

CBA/Ca (n=4), and FVB/N (n=4). Statistical analysis was carried out using two-way 

ANOVA with Tukey’s multiple comparison correction. Each dot represents a different 

tumour. * Denotes (P= < 0.05). ** Denotes (P= <0.01). *** Denotes (P=0.001) **** 

Denotes (P<0.0001).   

 

I also analysed the myeloid compartment; the number of dendritic cells (MHC-II+ 

CD11c+) showed a gradual increase from F0 to N2.1 to Balb/c-2 which was 

significant. CBA/Ca and FVB showed also higher levels than baseline F0 tumours 

(Figure 4.5b). The relative proportion of dendritic cells in the CD45+ population 

showed an upward trend and it was significantly higher in the Balb/c-2 and CBA/Ca 

tumours relative to the F0 and N2.1 passages (Figure 4.5a,c). Macrophages 

numbers were higher in N2.1 and Balb/c-2 tumours compared to other tumour 

passages which showed similar levels (Figure 4.5f). Balb/c-2 tumours also showed 

an increase in the percentage of macrophages within the CD45+ population, without 

reaching statistical significance, compared to other tumour passages (Figure 4.5e,j). 
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Finally, the numbers of CD11b+ Gr-1+ cells (markers of MDSCs or neutrophils) (Chiu 

et al., 2017; Dunay et al., 2008; M. Y. Park et al., 2020; Zalfa & Paust, 2021) were 

higher in N2.1 and Balb/c-2 tumours compared to other passages (Figure 4.5i). 

However, the population of CD11b+ Gr-1+ cells within the CD45+ did not show 

significant changes in the different tumour passages (Figure 4.5h,j). 

Taken together, these results indicate that the intratumoural immune infiltrate 

changed during passaging with the highest numbers of CD8+ T cells infiltration 

observed in the N2.1 tumours, whereas Balb/c-2 tumours had an overall lower 

lymphoid infiltration relative to N2.1, and higher myeloid infiltration, especially for 

DCs and macrophages. Balb/c-2 tumours were not rejected, suggesting that the 

greater myeloid infiltration may have exerted an immune suppressive function, which 

has been well documented in the mouse and human tumour microenvironment  (M. 

Li et al., 2022b; Ness et al., 2021a; Podestà et al., 2015b). 
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Figure 4.5: Analysis of the tumour myeloid cells infiltrate. F0, N2.1, Balb/c-2, 

CBA/Ca and FVB/N tumours were dissociated and freshly isolated cells were stained 

with the same antibodies described in Figure 4.1. Samples were analysed by flow 

cytometry. (a) Flow cytometry plots for DCs. (b) DCs count. (c) Frequency of DCs 

cells in CD45+ cells. (d) Flow cytometry plots for macrophages. (e) Macrophages 

count. (f) Frequency of macrophages in CD45+ cells. (g) Flow cytometry plots for Gr-

1+ CD11b+ cells. (h) Gr-1+ CD11b+ cells count (i) Frequency of Gr-1+ CD11b+ cells 

in CD45+ cells. F0 (n=4), N2.1 (n=6), Balb/c-2 (n=4), CBA/Ca (n=4), and FVB/N 

(n=4). Statistical analysis was carried out using two-way ANOVA with Tukey’s 

multiple comparison correction. Each dot represents a different tumour. * Denotes 

(P= < 0.05). ** Denotes (P= <0.01). *** Denotes (P=0.001) **** Denotes (P<0.0001).   

 

4.2.3 Characterisation of T Cells Activation Status  

T cells are key for a successful tumour or allograft immune response. Activated 

CD4+ T cells secreting Interleukin 2 (IL-2) can directly activate CD8+ T cells 

expressing the IL-2 receptor (CD25). Activated CD4+ T cells also directly and 

indirectly enhance CD8+ T cell functions by maintaining proinflammatory DCs which 

present antigens to CD8+ T cells leading to their activation (Tay et al., 2021).  

I examined the expression of the following markers: CD69, CD44, and PD-1. CD69 

is an early T cell activation and tissue residency marker and in combination with 

CD103 can identify tissue-resident memory T cells (Luangrath et al., 2021; S. L. Park 

et al., 2019; Topham & Reilly, 2018). CD44 is an adhesion molecule and a well-

established activation marker that is expressed on effector and memory T cells but 
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not naïve T cells (Schumann et al., 2015). Programmed cell Death Protein-1 (PD-1) 

is expressed on the surface of T cells and other immune cells. It acts as an immune 

checkpoint to protect against autoimmunity. It interacts with its ligand PD-L1 to 

suppress T cell functions, a prevalent mechanism employed by cancers to suppress 

the anti-tumour immune response. PD-1 is considered one of the exhaustion 

markers when expressed on T cells in association with CTLA-4, TIM-3, LAG-3 

(Tietscher et al., 2023) (Dolina et al., 2021; Thommen & Schumacher, 2018). 

Activated tumour infiltrating lymphocytes upregulate the expression of CD44, CD69, 

and PD-1 (Lin et al., 2023; Mita et al., 2018) (Tietscher et al., 2023).  

The gating strategy of these markers on spleen cells is shown in (Figure 4.6). The 

frequency of CD44 expressing CD4+ T cells was highest in F0 tumours (Figure 4.7a). 

Other passages showed lower levels that were half the levels seen in the F0 tumours 

(Figure 4.7a). Similarly, the proportion of CD4+ T cells expressing the activation 

marker CD69 was the highest in F0 tumours, while the lowest levels were observed 

in N2.1 tumours (Figure 4.7b). The expression of the immune checkpoint PD-1 was 

significantly lower in F0 compared to all the other tumour passages (Figure 4.7c).  

Taken together, F0 tumours showed more activated and less inhibited CD4+ T cells, 

while the subsequent tumour passages showed the opposite. These data suggest 

that the TME in later passages suppressed CD4+ T cell activation. Unfortunately, 

CD8+ T cell frequencies in the late tumours (Balb/c-2, CBA/Ca, and FVB/N) were 

very low which prevented a reliable assessment of these activation and inhibitory 

markers. Therefore, our analysis was limited to CD4+ T cells. 



 140 

 

Figure 4.6: Spleen CD4+ T cells CD44, CD69, PD-1 staining. C57BL/6 mouse 

spleens were collected and filtered through 70μm strainers to get single-cell 

suspensions. RBCs were lysed, then spleen cells were aliquoted, stained with the 

multiparameter antibody panel and analysed by flow cytometer.  
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Figure 4.7: Analysis of the tumour CD4+ T cells CD44, CD69, PD-1 expression. 

Tumours were dissociated and freshly isolated cells were stained with the same 

antibodies described in Figure 7. Samples were analysed by flow cytometry. (a) Left 

panels, flow cytometry plots for CD44+; right panels, bar graphs showing the average 

percentage of CD44+ cells +/- SD. (b) Left panels, flow cytometry plots for CD69+ 

cells; right panels, bar graphs showing the average percentage of CD69+ cells +/- 

SD. (c) Left panels, flow cytometry plots for PD-1+ cells; right panels, bar graphs 

showing the average percentage of PD-1+ cells +/- SD. F0 (n=4), N2.1 (n=6), Balb/c-

2 (n=4), CBA/Ca (n=4), and FVB/N (n=4). Statistical analysis was carried out using 

two-way ANOVA with Tukey’s multiple comparison correction. Each dot represents 
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a different tumour. * Denotes (P= < 0.05). ** Denotes (P= <0.01). *** Denotes 

(P=0.001)**** Denotes (P<0.0001).   

 

4.2.4 Systemic Versus Local Tolerance   

In addition to the immune suppressive environment in the TME, there is evidence 

that the YUMM1.7 cell line can cause systemic immune suppression when injected 

into mice, characterised by fewer CD8+ T cells and increased M2-type macrophages 

in circulation (L. Huang et al., 2024). Therefore, we wanted to investigate whether 

tolerance to Balb/c-2.1 tumours was localized or due to systemic immune 

suppression caused by the tumours. To this end, we designed an experiment (Figure 

4.8) where I injected 10 BALB/c mice with Balb/c-1 tumours in the left flank, then 

after 1 or 2 weeks I injected the right flank with the parental YUMM 1.7 cells (Balb/c-

2.1 + YUMM1.7). If tolerance to Balb/c-2 tumours was dependent on systemic 

immune suppression caused by the tumours themselves, the expectation was that 

Balb/c-2.1 tumours would tolerize the mice to YUMM1.7 cells. Otherwise, the 

YUMM1.7 cells should be rejected as observed before (Table 3.4). The results 

showed that BALB/c mice sequentially injected with Balb/c-2.1 and YUMM1.7 cells, 

initially grew the Balb/c-2 tumours then after the injection of YUMM1.7 cells, these 

tumours regressed and no new tumour was detectable in either flank (Table 2). This 

indicated that tolerance to Balb/c-2 tumours is reversible and not systemic in nature.  
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Table 4.2: Tumour takes and the number of tumours dissociated at each passage in 

the double tumour injection experiment. YUMM1.7 cells were also directly injected 

into BALB/c mice. Equal ratios of males and females were used for each passage. 

(Balb/c-2 and YUMM1.7 data are taken from Table 3.4 and shown here for 

comparison). 

Mouse strain Tumour passage  
No of injected 

mice 
No of takes  

No of 

tumours 

dissociated 

 BALB/c 
Balb/c-2.1 + 

YUMM1.7  
10 0 3 

 BALB/c Balb/c-2 16 15 5 

 BALB/c YUMM1.7 20 0 0 

 

To understand what might have induced the regression of Balb/c-2 tumours in the 

Balb/c-2.1 + YUMM1.7 mice, we decided to analyse the tumour immune infiltrate. 

Regressing YUMM1.7 tumours were too small for dissociation, however, I managed 

to collect and dissociate three regressing Balb/c-2 tumours, which were dissociated 

and analysed by flow cytometry (Figure 4.8). Comparing the flow cytometry results 

previously collected for the Balb/c-2 tumours with the regressing Balb/c-2 + 

YUMM1.7 tumours (hereafter called B2.1) revealed a similar profile of intratumoral 

immune infiltrate in the two groups (Figure 4.9,b,d), except for a stark difference in 

the percentage of CD3+ NKp46+ cells, which were less than 2% in Balb/c-2 tumours 

and >45% in the B2.1 regressing tumours (Figure 4.9f). In addition, NK cells trended 

higher and CD4+ T cells lower in B2.1 relative to Balb/c-2 tumours (Figure 4.9e,I,h). 
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Unfortunately, the myeloid lineages could not be analysed due to insufficient cells 

obtained from B2.1 regressing tumours and insufficient counts by flow cytometry.  

These data suggest that the introduction of the immunogenic YUMM1.7 cells into the 

Balb/c-2.1 + YUMM1.7 mice activated the CD3+ NKp46+ cell population, which 

infiltrated the Balb/c 2.1 tumours leading to their regression. A CD3+ NKp46+ cell 

population has been previously described in cattle, mice and humans that have 

features of both CTLs and NK cells and includes TCRα/β, TCRγ/δ and invariant TCR 

lineages (Connelley et al., 2014; Tomasello et al., 2012; Walzer et al., 2007). It is 

possible that the high levels of MHC-I expression found in Balb/c tumours (please 

see later) might have facilitated recognition and killing of tumour cells by the CD3+ 

NKp46+ cells. 

