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Abstract 

Heterogeneous responses to neo-adjuvant chemoradiotherapy are observed in 

Locally Advanced Rectal Cancer (LARC). Understanding the molecular and 

immunological factors underpinning response to radiotherapy-based treatment 

strategies may promote the development of novel treatment strategies to 

overcome resistance mechanisms and improve response rates. Murine models of 

LARC and experimental platforms to deliver precise radiotherapy to small 

animals, will enable the pre-clinical testing and development of radiotherapy 

and immunotherapy combinations to guide future clinical trials.  

Despite numerous technological advances in pre-clinical modelling of CRC, 

models which recapitulate the anatomy and mutational composition of LARC 

have been lacking. In Chapter 3, I describe the development of a novel 

orthotopic organoid transplant model which recapitulates histological features of 

aggressive disease, expresses common driver mutations, and maintains 

immunocompetence. Furthermore, the described model demonstrates 

reproducibility, high engraftment and is amenable to high experimental 

throughput.  

In Chapter 4, I then utilise the developed orthotopic model of LARC to 

demonstrate that precise delivery of clinically relevant fractionated 

radiotherapy is possible in the pre-clinical setting. I then performed irradiation 

studies to characterise the effects of single fraction and fractionated 

radiotherapy to the model developed in thesis. In Chapter 4, I characterise the 

radio-resistance of the orthotopic model of LARC which has been developed, and 

identify numerous potential resistance mechanisms. 

In Chapter 5, I then show the feasibility of administering fractionated 

radiotherapy and immunotherapy agents to an orthotopic model of LARC. 

Improved survival was demonstrated following treatment with fractionated 

radiotherapy and PD-1 inhibition. Overall, this thesis describes significant 

advances in the pre-clinical modelling of LARC and experimental capabilities for 

developing novel radiotherapy and immunotherapy combinations, which hold 

potential to inform the treatment scheduling of fractionated radiotherapy and 

PD-1 inhibition.   
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LET – Linear Energy Transfer 

LGR5 - Leucine-rich repeat-containing G-protein coupled receptor 5 

LRP5/6 – Low density lipoprotein receptor related protein 5/6 

LSL – Lox-Stop-Lox 

MAP – MutY Homolog-Associated Polyposis 

MAPK – Mitogen Activated Protein Kinase 

MCP – Microenvironment Cell Population 

MDSC – Myeloid Derived Suppressor Cells 

MEK -Mitogen Activated Protein Kinase 

MH – Mad Homology  

MHC – Major Histocompatibility Complex 

MIN – Multiple Intestinal Neoplasia 

MLH – MutL Homolog 

MMR – Mismatch Repair 

MRI – Magnetic Resonance Imaging 

MSI – Microsatellite Instability 

MSS – Microsatellite Stable 

Myc – Myelocytomatosis 

NAR – Neoadjuvant Rectal 

NCCN – National Comprehensive Cancer Network 

NHEJ – Non-Homologous End-Joining 

NK – Natural Killer 

NOD – Non-Obese Diabetic 

NSCLC – Non Small Cell Lung Cancer 



21 
 

NSG – NOD Scid Gamma 

pCR – Pathological Complete Response 

PD1 – Programmed Death 1 

PDL1 – Programmed Death Ligand 1 

PDO – Patient Derived Organoid 

PTEN - Phosphatase and Tensin Homologue 

PTSG - Prostaglandin-Endoperoxide Synthase  

RAF – Rapidly Accelerated Fibrosarcoma 

RAS – Rat Sarcoma Virus  

RC – Rectal Cancer 

RCT – Randomised Controlled Trial 

RNA – Ribonucleic Acid 

RNF – Ring Finger Protein 

ROS – Reactive Oxygen Species 

RT - Radiotherapy 

SBRT – Stereotactic Body Radiation Therapy  

SCID – Severe Combined Immunodeficiency 

SCNA – Somatic Copy Number Alteration 

SCPRT – Short-Course Pre-operative Radiotherapy 

SMAD – Small Mothers Against Decapentaplegic 

SSA – Sessile Serrated Adenoma 

SSA – Single Strand Annealing 

SSB – Single Strand Break 

SSP – Sessile Serrated Polyp 

STAT3 - Signal Transducer and Activator of Transcription 3 Signalling 
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STING – Stimulator of Interferon Genes 

TAM – Tumour Associated Macrophages 

TCD – Tumour Cell Density 

TCF – T cell factor 

TCGA – The Cancer Genome Atlas 

TCR – T-Cell Receptor 

TGF-β – Transforming Growth Factor beta 

TGFBR – Transforming Growth Factor beta receptor 

Th1 – T Helper 1 

TIL – Tumour Infiltrating Lymphocyte 

TLR – Toll Like Receptor 

TMB – Tumour Mutational Burden 

TME – Tumour Microenvironment 

TNF – Tumour Necrosis Factor 

TNT – Total Neoadjuvant Therapy 

TP53 – Tumour Protein 53 

TRG – Tumour Regression Grading 

TSA – Traditional Serrated Adenoma 

Wnt - Wingless-related integration site 

XRCC - X-Ray Cross-Complementing 
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Chapter 1 – Introduction 

1.1 Overview of Locally Advanced Rectal Cancer 

1.1.1 Epidemiology of Colorectal Cancer 

Colorectal Cancer (CRC) accounts for approximately 10% of cancer incidence and 

cancer-related mortality worldwide, with almost 900,000 deaths annually (Bray 

et al, 2018). In the UK, CRC is the fourth commonest cancer and the second 

commonest cause of cancer related mortality, with an incidence of 

approximately 42,000 cases (Cancer Research UK). Rectal Cancer (RC) represents 

a distinct sub-group of CRC, with differences in anatomy, clinical presentation, 

molecular characteristics and management strategies. RC accounts for a 

significant proportion of CRCs, representing 32% and 23% of male and female 

incidence respectively (Cancer Research UK).  

Rates of CRC vary geographically, with higher incidence seen in developed 

countries (Dekker et al, 2019). CRC disease burden is predicted to increase 

globally, largely owing to rising cases in low- and middle-income countries, such 

that a worldwide incidence of 2.2 million cases is projected by 2030 (Arnold