 

 

Figure 4.8: Schematic depiction of experimental design of double injection 

experiment. Balb/c-1 tumours were injected into the left flank of BALB/c mice. After 

1-2 weeks, when tumours were palpable, YUMM1.7 cells were injected into the right 

flank of the same mice. Tumour growth was monitored, and three regressing tumours 

were collected.  
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Figure 4.9: Analysis of the tumour immune infiltrate in regressing tumours (the 

Balb/c-2 data taken from Chapter 4 Figures 3-4 and shown here for comparison). 

Tumours were dissociated and freshly isolated cells were stained with the same 

antibodies described in Figure 4.1. Samples were analysed by flow cytometry. (a) 

Flow cytometry plots for and results for CD45+ cells. (b) Frequency of CD45+ cells 

in tumours. (c) Flow cytometry plots for CD3+ and NK cells. (d) Frequency of CD3+ 

cells in CD45+ cells. (e) Frequency of NK cells in CD45+ cells. (f) Frequency of CD3+ 

NKp46+ cells in CD45+ cells. (g) Flow cytometry plots for CD4+ and CD8+ T cells. 

(h) Frequency of CD4+ T cells in CD45+ cells. (i) Frequency of CD8+ T cells in 

CD45+ cells. Balb/c-2 (n=3) and B2.1 Regressing (n=3). Statistical analysis was 
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carried out using an unpaired t-test. Each dot represents a different tumour. * 

Denotes (P= < 0.05). ** Denotes (P= <0.01). *** Denotes (P=0.001) **** Denotes 

(P<0.0001).   
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4.3 Discussion   

Our results indicate that tumour adaptation to grow in allo-mismatched mice was 

reflected in the host immune system tumour infiltrate. Tumours were moderately 

immunogenic in the F0 passage, became more immunogenic at the N2.1 passages, 

in which the rejection rate was highest, then reduced their immunogenicity in the 

Balb/c-2, CBA/Ca, FVB/N passages despite the fact that grafted tumour and host 

had a fully mismatched MHC-I haplotype. The higher immunogenicity of N2.1 

tumours was accompanied by higher levels of T cell infiltration. The Balb/c-2, 

CBA/Ca, and FVB/N tumours were characterised by lower T and NK cells immune 

infiltration which suggests a less immunogenic tumour profile and a very suppressive 

TME.  

Remarkably, serially passaged Balb/c-2 tumours showed more infiltration by DCs in 

both the relative percentage and the counts, and macrophages in relative percentage 

and to a lower extent, counts. The increase in the relative frequency of macrophages 

and DCs could be due to the reduced frequency of other cells notably CD3+ 

lymphocytes. Alternatively, the increased recruitment of TAMs and DCs may be due 

to the production of certain chemokines such as CCL2, CCL4, and CCL5 from the 

tumour that attract these cells (Kohli et al., 2022) (Xiang et al., 2021). TAMs are 

known to suppress effector immune cells by the production of soluble factors such 

as Arginase-1 (ARG1) and IL-10 leading to tumour survival and tolerance (Xiang et 

al., 2021). DCs are well known to contribute to anti-tumour immunity and allograft 

rejection, but there is evidence for an inhibitory or tolerogenic role of immature and 

some subsets of plasmacytoid DCs where they increase allograft survival (Ness et 
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al., 2021b; Podestà et al., 2015c). Therefore, better characterisation of macrophages 

and DCs in the TME is needed to draw any firm conclusion.  

A more in-depth analysis of tumour infiltrating T cells at different passages using a 

panel of activation markers showed that a large proportion of CD4+ T cells were 

highly activated in the F0 tumour, while the later tumour passages showed a less 

activated and more inhibited state. CD4+ T cells in the TME of later passages were 

characterised by lower levels of activation markers and higher PD-1 expression 

relative to F0 tumours suggesting that TILs might be dysfunctional. Exhausted CD4+ 

T cells exhibit a dysfunctional state earlier than CD8+ T cells and demonstrate loss 

in effector functions such as the production of IFN-γ, TNF-α and IL-2 (Pauken & 

Wherry, 2015). Unfortunately, CD8+ T cells could not be analysed due to the very 

small number of cells in later tumour passages, but it is conceivable that CD8+ T 

cells exhibit similar status to CD4+ T cells due to the immune suppressive nature of 

the late tumours.  

Overall, the data suggest that the immune suppressive status in the later tumour 

passages may be due to T and NK cell exhaustion, lower migration from the 

periphery, anergy and/or death. Macrophages and DCs (possibly tolerogenic), which 

would be attracted into the tumour by inflammatory mediators, likely contribute to this 

environment leading to allograft acceptance (Ness et al., 2021b; Podestà et al., 

2015c; Xiang et al., 2021).  

Notably, comparing Balb/c-2 experiments with experiments in mice that received 

YUMM1.7 cells after the injection of Balb/c tumour cells demonstrated that allograft 

tolerance was not due to systemic immunosuppression, rather it was achieved 



 149 

locally. This finding has important implications for allotransplanted organ tolerance 

because it may point to approaches designed to affect the donor’s organ rather than 

the recipient’s immune system. The fact that both YUMM1.7 and Balb/c-2 cells were 

rejected in doubly injected mice demonstrates that tolerance is metastable and can 

be broken in the right conditions, which is similar to what is observed in CTVT 

(Frampton et al., 2018). 

Our tumour transplantation model will be useful in understanding mechanisms for 

allogeneic tolerance, which may lead to improved allograft tolerance after organ 

transplantation. However, our results have several limitations. Firstly, we used a 

limited number of immunological markers to characterise the TME, several cell types 

such as NKT, B cells Tregs and other immune cells were not tested which could play 

an important role in establishing tolerance. Secondly, other than the reduced CD8+ 

T cells in the later tumour passages no other immune cells showed a stark difference 

that could explain the immune tolerance. Thirdly, CD8+ T cells could not be 

extensively analysed due to their low number in late tumour passages. Fourthly, we 

have no information on the clonal expansion or deletion of T cells infiltrating the 

tumour. Lastly, although DCs and macrophages could be potentially involved in the 

tumour tolerance of later passages, we do not have yet a mechanistic link between 

DCs and macrophages and escape from allogeneic rejection. These issues will need 

to be addressed in future work. 
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Chapter 5: Tumour Immune Escape 

5.1 Introduction 

One of the hallmarks of cancer is the ability to evade the immune system (Hanahan 

& Weinberg, 2011). Cancers employ different strategies to evade the immune 

system. One of the main strategies is the downregulation of the MHC-I. MHC-I is 

located on the surface of all nucleated cells and its main function is to present 

endogenous peptides to CD8+ T cells that can detect non-self or mutated antigens 

and destroy them (Wu et al., 2023). Tumours downregulate MHC-I expression either 

by the reducing gene expression of the MHC-I gene complex, or the genes encoding 

for APM, which is responsible for proper folding and assembling the MHC-I on the 

cell surface (Shklovskaya & Rizos, 2021). The selective pressure from CD8+ T cells 

and the genomic instability of tumours can lead to somatic gene alterations leading 

to a deficient MHC-I in what is known as Loss of Heterozygosity (LOH) that can 

trigger NK cell detection (Garrido & Aptsiauri, 2019; Shklovskaya & Rizos, 2021).  

For successful antigen presentation by MHC-I, different steps have to take place. 

First, endogenous proteins are fragmented by proteosomes into peptides. These 

peptides are then moved from the cytoplasm into the Endoplasmic Reticulum (ER) 

by transporters such as TAP1 and TAP2. In the ER these peptides are processed 

into smaller fragments 8-10 amino acids length. Also, in the ER the MHC complex is 

assembled by Calnexin and stabilized by chaperones such as ERp57 and 

Calreticulin. Then TAP1/2 and Tapasin deliver the processed peptides into the newly 

assembled MHC-I molecule. This MHC-I complex is transferred via the Golgi 

apparatus where it is glycosylated and then into the cell surface where the antigen 
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is presented to CD8+ T cells (Pishesha et al., 2022). Tumours can manipulate any 

of these steps to prevent or downregulate MHC-I expression on the cell surface 

(Dhatchinamoorthy et al., 2021).  

Tumour cells express different ligands that interact with the different immune cells 

leading to their activation or inhibition. Key molecules include PDL-1 (CD274), which 

can inhibit the activation of NK and T cells by binding to the immune checkpoint 

molecule PD-1 and can be upregulated by different proinflammatory cytokines such 

as IL-6, IFN-γ, and TNF-α (Cha et al., 2019). Galectin -9, which interacts with 

different receptors on immune cells such as the inhibitory molecule TIM-3 expressed 

on T cells and NK cells leading to a reduction in T cell expansion and effector 

functions. Galectin-9 can also interact with CD40 leading to the inhibition of T cell 

proliferation and cell death (Vaitaitis & Wagner, 2012). CD155, which interacts with 

the coinhibitory receptors TIGIT and CD96, is expressed on T and NK cells to prevent 

their activation (J. Gao et al., 2017). CD155 interaction with TIGIT on NK cells 

suppresses their ability to produce IFN-γ. B7-H3 is an inhibitory ligand which 

suppresses T cell activation and proliferation by the early inhibition of IL-2 production 

which is required for T cell activation and proliferation (Leitner et al., 2009). In 

addition, non-classical MHC-I molecules play an important immune modulatory 

function. H2-M and H2-Q MHC molecules, which are the mouse homologues of the 

human HLA-G MHC molecules, are normally expressed on trophoblasts and 

suppress the immune response against the placenta leading to foetal-maternal 

immune tolerance. HLA-G molecules are upregulated in different tumours such as 

melanoma, renal, colorectal, and lung cancers and leukaemia. They bind to the 

inhibitory receptors LILRB1 and KIR leading to the inhibition of NK cells' cytotoxic 
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functions and CD8+ T cells apoptosis. Their expression on tumours also promotes 

the expansion of Gr-1+ CD11b+ cells and the shift of DCs to the tolerogenic DCs 

which suppress CD4+ and CD8+ T cells.  Like H2-M, mouse H2-T (HLA-E in 

humans) non-classical MHC molecules are expressed on trophoblasts. H2-T 

molecules are frequently upregulated by tumours such as melanoma, gliomas, and 

lymphomas. HLA-E binds to the inhibitory receptor NKG2A expressed on T and NK 

cells leading to the suppression of their functions. Interestingly, HLA-G can induce 

the upregulation of HLA-E (Kochan et al., 2013).  

To understand which of these mechanisms is important to confer escape from 

allogeneic rejection, I have analysed the expression of MHC-I, non-classical MHC-I 

and PD-L1 on tumour cells at each passage, and we have performed RNA-seq to 

investigate in an unbiased way additional mechanisms for immune evasion. 
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5.2 Results 

5.2.1 MHC-I Expression in Tumour Cells 

MHC-I is key in controlling allotransplant rejection by allogeneic antigen presentation 

by self MHC-I (“indirect” presentation) or allogeneic antigen presentation by non-self 

(donor) MHC-I (“direct” presentation) (Benichou et al., 2011). Furthermore, down-

regulation or Loss of Heterozygosity (LOH) of MHC-I is a well-known mechanism of 

tumour immune evasion (Reeves & James, 2017b). I therefore analysed MHC-I 

expression on the surface of tumour cells by flow cytometry. The specificity of the 

antibodies was tested by staining both C57BL/6 and BALB/c mice spleens for MHC-

I alleles H2-Db and H2-Kb, specifically expressed on C57BL/6 cells. C57BL/6 

spleens showed high positivity for H2-Db and H2-Kb (Figure 5.1a). When BALB/c 

spleens were stained with the C57BL/6-specific H2-Db and H2-Kb antibodies, no 

positivity was detected (Figure 5.1a). Taken together, these results indicated that the 

chosen antibody panel could detect C57BL/6 cells specifically, with little or no cross-

staining of BALB/c cells. Therefore, this antibody panel was suitable for monitoring 

MHC-I expression in the parental YUMM1.7 cells and subsequent tumour passages. 

To evaluate MHC-I expression, dissociated cells from each tumour passage were 

expanded in vitro for 2 to 4 passages, which eliminated non-adherent cells, stained 

with the C57BL/6-specific MHC-I H2-Db and H2-Kb antibodies and analysed by flow 

cytometry using Fluorescence Minus One (FMO) controls to set the gate (Figure 

5.1a). I found a high frequency of MHC-I expression on the parental YUMM1.7 cells 

(mean = 89.8%), however expression decreased gradually with passaging, reaching 

a nadir in N2.1 tumours (mean= 4.3%) and then gradually rising again in the N2.3 

and subsequent tumour passages (Figure 5.1b). Mean fluorescence intensity (MFI) 
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of H2-Db and H2-Kb followed a similar pattern (Figure 5.1c,d). These results 

suggested that tumours were under selective pressure to downregulate surface 

expression of MHC-I up to the N2.1 passage but this pressure was lost or perhaps 

even reversed at later passages.  
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Figure 5.1. Surface expression of MHC-I on tumour cells after passaging. a) 

Spleen samples from C57BL/6 and BALB/c mice were collected; after RBCs lysis, 

the spleens were stained for C57BL/6-specific MHC-I alleles H2-Db and H2-Kb, 

representative flow cytometry plots are shown (upper left and middle panel). After 

dissociation, tumour cells were expanded in vitro for 2-4 passages to eliminate non-

adherent cells and then analysed by flow cytometry for H2-Db and H2-Kb surface 

expression. Representative flow cytometry plots are shown in a. b) Percentage of 

H2-Db+ H2-Kb+ cells. c) Representative Mean Fluorescence Intensity (MFI) flow 

cytometry histograms for H2-Db at different tumour passages (left Panel). MFI values 

of H2-Db at different passages (Right panel). d) Representative MFI flow cytometry 

histograms for H2-Kb at different tumour passages (Left panel). MFI values of H2-

Kb at different passages (Right panel). Each dot represents a different tumour 

sample. YUMM1.7 (n=3), F0 (n=3), F1 (n=5), F2 (n=3), N2.1 (n=4), N2.2 (n=3), N2.3 

(n=3), Balb/c-1 (n=3), Balb/c-2 (n=4), CBA/Ca (n=4), FVB/N (n=4). Statistical 

analysis was carried out using one-way ANOVA. Each dot represents a different 

tumour. * Denotes (P= < 0.05). ** Denotes (P= <0.01). *** Denotes (P=0.001) **** 

Denotes (P<0.0001). 

 

To better understand the mechanism of this reversible down-regulation of the MHC-

I, I analysed RNA-seq data (described in greater detail later) obtained from the 

tumour cells, focussing on the MHC-I genes and other genes important for MHC-I 

processing, maturation and surface expression (components of the APM) [21]. We 

found progressively higher expression of H2-K1, H2-D1 (MHC-I) and APM 
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components beta-2-microglobulin (B2m), Tapbp, Tap-1 and Tap-2 genes (Figure 

5.2a,b). Whereas chaperones involved in the assembly of the newly found MHC-I 

complex and its proper folding Calnexin (Canx), Calreticulin (Calr), Pdia3, and Hspa5 

gene expression showed moderately lower gene expression levels in the N2.1 and 

N2.2 tumours relative to the other passages (Figure 5.2c). 

 

Figure 5.2. Gene expression of MHC-I and APM components in tumour cells 

after passaging. After dissociation, tumour cells were grown in vitro for 2-4 

passages to eliminate host immune cells then total RNA extracted and RNA libraries 

sequenced. Gene expression values in FPKM for different MHC-I and APM genes. 



 160 

a) Gene expression of MHC-I components. b) Gene expression of transporter 

components of APM. c) Gene expression of chaperone components of APM. 

YUMM1.7 (n=3), F0 (n=4), F1 (n=5), F2 (n=5), N2.1 (n=5), N2.2 (n=3), N2.3 (n=2), 

Balb/c-1 (n=4), Balb/c-2 (n=3). Each dot represents a different tumour sample. 

Statistical analysis was carried out using one-way ANOVA. Each dot represents a 

different tumour. * Denotes (P= < 0.05). ** Denotes (P= <0.01). *** Denotes 

(P=0.001) **** Denotes (P<0.0001). 

 

These results demonstrated that the low MHC-I surface expression detected in the 

N2 tumours was not caused by transient gene silencing. The lower gene expression 

of APM components suggested possible assembly defects of the MHC-I complex, 

leading to defects of surface expression. I therefore measured the level of 

intracellular H2-Db and H2-Kb by flow cytometry to compare F0, N2.1 and Balb/c-2 

cells.  I found a similar intracellular H2-Db signal across the three passages, and a 

significantly higher H2-Kb signal in Balb/c-2 tumours relative to YUMM1.7 and N2.1 

cells (Figure 5.3a-d). Thus, some defect prevented proper surface expression of H2-

Db and H2-Kb in N2.1 cells even if these genes were transcribed at substantially 

higher levels in the N2.1 tumours compared to parental YUMM1.7 cells and at levels 

similar to Balb/c-2 cells. These results were confirmed by fluorescent 

immunolabelling of tumour cells on coverslips followed by confocal microscopy 

imaging, which showed more cytoplasmic localization of H2-Kb and to a lesser extent 

H2-Db in N2.1 tumours, and lower cell surface staining compared to YUMM1.7 and 

Balb/c-2 cells (Figure 5.3e,f).  



 161 
 



 162 

Figure 5.3. Intracellular expression of MHC-I in tumour cells after passaging. 

a) After dissociation, tumour cells were expanded in vitro for 2-4 passages to 

eliminate non-adherent cells and then stained for intracellular H2-Db and H2-Kb and 

analysed by flow cytometry a) Representative flow cytometry histograms for H2-Db 

for YUMM1.7, N2.1, and Balb/c-2 tumour cells. b) MFI for H2-Db for YUMM1.7, N2.1, 

and Balb/c-2 tumours. YUMM1.7 and N2.1 (n=3), Balb/c-2 (n=4). c) Representative 

flow cytometry histograms for H2-Db for YUMM1.7, N2.1, and Balb/c-2 tumour cells. 

d) MFI for H2-Db for YUMM1.7, N2.1, and Balb/c-2 tumours. YUMM1.7 and N2.1 

(n=3), Balb/c-2 (n=4). e) Immunofluorescence (IF) staining of H2-Db in YUMM1.7, 

N2.1, and Balb/c-2 tumour cells. f) IF staining of H2-Kb in YUMM1.7, N2.1, and 

Balb/c-2 tumour cells. Each dot represents a different tumour sample. Statistical 

analysis was carried out using one-way ANOVA. Each dot represents a different 

tumour. * Denotes (P= < 0.05). ** Denotes (P= <0.01). *** Denotes (P=0.001) **** 

Denotes (P<0.0001). 

 

5.2.2 Changes in Gene Expression of the Tumour During Adaptation 

To examine, in an unbiased way, changes in gene expression during tumour 

passaging, we performed RNA-seq on isolated tumour cells.  For this analysis, we 

used all the passages up to the Balb/c-2, in which tumours became fully allo-

transplantable. As described earlier, after dissociation, tumour cells were expanded 

in vitro for 2 to 4 passages in DMEM/F12 + 10% FBS. This eliminated non-adherent, 

and host immune cells.  Total RNA was extracted and RNA-seq libraries were 

generated from poly-T oligo-enriched mRNAs using the NEBNext UltraTM RNA 
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Library Prep Kit. After sequencing, paired-end clean reads were aligned to the 

mouse reference genome using the Spliced Transcripts Alignment to a Reference 

(STAR) software. Differential expression analysis between groups was performed 

using the DESeq2 R package (2_1.6.3) and the resulting P-values were adjusted 

using Benjamini and Hochberg’s approach for controlling the False Discovery Rate 

(FDR). The results showed excellent and uniform sequencing and mapping coverage 

across all the different tumour passages (Figure 5.4b). The absence of 

contaminating immune cells was confirmed by the absence of transcripts for CD45 

(Ptprc) in each tumour passage (Figure 5.4a). In addition, transcripts for CD3 (Cd3g), 

Cd4, and CD8 (Cd8b1) were not detectable (not shown).  
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Figure 5.4. RNA-seq of tumour cells. Tumour cells were expanded in culture for 2-

4 passages. RNA was extracted from tumour cells and RNA sequenced (a) FPKM 

values for housekeeping gene Rpl5 vs Ptprc (CD45). (b) Number of fragments x 10^6 

is shown. The light blue bar indicates one sample that was not taken forward 

because gene expression analysis showed it was muscle, most likely due to an error 

in collecting a small tumour, or to heavy contamination of the biopsy. 
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We used Principal Component Analysis (PCA) to determine the level of similarity 

across the different tumour passages. This analysis showed that YUMM1.7 and F0 

tumours overlap and that F1 and F2 tumours form a cluster that partly overlaps with 

YUMM1.7 cells. However, PCA showed separate clusters for N2.1, N2.2 and N2.3 

and for Balb/c tumours, indicating a stepwise adaptation of the tumours (Figure 

5.5a). Sample N2.3C was an outlier and subsequent analysis using gProfiler 

revealed high expression of many muscle-related genes (not shown), indicating 

contamination of the tumour with skeletal muscle, presumably because muscle was 

inadvertently collected and dissociated in this case. Sample N2.3C was therefore 

removed from subsequent analyses. 

Overall, progressively more genes were differentially expressed during passaging, 

with a step-change occurring at passage N2.1 (Figure 5.5b). To assess which genes 

were differentially regulated at each tumour passage, we applied thresholds of FDR 

5% and log2FC >0.5 and compared each passage to the parental YUMM1.7 cells. 

This led to a set of 7282 Differentially Expressed Genes (DEGs), and unsupervised 

hierarchical clustering demonstrated a stepwise expression pattern as shown in the 

heatmap in Figure 5.5c. The results showed that the most dramatic gene expression 

changes occurred in the N2.1 tumours and that several gene clusters followed the 

same or a similar pattern of expression. Using k-means hierarchical clustering, it was 

possible to identify 6 distinct groups of generally co-expressed genes, 3 upregulated 

and 3 downregulated (Figure 5.5d). The largest upregulated gene cluster was 6, 

which contains 2561 genes that are weakly upregulated. These genes started to get 

slightly upregulated in the F0 tumours (log2FC <2) and kept relatively similar 

expression levels throughout consecutive passages. The second largest 
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upregulated gene cluster was 4, which contains 917 genes that are strongly 

upregulated (log2FC 2-3). In this cluster, genes started to upregulate in the F0 

tumours but then sharply raised in N2.1 tumours and maintained high levels of 

expression in the subsequent passages. Cluster 1 follows a similar pattern as cluster 

4 and contains 287 genes that are very strongly upregulated (log2FC >3) (Figure 

5.5d). The biggest downregulated gene cluster was 5 containing 2857 genes 

(log2FC</-2), followed by cluster 3 with 488 genes (log2FC -2) then cluster 2 with 

172 genes (log2FC >/-3) (Figure 5.5d). The downregulated genes mirrored the 

upregulated genes in their patterns of expression (Figure 5.5d). 
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Figure 5.5. Tumour gene expression changes during passaging. Analysis of 

tumour passages by RNA-seq. Tumour biopsies were collected at the indicated 

passage, dissociated and cells expanded in vitro for 2-4 passages before bulk RNA 

and DNA extraction. RNA-seq libraries were generated from poly-T oligo-enriched 

mRNAs using the NEBNext UltraTM RNA Library Prep Kit. After sequencing, paired-

end clean reads were aligned to the mouse reference genome using the Spliced 

Transcripts Alignment to a Reference (STAR) software. Differential expression 

analysis between groups was performed using the DESeq2 R package (2_1.6.3). 

The resulting P-values were adjusted using the Benjamini and Hochberg’s approach 

for controlling the False Discovery Rate (FDR). a) PCA of gene transcripts FPKM in 

tumour passages from YUMM1.7 to Balb/c-2 (note that sample N2.3C is an outlier). 

b) Scatterplot of gene expression changes of the tumours at each passage relative 

to YUMM1.7. Each dot represents a gene, red for up-regulated and blue for down-

regulated. X-axis A value = average log2 counts; Y-axis M value = log2FC. c) 

Heatmap clustered on the tumour passages showing cumulative gene expression 

changes for genes with significant differential expression (DE < 5% FDR). FC= fold 

change. Values for each passage correspond to the log2FC relative to YUMM1.7 

cells, where positive and negative values indicate upregulation and downregulation 

respectively. d) Genes differentially expressed between any consecutive passage 

were identified (5% FDR) and their expression pattern was followed along the 

passages. K-means unsupervised hierarchical clustering was used to identify 6 

clusters of genes with similar expression patterns, displayed as a heatmap where 

each individual cluster of genes is represented by a row. The number of genes in 

each cluster is indicated on the right of each row. Values for each passage 
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correspond to the log2FC relative to YUMM1.7 cells. In every passage. The RNA-

seq reads were mapped by Novogene. The DEG analysis was also performed by 

Novogene and reviewed by Jose des las Heras, a member of the Fassati lab. The 

Bioinformatics analyses shown in panels a to d were performed by Jose des las 

Heras. 

  

5.2.3 Pathway Enrichment Analysis of Clusters 1 and 4 

Next, I analysed the functional pathways enriched in the different clusters and we 

focused on the very strongly upregulated clusters 1 and 4. Ingenuity Pathway 

Analysis (IPA) of clusters 1 and 4 showed enrichment for inflammatory pathways 

such as interferon signalling. In addition, pattern recognition receptors, antigen 

presentation, and the Retinoic acid-Inducible Gene I (RIG-I) sensing pathway were 

enriched in Balb/c-2 tumours in the IPA analysis (Figure 5.6a). I also performed Gene 

Set Enrichment Analysis (GSEA) to compare F0 tumours to Balb/c-2 tumours using 

the Gene Ontology (GO) and KEGG databases. The GSEA results using KEGG and 

GO databases were in very good agreement with the IPA and confirmed the anti-

viral and pro-inflammatory profile of Balb/c-2 tumours. Specifically, we observed 

increased IFN signalling, IFN-stimulated genes, antigen presentation signalling and 

pathogen sensing signalling. Among the genes most frequently found enriched in the 

gene sets were the OAS family members (Oas1, Oas2, Oas3, Oasl) (found in 31/32 

most significant pathways), which are IFN-induced and activate latent RNase L 

resulting in viral RNA degradation (Leisching et al., 2019); MDA5 (found in 28/32 

most significant pathways) and RIG-I (found in 23/32 most significant pathways), 
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both of which are innate immune receptors that sense RNAs and induce IFNs 

(Hartmann, 2017) (Figure 5.6b). 

For the downregulated clusters 3 + 5, IPA and GSEA based on GO did not show any 

significant pathways (FDR <5%). 

 

Figure 5.6. Pathway Enrichment Analysis of gene clusters 1 and 4. a) IPA core 

analysis was performed on clusters 1 and 4 and canonical pathways are shown, 

orange bars indicate activated pathway, b) Functional analysis comparing Balb/c-2 
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vs F0 cells was performed using GSEA. GSEA plots showing the top 8 enriched 

pathways using the GO database (FDR q<0.05). 

 

5.2.4 Analysis of Retrotransposable Elements Genes Expression 

The upregulation of nucleic acid sensing genes RIG-I (Ddx58) and MDA5 (Ifih1), and 

the upregulation of IFN-stimulated genes with anti-viral function suggested the 

activation of Retrotransposable Elements (RTE) and/or Endogenous Retroviruses 

(ERVs). ERVs are part of the eukaryotic cell genome as a result of ancient germline 

infections and are upregulated in different human and mice cancers (Kassiotis & 

Stoye, 2016). Their activation has been reported in transplantable mouse models 

and genetic mouse cancer models (Ottina et al., 2018). In normal conditions, ERVs 

are under epigenetic repression but conditions such as cancer can lead to their 

epigenetic derepression by mechanisms such as global hypomethylation or changes 

to histone modification (Kassiotis & Stoye, 2016). This results in the production of 

viral proteins such as envelope proteins and the accumulation of double-stranded 

RNA (dsRNA) that trigger innate immune sensors, such as RIG-I and MDA5, within 

tumour cells. 

RTE are mobile genetic elements that have a role in the genetic and epigenetic 

regulation of gene expression. There are two families of RTE: Long Terminal Repeat 

(LTR) elements and Non-LTR Retrotransposons. LTR-RTEs contains the 

LTR/ERVK and LTR/ERV1 subfamilies, which are intergenic and have independent 

regulation of gene expression. Endogenous Retroelements (EREs) are part of the 

LTR elements family. Non-LTR Retrotransposons include the LINEs (Long 
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Interspersed Nuclear Elements) and SINEs (Short Interspersed Nuclear Elements) 

subfamilies which are mostly intragenic and are usually not fully independent in their 

gene expression regulation (Jang et al., 2019; Senft & Macfarlan, 2021). Both LTR 

and non-LTR RTEs have been shown to drive oncogenes expression and modulate 

the immune response to favour tumour growth (Jang et al., 2019; Senft & Macfarlan, 

2021). For example, HLA-G expression is enhanced by the ERV1 element, which 

causes invasive trophoblast cells to develop immunological tolerance (Senft & 

Macfarlan, 2021).  Transplantable mouse tumour cell lines can contain infectious 

retroviruses, made from recombination between defective ERVs which restore 

infectivity. The restoration of infectivity influences the immune response to the 

tumour (Ottina et al., 2018). In C57BL/6 mice, ERV infectivity is restored by 

recombination with Emv2, a single copy endogenous Murine Leukaemia Virus (MLV) 

on this genetic background, which delivers a functioning ecotropic MLV envelope 

glycoprotein. The inclusion of infectious MLVs in transplantable cancer cell lines 

leads to significantly enhanced expression of ecotropic MLV envelope, compared to 

the presence of merely the faulty Emv2 copy. 

To test the hypothesis that upregulation of RTEs might cause sensing and hence the 

anti-viral signature, we collaborated with George Kassiotis’s group at the Crick 

Institute, London. They utilized an in-house analysis pipeline to determine the 

expression of all RTEs in the mouse genome as well as the expression of 

endogenous MLV (Attig et al., 2017). The analysis of RNA-seq data from the tumour 

passages for the expression of ecotropic MLV, as indicated by Emv2-related 

sequences, or other endogenous MLV provirus, did not show clear difference 
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between YUMM1.7 cell passages and other tumour passages, suggesting the lack 

of presence of Emv2-based infectious MLVs in these cells (Figure 5.7).  

 

 

Figure 5.7. MLV Analysis in tumours. a) Expression (normalised counts) of 

endogenous MLVs in the different tumour passages. Emv2 is indicated. 
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The RNA-seq data from the tumour passages revealed that numerous RTEs were 

significantly modulated between YUMM1.7 and Balb/c-2 cells, with a noticeable 

switch at the N2 passages (Figure 5.8). Significantly upregulated RTEs in late 

passages were comprised of many intergenic elements which are independently 

transcribed (Figure 5.9a). Significant enrichment was observed for LTR/ERVK and 

LTR/ERV1 subfamilies of LTR elements, and LINE/L1, SINE/B4, SINE/Alu and 

SINE/B2 subfamilies of non-LTR elements (Figure 5.9b). Conversely, downregulated 

RTEs in later tumour passages were intragenic, which are controlled by the activity 

of the genes in which they have integrated (Figure 5.9a). These findings supported 

the hypothesis that the tumour cells developed an inflammatory and antiviral 

signature as a consequence of RTEs upregulation.  
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Figure 5.8. RTE Analysis in tumours. Heatmap of repeat expression per tumour 

passages measured. Repeats are filtered for a t-test between different passages 

before and after N2.1 with a q value <0.05, fold-change >2 and SD >0.39. Heatmap 

made with z-scores. Intergenic repeats are annotated in yellow, and intragenic 

repeats are annotated in blue. 
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Figure 5.9.  RTE families detected in late tumour passages. a) Scaled barplot of 

the ratios of intergenic and intragenic repeats across the whole genome, and those 

which are up- or down-regulated as in Figure 5.7. b) Barplots of the –log10 adjusted 

Fisher’s test p-value for the enrichment of each repeat superfamily in up- or down-

regulated genes as defined by the t-test in a. A red dotted line is used to show 

p=0.05. *Adjusted fisher’s exact p=1.61e-02, adjusted chi-squared p=1.79e-02. **** 

adjusted fisher’s exact p= 1.67e-39, adjusted chi-squared p= 1.05e-42. 

 

The IPA and GSEA results showed an enrichment in anti-viral pathways 

characterised by chemokines production and IFN signalling pathway activation. 

Therefore, we investigated the gene expression levels of chemokines Cxcl10 (IP-10) 

and Ccl5 that can be produced by inducing sensors of viral RNA (Brownell et al., 

2014; Zhao et al., 2024). Gene expression analysis of Cxcl10 and Ccl5 showed a 

significant upregulation in later tumour passages compared to YUMM1.7 cells 

(Figure 5.10a,c). The supernatant was collected from confluent tumour cells in 
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culture and analysed by ELISA specific for the two cytokines. The ELISA results 

revealed significantly higher levels of CXCL10 and CCL5 in Balb/c-2 relative to 

YUMM1.7 cells (Figure 5.10b,d), confirming the pro-inflammatory profile of Balb/c 

tumours detected by RNA-seq. 

   

 

Figure 5.10. Antiviral chemokines production. a) Expression levels of Cxcl10 

(FPKM) in the different tumour passages. b) CXCL10 protein levels measured by 

ELISA in culture supernatants. c) Expression levels of Ccl5 (FPKM) in the different 

tumour passages. d) CCL5 protein levels measured by ELISA in culture 

supernatants. For RNA-seq (a,c) YUMM1.7 (n=3), F0 (n=4), F1 (n=4), F2 (n=5), N2.1 

(n=5), N2.2 (n=3), N2.3 (n=2), Balb/c-1 (n=4), Balb/c-2 (n=3). Statistical analysis was 
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carried out using one-way ANOVA. For ELISA (b,d) YUMM1.7 (n=3), Balb/c 2 (n=3). 

Statistical analysis was carried out using an unpaired t-test with Welch’s correction. 

* Denotes (P= < 0.05). ** Denotes (P= <0.01). *** Denotes (P=0.001) **** Denotes 

(P<0.0001). 

 

5.2.5 Targeted Analysis of Tumour Cells Gene Expression 

I also took a targeted approach and used the RNA-seq dataset to analyse gene 

expression levels in tumour cells of known immunomodulatory molecules such as 

PD-L1, Galectin-9, B7-H3, CD155 and non-classical MHC molecules H2-M, H2-Q 

and H2-T (Figure 5.11a). I found that these molecules were expressed at low levels 

in the parental YUMM1.7 cells or in the F0, F1 and F2 tumour passages, however 

they were upregulated in the later passages, either gradually in the case of Cd274 

(PD-L1) and Cd276 (B7-H3) or suddenly in the N2.1 passage Lgals9 (Gal-9) or the 

Balb/c-2 passage Pvr (CD155) (Figure 5.11b). Non-classical MHC molecules H2-

Q4, H2-Q5, and H2-Q7 were also up-regulated starting from the N2.1 passage, 

whereas H2-T10, H2-T22, H2-T24, and H2-M3 showed gradual upregulation (Figure 

5.11b). To assess if higher gene expression levels translated into higher protein 

surface expression levels of PD-L1 and the non-classical protein Qa-1 encapsulating 

the H2-Q, H2-T, and H2-M gene families (Goodall et al., 2019), I analysed YUMM1.7 

and Balb/c-2 tumours by flow cytometry, which confirmed an upregulation of PD-L1 

and Qa-1 (Figure 5.11c).  
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Figure 5.11. Tumour expression of immune inhibitory molecules. a) Diagram 

showing immune modulatory molecules expressed by tumour cells and their 

receptors on host immune cells. b) Gene expression FPKM values of the indicated 

molecules at each tumour passage. c) YUMM1.7 (n=3) and Balb/c-2 (n=3) tumour 

cells were stained in vitro with anti-PD-L1 antibodies and flow cytometry histograms 

(Left panel) and MFI values (Right Panel) are shown. d) YUMM1.7 (n=3) and Balb/c-

2 (n=3) tumour cells were stained in vitro with anti-Qa-1 antibodies and flow 

cytometry histograms (left panel) and MFI values (right panel) are shown. Each dot 

represents a different tumour. Statistical analysis was carried out using a two-tailed 

unpaired t-test. * Denotes (P= < 0.05). ** Denotes (P= <0.01). *** Denotes (P=0.001) 

**** Denotes (P<0.0001) 

 

Taken together, these results suggested that sensing RTEs activated during 

passaging might induce a chronic inflammatory state that contributes to tumour 

tolerance by selecting for tumours with upregulated markers that are immune 

inhibitory to protect against T and NK cell killing.  
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5.3 Discussion 

Analysis of MHC-I expression in the different tumour passages revealed a surprising 

pattern where the tumours gradually downregulated the MHC-I reaching the lowest 

levels in the N2.1 passage which showed the highest tumour rejection rates. This 

MHC-I downregulation is an expected and common mechanism employed by 

tumours to evade immune rejection (Cornel et al., 2020; Dhatchinamoorthy et al., 

2021; Wu et al., 2023). This pattern was reversed in the subsequent tumour 

passages including in allogeneic BALB/C, CBA/Ca, and FVB/N mice indicating the 

adoption of a different immune escape or immune suppressive strategy.  

Notably, the later passage tumours developed an anti-viral and inflammatory 

signature that could lead to the exhaustion of effector cells and the recruitment of 

suppressor cells (Fang et al., 2022; Zhao et al., 2021). These tumours also 

expressed markers that can specifically inhibit T and NK cells (Cha et al., 2019; J. 

Gao et al., 2017; Kochan et al., 2013; Leitner et al., 2009; Vaitaitis & Wagner, 2012) 

as well as the upregulation of the MHC-I molecule, which protects from NK cell killing 

(Wu et al., 2023). The data suggest that the sensing of RTEs by RIG-I and MDA5 

leads to the upregulation of the interferon-stimulated genes including MHC-I and 

immune modulatory PD-L1 and non-classical MHC molecules.  

Our tumour gene expression analyses demonstrated a striking anti-viral 

inflammatory profile that was most evident in the later passages, pointing to its 

evolutionary relevance. According to our GSEA, the most significantly upregulated 

pathways were IFN signalling, anti-viral responses and cytosolic nucleic acids 

sensing. Among the most significantly upregulated genes were the OAS family, Ifih1 
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(MDA5) and Ddx58 (RIG-I), which converge on the defence pathway against viral 

RNAs (Rehwinkel & Gack, 2020a). Recent evidence indicates that aberrant 

activation of endogenous retroelements in tumour cells is detected by cytosolic 

nucleic acids sensors that trigger an inflammatory and anti-viral response 

(Chiappinelli et al., 2015a; Griffin et al., 2021; Sheng et al., 2018). RTEs can be 

sensed by RIG-I as RNAs, or by cGAS after reverse transcription of their RNA into 

DNA, leading to the activation of inflammatory pathways including IFN signalling 

(Attig et al., 2017; Dhillon et al., 2023; D. Gao et al., 2013).  

Interferon-Stimulated Genes (ISGs) can be upregulated indirectly as a result of IFN 

exposure in the canonical pathway or directly in the non-canonical pathway (Swaraj 

& Tripathi, 2024a). Although often this inflammatory response favours tumour 

immune rejection, it is also well known that a chronic inflammatory TME promotes 

cancer immune evasion (Wen et al., 2022). One hypothesis, therefore, is that 

epigenetic changes in N2 and Balb/c-2 tumours resulted in the aberrant expression 

of endogenous retroelement nucleic acids that are sensed and generate a highly 

inflammatory TME. This would then lead to the upregulation of ISGs including 

immunosuppressive molecules on the tumour cell surface that are either stimulated 

by interferon, directly or indirectly (Swaraj & Tripathi, 2024b) (Swaraj & Tripathi, 

2024a).  

Alternatively, sustained exposure to IFNs during the earlier stages of tumour 

adaptation in the different mouse hybrids might have epigenetically imprinted a 

chronic inflammatory state, and the greater infiltration of DCs in the Balb/c tumours 

might add to the IFN type-I signature because DCs, and in particular the 

plasmacytoid lineage, are known to secrete large amounts of IFN type I (Mitchell et 
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al., 2018). In support of this idea, it was recently shown that serial passaging in 

syngeneic mice of melanoma cells that invaded the lymph nodes resulted in 

upregulation of MHC-I, PD-L1 and the IFN signature. This was attributed to sustained 

exposure of the tumour cells to IFN in the lymph nodes (Reticker-Flynn et al., 2022a).  

Overall, the data suggest that, paradoxically, allo-transplantable tumours might have 

evolved a chronic inflammatory state characterised by an IFN-related signature with 

consequent upregulation of immune-suppressive molecules, including PD-L1 and 

classical and non-classical MHC, to induce T and NK cell exhaustion, anergy and/or 

death. 
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Chapter 6: Tumour Signature Inhibition and Immunotherapy. 

6.1 Introduction 

RIG-I is a cytosolic pattern recognition receptor (PRR) in addition to the other RNA 

sensing PRRs MDA5 and LGP2. RIG-I detects ssRNA and dsRNA in host cells 

leading to the initiation of an innate immune response. The triggering of RIG-I leads 

to the activation of a signalling cascade for the production of type I interferons (IFN-

α and IFN-β) and other pro-inflammatory cytokines as an antiviral cell response 

(Thoresen et al., 2021). After RIG-I binding to RNA, the Caspase Activation and 

Recruitment Domain (CARD) domains of RIG-I interacts with the Mitochondrial 

Antiviral Signalling Protein (MAVS) on the outer membrane of the mitochondria. 

MAVS then recruits adaptor proteins such as TRAF3 and TRAF6, leading to the 

activation of the kinases TBK1 and IKKε (Rehwinkel & Gack, 2020b). TBK1 and IKKε 

phosphorylate transcription factors IRF3 and IRF7 leading to their translocation to 

the nucleus. The NF-κB pathway is activated through phosphorylation and 

degradation of IκB, allowing NF-κB to enter the nucleus, where alongside IRF3 and 

IRF7, it drives the expression of type I interferon and other pro-inflammatory 

cytokines (Kato et al., 2006; Thoresen et al., 2021; Yoneyama & Fujita, 2010). 

Secreted type I interferons then bind to the Interferon-α/β Receptor (IFNAR) on the 

surface of the same or neighbouring cells leading to the activation of the JAK-STAT 

pathway through phosphorylation of STAT1 and STAT2 (Yoneyama & Fujita, 2010). 

STAT1 and STAT2 form a complex with IRF9 forming a transcription activator known 

as IFN-Stimulated Gene Factor 3 (ISGF3) which translocate to the nucleus inducing 

the expression of hundreds of ISGs (Schoggins & Rice, 2011).  
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The production of type I IFN can lead to the upregulation of MHC-I (Gessani et al., 

2014), PD-L1 (Jacquelot et al., 2019), and non-classical MHC (Mitsdoerffer et al., 

2005). Type I interferon significantly upregulates MHC-I expression by increasing the 

transcription of MHC-I heavy chain genes and components of the antigen-processing 

machinery (Seliger et al., 2008) (Gessani et al., 2014). IFN upregulates PD-L1 via 

the JAK-STAT pathway leading to an immunosuppressive environment, a 

mechanism exploited by cancers to avoid excessive inflammation and tissue 

damage (Doi et al., 2017). The upregulation of non-classical MHC Qa-1 by IFN leads 

to the inhibition of NK cells function through the engagement of the CD94/NKG2A 

pathway (Vance et al., 1998).  

The activation of the DNA cytosolic sensing receptor cGAS can also lead to the 

activation of IFN signalling and ISGs upregulation (Weichselbaum et al., 2008).  

Cytosolic DNA is detected by cGAS, leading to its activation and the production cyclic 

GMP-AMP (cGAMP). cGAMP then triggers the synthesis of IFN-I by activating the 

Stimulator of Interferon Genes (STING) pathway (Weichselbaum et al., 2008). 

Direct ISGs activation in the non-canonical pathways include different mechanisms. 

These mechanisms that operate independently of the canonical IFN-JAK-STAT 

signalling pathway. For instance, viral proteins can activate ISGs by binding to 

specific promoter elements, such as Interferon-Stimulated Response Elements 

(ISREs) which can trigger the expression of ISGs directly without interferon 

production. Additionally, unphosphorylated ISGF3, which consists of 

unphosphorylated STAT1, STAT2, and IRF9, can activate ISREs and induce ISGs 

without the need for IFN signalling (Swaraj & Tripathi, 2024b). 
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ISGs play complicated and context-dependent functions in tumour growth and 

immunological tolerance. Recent studies have shed light on the dual roles that ISGs 

play in preventing tumour growth and, paradoxically, promoting immunological 

evasion and therapy resistance. Overexpression of the ISGs STAT1 promotes 

tumour cell survival by activating anti-apoptotic pathways (Efimova et al., 2009). The 

Interferon-Related DNA Damage Resistance Signature (IRDS), a subset of ISGs 

including STAT1, IRF7, ISG15, and IFITM1, is associated with resistance to 

chemotherapy and radiotherapy in breast cancer and glioblastoma (Weichselbaum 

et al., 2008). IRDS can also be induced by the activation of RIG-I and MDA5 

(Padariya et al., 2021).  

The emergence of Immune Checkpoint Blockade (ICB) therapy has revolutionized 

cancer treatment. Therapies such as anti-PD-1 monoclonal antibodies restore T-cell 

function and mediate durable anti-tumour responses. It has shown good efficacy in 

cancers such as melanoma (van Breeschoten et al., 2021). A study of BRAF(V600-E) 

mutant advanced melanoma patients who received anti-PD-1 antibodies 

(pembrolizumab or nivolumab) or BRAF/MEK inhibitors (dabrafenib + trametinib or 

vemurafenib + cobimetinib) showed better 2-year overall survival for the anti-PD-1 

relative to the BRAF/MEK inhibitors group (42.3 months vs. 19.8 months) and better 

response rate of 65.4% vs 41.7% (van Breeschoten et al., 2021).  

Non-classical MHC such as HLA-G and HLA-E expression in tumours is associated 

with poor prognosis necessitating the development of therapeutic approaches 

(André et al., 2018; Swets et al., 2016). The interaction of HLA-E (Qa-1b in mice) 

with its receptor NKG2A leads to the inhibition of NK and CD8+ T cells effector 

functions (André et al., 2018). Monalizumab, a monoclonal antibody targeting 
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NKG2A, showed promising results in a phase II clinical trial in previously treated 

squamous cell carcinoma of the head and neck with a 31% objective response rate 

when combined with cetuximab (anti-Epidermal Growth Factor Receptor (EGFR) 

antibody) (André et al., 2018). Preclinical studies of A20 B cell lymphoma which 

express Qa-1 showed that the combination of anti-NKG2A and anti-PD-L1 controlled 

tumour growth and rescued 75% of mice from death vs 40% in anti-PD-L1 mAb alone 

(André et al., 2018). 

The results shown in Chapter 5 indicated that nucleic acids sensing, PD-L1 and non-

classical MHC upregulation were associated with tumour escape from allogeneic 

rejection. To further investigate this aspect, I have tested if inhibition of sensing 

affected the anti-viral tumour signature and if downregulation of PD-L1 and non-

classical MHC-I induced cancer rejection in our mouse model.    
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6.2 Results 

6.2.1 cGAS Inhibition in Tumours 

Our results showed that the upregulation of RTEs in the late tumour passages 

correlates with an inflammatory signature and ISGs activation. Reverse-transcribed 

DNA from ERVs or RTEs is detected by cGAS, causing cGAMP to be produced, 

which in turn activates the STING pathway. As a result, type I interferons and other 

cytokines which are necessary for antiviral immunity are induced leading to activation 

of ISGs (Dhillon et al., 2023; D. Gao et al., 2013). Therefore, I investigated the 

expression of cGAS and whether its inhibition could reverse the upregulated ISGs, 

MHC-I, PD-L1, and non-classical MHC Qa-1. The RNA-seq results showed similar 

levels of cGAS across the different tumour passages (Figure 6.1a). Next, I 

investigated whether the inhibition of cGAS by RU.521 could decrease the 

expression of MHC-I, PD-L1, and Qa-1. RU.521 is a potent and selective inhibitor of 

murine cGAS and interferes with cGAS's capacity to produce cGAMP upon DNA 

binding by occupying its catalytic pocket. This then leads to inhibition of IFN 

upregulation without affecting other inflammatory pathways (Vincent et al., 2017; W. 

Zhou et al., 2018). To validate the activity of RU.521, BALB/c splenocytes were 

treated with RU.521 for 3 hours and then transfected with DNA fragments generated 

by sonication. After 24 hours, splenocytes were stained with the panel used in Figure 

4.1 to identify DCs. Then, I gated on DCs which uptake the foreign DNA leading to 

cGAS activation and IFN signalling (G. Li et al., 2024), and assessed the expression 

of ISGs, MHC-I and PD-L1. DNA transfection significantly upregulated the 

expression of MHC-I in DCs, and the treatment with 3 different concentrations (10 

μM, 20 μM, and 30 μM) of RU.521 significantly inhibited that upregulation but 
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apparently not in a dose-dependent manner (Figure 6.1b,c). DNA stimulation did not 

upregulate, and appeared to downregulate, PD-L1 expression in transfected relative 

to untransfected DCs and no effect was seen with RU.521 (Figure 6.1d,e), 

suggesting a high degree of endogenous upregulation of PD-L1. The non-classical 

MHC Qa-1 was not expressed on DCs. 

Next, we evaluated the effect of RU.521 treatment on the expression of MHC-I, PD-

L1, and Qa-1 in Balb/c-2 tumours. Tumour cells were incubated with the same 

concentrations of RU.521 for 24 hours and then stained for MHC-I, PD-L1, and Qa-

1. RU.521 did not downregulate the expression of MHC-I, PD-L1, and Qa-1 in these 

cells (Figure 6.1f-i). The data indicated that cGAS is not involved in the upregulation 

of the immunomodulatory markers that allow tumour growth in allogeneic hosts.  
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Figure 6.1. cGAS inhibition in Balb/c-2 tumour cells. a) After dissociation, tumour 

cells were grown in vitro for 2-4 passages to eliminate host immune cells then total 

RNA extracted and RNA libraries sequenced. Gene expression values in FPKM for 

Mb2d1 (cGAS) gene. b) 1 million splenocytes from BALB/c mice were treated with 
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the cGAS inhibitor RU.521 or DMSO for 3 hours, then transfected with DNA 

fragments. After 24 hours splenocytes were stained and gated on DCs. Flow 

cytometry histograms are shown for MHC-I. c) MHC-I intensity in DCs (n=5). d) Flow 

cytometry histograms are shown for PD-L1. e) PD-L1 intensity in DCs (n=5). f) 1 

million Balb/c-2 tumour cells were added to 1 ml of media containing the indicated 

concentration of RU.521 or DMSO and incubated for 24 hours. Flow cytometry 

histograms are shown for MHC-I. g) MHC-I intensity in Balb/c-2 tumours (n=3). h) 

Flow cytometry histograms are shown for PD-L1. i) PD-L1 intensity in Balb/c-2 

tumours (n=3). j) Flow cytometry histograms are shown for Qa-1. k) Qa-1 intensity in 

Balb/c-2 tumours (n=3). Each dot represents a different tumour sample. Statistical 

analysis was carried out using one-way ANOVA (a), and two-way ANOVA with 

Tukey’s multiple comparison correction (c,e,g,k,i). * Denotes (P= < 0.05). ** Denotes 

(P= <0.01). *** Denotes (P=0.001) **** Denotes (P<0.0001). 

 

6.2.2 RIG-I KO in Tumours 

Inhibition of cGAS in tumour cells did not abrogate the upregulation of MHC-I and 

the inhibitory molecules PD-L1 and Qa-1. I therefore investigated the other arm of 

nucleic acid sensing RIG-I. Our RNA-seq results showed significant upregulation of 

the RIG-I gene (Ddx58) as well as the other RNA sensing molecules MDA5 (Ifih1) 

and LGP2 (Dhx58) starting at the N2.1 tumour passage and reaching the highest 

levels in Balb/c-1 and Balb/c-2 tumours (Figure 6.2a). Due to the lack of selective 

inhibitors of RIG-I, I knocked out RIG-I using a CRISPR-Cas9 expressing lentivirus 

with two guide RNAs (gRNAs) targeting exon 3 and exon 4 of the Ddx58 gene (Figure 
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6.2b). Balb/c-2 cells were transduced with the lentivector, selected in media 

containing puromycin for 7 days and individual clones were isolated by limiting 

dilution. Clones were screened by PCR using primer sets specifically designed to 

flank the targeted exons hence lack of PCR amplification signalled the excision of 

the exons. Four clones showed successful KO results of Ddx58. Clone 6 showed KO 

of both exons but the selected cells had poor viability and slow growth which led to 

the exclusion of this clone. Clone 9 (exon 3 KO) and clone 23 (exon 4 KO) (Figure 

6.2c) showed better viability in vitro and therefore were selected for further analysis.   

 

 

 

Figure 6.2. RIG-I KO in Balb/c-2 tumour cells. a) Gene expression values in FPKM 

for Ddx58 (left panel), Ifih1 (middle panel), Dhx58 (right panel). YUMM1.7 (n=3), F0 

(n=4), F1 (n=5), F2 (n=5), N2.1 (n=5), N2.2 (n=3), N2.3 (n=2), Balb/c-1 (n=4), Balb/c-

2 (n=3). Each dot represents a different tumour. Statistical analysis was carried out 

using one-way ANOVA. * Denotes (P= < 0.05). ** Denotes (P= <0.01). *** Denotes 
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(P=0.001) **** Denotes (P<0.0001). b) schematic depiction of the Ddx58 (RIG-I) 

exons targeted by the gRNAs in the CRISPR/Cas9 lentiviral vector. c) gel 

electrophoresis of PCR products specific for Ddx58 exon 3 or exon 4 and Beta-actin 

after amplification of DNA from four KO clones and original Balb/c-2 (+) or no DNA 

control (-).  

 

Next, I evaluated the effect of RIG-I KO in clone 9 and clone 23 and compared them 

to tumour cells transduced with an empty lentivector (EV) expressing the puromycin-

resistance gene, and to the parental Balb/c-2 cells. RIG-I KO clones expressed lower 

levels of MHC-I relative to both parental Balb/c-2 cells and EV-transduced cells, 

although EV-transduced cells expressed less MHC-I than parental cells, which may 

be caused by selection with puromycin (Figure 6.3a-c). The percentage of cells 

expressing PD-L1 was also lower in RIG-I KO clones relative to the controls (Figure 

6.4 a,c), and the MFI was lower too. EV-transduced cells had a low PD-L1 MFI, in 

between parental Balb/c-2 and RIG-I KO cells (Figure 6.4c).  
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Figure 6.3. MHC-I expression in Balb/c-2 RIG-I KO tumour cells. a) Tumour cells 

were grown in vitro and then stained with anti-H2-Kb and anti-H2-Db antibodies. a) 

Flow cytometry plots for surface expression levels of H2-Db and H2-Kb by flow 

cytometry in clones 9, 23, EV and parental Balb/c-2 cells. b) Histogram plots showing 

the MFI distributions of H2-Db and H2-Kb, c) Left panel, percentage of H2-Db+ H2-

Kb+ cells in clone 9, 23, EV and Balb/c-2 cells, middle and right panels, MFI of H2-

Db and H2-Kb (n=3). Each dot represents a different tumour sample. Statistical 

analysis was carried out using two-way ANOVA with Tukey’s. Each dot represents a 

different tumour. * Denotes (P= < 0.05). ** Denotes (P= <0.01). *** Denotes 

(P=0.001) **** Denotes (P<0.0001). 

 

 

Figure 6.4. PD-L1 expression in Balb/c-2 RIG-I KO tumour cells. a) Tumour cells 

were grown in vitro and then stained with anti-PD-L1 antibodies. a) Flow cytometry 

plots for surface expression levels of PD-L1 by flow cytometry in clones 9, 23, EV 

and parental Balb/c-2 cells. b) Histogram plots showing the MFI distributions of PD-
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L1, c) Left panel, percentage of PD-L1+ cells in clones 9, 23, EV and Balb/c-2 cells, 

right panel, MFI of PD-L1 (n=3). Each dot represents a different tumour sample. 

Statistical analysis was carried out using two-way ANOVA with Tukey’s. Each dot 

represents a different tumour. * Denotes (P= < 0.05). ** Denotes (P= <0.01). *** 

Denotes (P=0.001) **** Denotes (P<0.0001).  

 

RIG-I KO clones 9 and 23 and EV transduced cells showed lower percentages of 

cells expressing the non-classical MHC molecule Qa-1 compared to parental Balb/c-

2 cells (Figure 6.5 a,c). Clones 9 and 23 also showed significantly lower intensity of 

expression of Qa-1 compared to parental Balb/c-2 cells while EV cells 

downregulation did not reach statistical significance (Figure 6.5 b,c). 

 

Figure 6.5. Qa-1 expression in Balb/c-2 RIG-I KO tumour cells. a) Tumour cells 

were grown in vitro and then stained with anti-Qa-1 antibodies. a) Flow cytometry 

plots for surface expression levels of PD-L1 by flow cytometry in clones 9, 23, EV 



 198 

and parental Balb/c-2 cells. b) Histogram plots showing the MFI distributions of Qa-

1, c) Left panel, percentage of Qa-1+ cells in clones 9, 23, EV and Balb/c-2 cells, 

right panel, MFI of Qa-1 (n=3). Each dot represents a different tumour sample. 

Statistical analysis was carried out using two-way ANOVA with Tukey’s. Each dot 

represents a different tumour. * Denotes (P= < 0.05). ** Denotes (P= <0.01). *** 

Denotes (P=0.001) **** Denotes (P<0.0001).  

 

Taken together, the KO of RIG-I produced phenotypic changes in these cells 

characterised by the downregulation of MHC-I, PD-L1, and Qa-1 relative to parental 

Balb/c-2 cells, suggesting that RIG-I is involved in the upregulation of these 

molecules. EV transduced cells also showed some reduction in the expression of 

these markers but to a lesser degree than RIG-I Ko cells. This could be due to the 

exposure to puromycin in the selection step or to changes associated with the 

introduction of the CRISPR-Cas9 lentiviral vector.   

 

6.2.3 RIG-I KO Tumours Transplantation 

Following the KO of RIG-I in Balb/c-2 tumour cells I sought to evaluate whether the 

lack of RIG-I and subsequent downregulation of MHC, PD-L1, and Qa-1 could lead 

to tumour regression in BALB/c mice. Therefore, I performed a tumour cell injection 

experiment in BALB/c mice consisting of 4 groups with 12 mice each. The first group 

received Balb/c-2 tumour cells injection. The second group was injected with Balb/c-

2 EV transduced cells. The third group was injected with Balb/c-2 RIG-I KO clone 9. 

The fourth group received Balb/c-2 RIG-I KO clone 23 tumour cells. The Balb/c-2 
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tumours take was over 90% (11/12). BALB/c mice injected with EV tumour cells 

showed a high rejection rate (Table 6.1) and only 1 out of 12 mice injected showed 

tumour growth (Table 6.1). Similarly, Balb/c-2 RIG-I KO clone 9 showed lower levels 

of tumour take with only 3 out of 12 injected tumours growing (Table 6.1). Finally, 

Balb/c-2 RIG-I KO clone 23 showed no tumour growth at all in BALB/c mice (Table 

6.1). 

 

Table 6.1. Tumour Takes in Balb/c-2, EV, RIG-I KO 9, and Rig-I KO 23 tumour cells. 

Mouse strain Tumour Injected  
No of injected 

mice 
No of takes 

BALB/c Balb/c-2 12 11 

BALB/c EV 12 1 

BALB/c RIG-I KO 9 12 3 

BALB/c RIG-I KO 23 12 0 

 

In summary, the tumour transplantation of the RIG-I KO cells showed that they lost 

their ability to grow in allogeneic BALB/c mice, but we also observed a reduced ability 

of the control group EV cells to grow in these hosts. Rejection of EV cells may be 

due to the de-novo expression of Cas9 or puromycin N-acetyl transferase, which 

might have triggered an immune response, or to other changes caused by 

transduction with the lentiviral vector. Therefore, regrettably, no clear conclusions 

could be drawn from this experiment. 



 200 

6.2.4 Blocking PD-1 and Qa-1 by Monoclonal Antibody Treatment  

The tumour transplantation of the RIG-I KO and EV transduced Balb/c-2 showed that 

both groups lost their ability to grow in BALB/c mice and both groups showed 

downregulation of PD-L1 and Qa-1 expression, albeit to a different degree. 

Therefore, we hypothesized that successful tumour growth is dependent on the high 

expression levels of these inhibitory molecules and that blocking the interaction of 

these molecules with their receptors on immune cells could control tumour growth or 

lead to tumour clearance. To assess the effect of PD-L1 and Qa-1 on tumour growth, 

mice were injected with 1 million Balb/c-2 tumour cells and when tumours became 

palpable, mice were injected with (5mg/Kg) of anti-PD-1, anti-Qa-1 or the 

combination of anti-PD-1 + anti-Qa-1 neutralizing antibodies or with isotype control 

antibodies on days 4, 7, 10, and 13 post tumour injection (Figure 6.6a). Tumours in 

mice treated with the isotype control antibodies reached an average of 262 mm3 on 

day 14 post-tumour cell injection (Figure 6.6b). Treatment with neutralizing anti-PD-

1 (89 mm3) and anti-Qa-1 (59 mm3) significantly controlled the tumour growth 

compared to the isotype control group (Figure 6.6b). The combination of anti-PD-1 

+ anti-Qa-1 led to tumour regression (39 mm3) (Figure 6.5b).  

Taken together, the data showed that blocking the interaction between PD-L1 and 

Qa-1 with their receptors successfully controlled tumour growth, or induced 

regression of established tumours. These results supported our hypothesis that 

upregulation of PD-L1 and non-classical MHC was critical for tumour escape from 

allogeneic rejection.  
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Figure 6.6. Treatment with neutralizing anti-PD-1 and anti-Qa-1 antibodies. a) 

BALB/c mice were injected with 1 million cells of Balb/c-2 tumours. Once tumours 

were palpable treatment with neutralizing antibodies started. Mice were injected with 

(5mg/Kg) anti-PD-1, anti-Qa-1, anti-PD-1 + anti-Qa-1, and isotype control on days 4, 

7, 10, and 13 post tumour injection. a) Schematic depiction of study design and 

treatment schedule. b) Tumour growth curves in mm3. Isotype, Anti PD-1, Anti Qa-

1, Anti PD-1 + Qa-1 (n=6). Statistical analysis was carried out using an unpaired t-

test to compare tumour volumes on day 14 post tumour injection.  Each dot 

represents a different tumour. * Denotes (P= < 0.05). ** Denotes (P= <0.01). *** 

Denotes (P=0.001) **** Denotes (P<0.0001). 
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6.3 Discussion 

The previous chapter showed that the upregulation of RTEs in later tumour passages 

was associated with activation of RIG-I sensing and upregulation of ISGs. By 

inducing the upregulation of several immunosuppressive ligands and molecules, this 

anti-viral transcriptional response likely plays a role in the tumours’ escape from 

allogeneic rejection. To examine this link further, we have tested if inhibition of 

nucleic acid sensing reduced the expression of immune protective molecules and 

triggered tumour rejection. 

cGAS can sense ERV in general or retroelements due to the process of reverse 

transcription of RNA to DNA in retroviruses (Dhillon et al., 2023). Therefore, I first 

tested cGAS but its chemical inhibition with RU.521 did not abrogate the tumour 

signature. In contrast, CRISPR/Cas9 KO of the RIG-I gene Ddx58 in Balb/c-2 tumour 

cells reduced expression of MHC-I, PD-L1, and Qa-1, suggesting a critical role of 

RIG-I in establishing the anti-viral signature linked to escape from allogeneic 

rejection. Surprisingly, the transduction of parental Balb/c-2 cells with an empty 

vector expressing CRISPR/Cas9 and the puromycin-resistance gene also lowered 

the expression of MHC-I, PD-L1, and Qa-1 but to a lesser extent than the RIG-I KO 

clones. We speculate that this phenotype may be due to the selection of the cells in 

puromycin, an antibiotic known to perturb protein synthesis, or to the transduction 

with the lentivector, which might affect nucleic acid sensing. 

Tumour transplantation experiments with two RIG-I KO clones and EV Balb/c-2 

tumour cells resulted in lower tumour takes in BALB/c mice, which may be due to 

de-novo expression of Cas9 and puromycin N-acetyl transferase, or to the observed 
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lower levels of PD-L1 and Qa-1 in the EV cells relative to the parental cells. However, 

treatment of injected mice with either anti-PD-1 or anti-Qa-1 mAbs resulted in tumour 

growth control, and treatment with a combination of anti-PD-1 and Qa-1 antibodies 

resulted in regression of established tumours. Taken together, these results 

confirmed the critical role of PD-L1 and Qa-1 in the tumours’ escape from allogeneic 

rejection and supported the overall hypothesis that upregulation of RTEs triggered 

sensing, which then induced an antiviral signature that contributed to tumour immune 

evasion. 

The results emphasize the importance of PD-L1 and Qa-1 in inducing immune 

tolerance in the allogeneic tumour passages, which could be leveraged in organ 

transplantation to reduce or delay organ rejections. This agrees with clinical data 

showing that HLA-G expression on grafted organs is associated with a lower 

incidence of acute rejection (Crispim et al., 2008). The analysis of biopsies from renal 

transplant patients with HLA-G expression showed that only 5% exhibited acute 

rejection and 5% exhibited chronic rejection, while 90% exhibited no signs of 

rejection (Crispim et al., 2008). The recent advances in xenotransplantation, 

whereby genetically edited pig kidneys were transplanted to Non-Human Primates 

(NHP) elucidated the important roles of PD-L1 and non-classical MHC-I in 

establishing tolerance (Sykes & Sachs, 2022) (Ma et al., 2022). Kidney transplants 

from triple KO (TKO) for the three major carbohydrate xenoantigens and expressing 

additional human Transgenes (hTG) including PD-L1 and HLA-E survived for longer 

in NHPs than the TKO group alone, lasting up to 316 days (Ma et al., 2022). 

Our results also have some limitations. First, even though the KO of RIG-I showed 

phenotypic changes consistent with an abrogation of the anti-viral and inflammatory 
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signature, the results in vivo were still inconclusive because similar, albeit weaker, 

changes were also detected in the control EV group. Furthermore, both RIG-I and 

EV cells were rejected in BALB/c mice whereas parental Balb/c-2 cells were not. 

Therefore, at this stage, it is not possible to conclude that rejection is solely due to 

RIG-I KO. Indeed, de-novo expression of Cas9 or puromycin N-acetyl transferase 

from the lentiviral vector might have induced an immune response against injected 

cells. Second, the neutralizing antibodies showed an ability to control tumour growth 

in the short term, but we do not know whether this effect is long-lasting or whether 

tumours can circumvent that effect and develop therapy resistance with time. Third, 

the effect of the other RNA sensing molecules MDA5 and LGP2 was not investigated 

in depth due to the limited time remaining. Lastly, the effect of the neutralizing 

antibodies on the infiltrating immune cells was not analysed due to the smaller 

tumour sizes of the treated group. 
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Chapter 7: Discussion  

Here, we demonstrated that, consistent with Barret and Deringer’s findings from the 

1950s (Barrett & Deringer, 1952), through serial tumour passaging into more 

mismatched mouse hybrids, tumours were able to evade the histocompatibility 

barrier and grow in completely mismatched mouse strains. We used fully 

immunocompetent mice to develop the allo-transplantable tumour, which has 

benefits over immunocompromised mice. Immunocompromised mice, including 

Nude, SCID, and NOD SCID, are deficient in critical immune cells that are necessary 

for the immune responses to tumours and transplants. Consequently, the absence 

of immune system-induced selection pressure on tumour cells may prevent tumour 

adaptation. The data showed that repeated passaging of the tumours in the same 

mouse cross or strain led to better adaptation in this host. This is demonstrated by 

increased numbers of tumours that survive, and better growth kinetics as seen in N2 

and Balb/c tumours. Genotypically, tumours maintained their origin, but phenotypic 

changes occurred as shown by MHC-I expression changes and the tumour signature 

analysis.  

Our findings suggest that tumour adaptation to growing in allo-mismatched mice 

altered the immune infiltration of tumours. The F0 passage showed a moderate level 

of immunogenicity, but the N2.1 passage which had the highest rejection rate- 

showed a higher level of immunogenicity and tumours subsequently decreased their 

immunogenicity in the Balb/c-2, CBA/Ca, and FVB/N passages, even though the 

host and transplanted tumour had completely mismatched MHC-I haplotypes. Higher 

T cell infiltration levels were found in N2.1 tumours which showed increased 

immunogenicity. Lower T and NK cell immune infiltration was observed in the Balb/c-
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2, CBA/Ca, and FVB/N tumours, indicating a less immunogenic tumour profile and a 

highly suppressive TME. Interestingly, DC infiltration was higher in serially passaged 

Balb/c-2 tumours in terms of both relative percentage and counts, and macrophage 

infiltration was higher in terms of relative percentage and, to a lesser extent, counts. 

Our results reaffirmed the importance of CD8+ T cells in the antitumour response 

and allograft rejection. This is highlighted by the very low frequency and counts of 

CTLs in later tumour passages in completely mismatched hosts. Surprisingly, this 

low CTL infiltration was accompanied by high MHC-I expression in tumour cells 

indicating that tumours are adopting a different strategy to MHC-I downregulation to 

inhibit CTLs functions. One strategy detected in tumour cells is the upregulation of 

immune inhibitory ligands such as PD-L1 and B7-H3 that can prevent CTLs effector 

function and prevent their proliferation. CD4+ T cells frequency followed a different 

trajectory to CD8+ T cells as they tended to increase with passaging. This might 

suggest that they are the immunosuppressive Tregs that are enriched in tumours 

where they are involved in suppressing CTLs effector functions by secreting TGF-β 

(Facciabene et al., 2012) and have a role in the prevention of acute and chronic skin 

and cardiac allograft rejection (Joffre et al., 2008). Unfortunately, no in-depth 

analysis of CD4+ T cells to check if they are Tregs was done in this project.  

Using a panel of activation markers to examine tumour-infiltrating T cells at different 

passages revealed that a significant percentage of CD4+ T cells were highly 

activated in the F0 tumour; later tumour passages, however, revealed a more 

inhibited and less activated state. Compared to F0 tumours, CD4+ T cells in the TME 

of subsequent passages were characterised by greater PD-1 expression and lower 
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levels of the activation markers CD44 and CD69, suggesting that CD4+ T cells may 

be dysfunctional. 

Our double injection experiments showed that in mice that received YUMM1.7 cells 

after an injection of Balb/c tumour cells, tolerance was not due to systemic 

immunosuppression, rather it was achieved locally. Similar to what is seen in CTVT, 

the rejection of both YUMM1.7 and Balb/c-2 cells in doubly injected mice indicates 

that tolerance is metastable and can be disrupted under the correct conditions 

(Frampton et al., 2018). Moreover, the data suggest that a population of cells that 

are CD3+ and NKp46+ play an important role in tumour regression as it is only seen 

in regressing tumours, where this was the predominant population, but not seen in 

progressing tumours. The double expression of lymphocyte and NK cells markers 

suggest that they are NKT cells but that could not be determined conclusively due to 

the lack of analysis of important NKT cells markers such as NK1.1, CD44, and CD24 

(Soboloff & Kappes, 2018). The double injection revealed that the immune tolerance 

in Balb/c-2 is reversible and the immune system of BALB/c mice was able to attack 

and kill the tumour cells after the introduction of the immunogenic YUMM1.7 cells.  

Analysis of MHC-I expression in YUMM1.7 and the subsequent tumour passages 

showed an unexpected pattern: tumours progressively reduced MHC-I levels, with 

the N2.1 passage, which had the highest tumour rejection rates, having the lowest 

levels of MHC-I expression. Tumours frequently use MHC-I downregulation as a 

strategy to avoid immunological rejection (Cornel et al., 2020; Dhatchinamoorthy et 

al., 2021; Wu et al., 2023). In the next tumour passages, such as in allogeneic 

BALB/c, CBA/Ca, and FVB/N mice, this pattern was reversed, suggesting the use of 

an alternative immune escape or immune suppressive approaches. In contrast to 
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what is seen in our late mouse tumour passages, transmissible cancers such as 

CTVT and DFT1 downregulate MHC-I, whereas DFT2 expresses MHC-I alleles that 

are common in its environment hosts (Kosack et al., 2019; Siddle et al., 2013). A 

possible explanation of this difference is the constitutive upregulation of PD-L1 in our 

tumours without stimulation. DFTD tumours do not express PD-L1 normally but can 

express it after immune challenge by IFN- γ (Flies et al., 2016). Moreover, our tumour 

passages expression of the inhibitory non-classical MHC could inhibit CD8+ T cells 

ability to destroy tumour cells with detectable MHC-I expression (Lohwasser et al., 

2001).  

The defect in antigen presentation in N2.1 and N2.2 tumour passages was not due 

to transcriptional regulation of MHC-I but potentially it might be due to transcriptional 

downregulation of chaperones involved in the folding of MHC-I for cell surface 

presentation. Other mechanisms could be in play as the gene expression differences 

of these chaperones between tumours with downregulated and other tumours were 

modest. Gene expression analysis of the MHC-I heavy chain and APM showed 

upregulation in the later tumour passages. This is likely because of activation of RIG- 

I and MDA5 by RTEs either directly, or indirectly by the upregulation of IFN signalling. 

The upregulation of the APM could be beneficial for the tumour in inhibiting NK cells 

functions due to MHC-I upregulation and non-classical MHC upregulation, which 

uses the same genes for its surface expression (Pishesha et al., 2022). The high 

expression of MHC-I is not usually linked to immune escape and tolerance in human 

tumours. However, a study where mouse melanoma that invades lymph nodes and 

were serially passages in syngeneic mice exhibited similar upregulation of MHC-I 
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and PD-L1 (Reticker-Flynn et al., 2022b) suggesting a common evolutionary 

pathway to immune evasion.    

Interestingly, the late passage tumours acquired an inflammatory and antiviral 

signature that may cause the exhaustion of effector cells and recruitment of 

suppressor cells (Fang et al., 2022; Zhao et al., 2021). Additionally, these tumours 

displayed markers that can selectively suppress T and NK cells (Cha et al., 2019; J. 

Gao et al., 2017; Kochan et al., 2013; Leitner et al., 2009; Vaitaitis & Wagner, 2012). 

The data suggest that when RIG-I detects RTEs, it upregulates interferon-stimulated 

genes such as MHC-I, PD-L1 and non-classical MHC molecules. The upregulation 

of non-classical MHC-I is a mechanism utilized by Choriocarcinoma to induce 

immune tolerance (Gobin et al., 1997b) and some reports suggests that non-

classical MHC molecules also play a role in DFTD (Cheng & Belov, 2014; Hussey et 

al., 2022).  

Our RNA-seq data showed that tumours developed an inflammatory anti-viral 

signature. This was likely triggered by the sensing of RTE by RIG-I. Concurrently, 

tumours upregulated the expression of ISGs that are immune inhibitory most likely 

as a result of this inflammatory tumour signature. The activation of RTEs can lead to 

immune clearance of tumours if it induces acute inflammation, as is seen upon 

treatment of mouse melanoma with DNA Methyltransferase Inhibitors (DNMTis) that 

release RTEs silencing (Chiappinelli et al., 2015b). However, RTEs activation is also 

linked to tumour immune resistance and progression through the activation of 

immune inhibitory molecules such as HLA-G (Senft & Macfarlan, 2021).  
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To investigate the role of nucleic acid sensing and its effect on the upregulation of 

the immunomodulatory molecules on tumour cells, I initially examined cGAS, 

however its chemical suppression with RU.521 did not abrogate the immunological 

tumour signature. Conversely, CRISPR/Cas9 knockout of the RIG-I gene Ddx58 in 

Balb/c-2 tumour cells reduced the expression of MHC-I, PD-L1, and Qa-1, indicating 

a critical role of RIG-I in the formation of the anti-viral signature associated with 

evasion from allogeneic rejection. Unexpectedly, the transduction of parental Balb/c-

2 cells with an empty vector encoding CRISPR/Cas9 and the puromycin-resistance 

gene also reduced the expression of MHC-I, PD-L1, and Qa-1, albeit to a lesser 

degree than the RIG-I knockout clones. Tumour transplantation experiments 

including two RIG-I knockout clones and EV Balb/c-2 tumour cells showed reduced 

tumour takes in BALB/c mice, and this could be either due to de-novo expression of 

Cas9 and puromycin N-acetyltransferase, or the decreased levels of PD-L1 and Qa-

1 in the EV cells compared to the parental cells. However, administering anti-PD-1 

or anti-Qa-1 monoclonal antibodies to tumour injected mice led to tumour growth 

control, while the combination of anti-PD-1 and Qa-1 antibodies induced regression 

of established  

The upregulation of MHC-I, PD-L1, and Qa-1 correlated with the upregulation of 

RTEs and RIG-I. However, it is not clear whether this is due to activation of IFN 

signalling or directly, bypassing the IFN step as both mechanisms have been 

reported. More work to determine which mechanism is critical might help with 

designing and administering therapeutics for tumours with the same signature. 

Treatment with anti PD-1 and Qa-1 also is effective against this tumour signature as 

it showed that it can significantly control tumour growth in the short term.  
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Our results suggest that genetically modified grafts may potentially be transplanted 

where the organ is tolerated locally without the need of potent systemic immune 

suppression that come with many deleterious side effects. This notion is supported 

by transmissible cancers, which can grow in immunocompetent dogs, and the limited 

experiments of humanized pig kidney xenotransplants in humans and NHP. In these 

experiments, genetically modified humanized pig kidneys and hearts to delete pig 

xenoantigens and expressing additional human transgenes were used. In NHP, 

functioning humanized pig kidneys showed that they can survive for years. In 

humans, a humanized pig heart transplanted into a human patient lasted for 7 weeks 

(Sykes & Sachs, 2022). 

Our mouse model provided insights into how tumours adapt to escape allogeneic 

rejection, but there are still limitations and challenges. These include: first, the long 

time it takes to do the experiments due to the need for breeding different types of 

mice hybrids and backcrosses. Second, the study focuses on acute rejection, 

therefore no information on whether these tumours can grow for the long term and 

whether the same mechanisms are employed to avoid chronic rejection. In addition, 

the reasons for Balb/c-2 tumours regression after YUMM1.7 introduction in the 

double injection experiment are not known and more work is needed to identify the 

CD3+ and NKp46+ population enriched in regressing tumours. Fourth, the 

mechanism of RTEs upregulation is not known and whether that upregulation is due 

epigenetic derepression of RTEs or another mechanism.      

This model has numerous benefits and can be utilized to study different topics 

including tumour evolution, tumour-immune interactions, allogeneic rejection, and 

immune escape mechanisms. The implications of this work in organ transplantation 
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could be through the over expression of the immune modulatory molecules PD-L1 

and the human ortholog of Qa-1 (HLA-E) in transplanted organs to induce tolerance. 

In cancer therapy, the human orthologues of non-classical MHC are upregulated in 

different cancers and although there is a monoclonal antibody against NKG2A, which 

is the receptor for HLA-E, this has not yet been employed therapeutically. 

In the future, it will be interesting to investigate the TCR repertoire of tumour 

infiltrating lymphocyte in the different tumour passages to study their diversity and 

clonal expansion and whether certain TCRs are enriched in late tumours that are 

defective in responding to the mismatched MHC-I. It will also be important to examine 

if the Balb/c-2 tumour signature is detected in human cancers and if it influences 

progression and response to therapy.  

Our model could provide important information about tumour evolution and immune 

evasion. It could shed light on the process regulating cancer-immune system 

interactions and how the process of immune escape happens in tumour through 

immunoediting . In addition, the model is useful in cancer immunology studies and 

to study how tumours modulate the immune infiltrate to enhance their growth or 

induce an immune suppressive environment.  
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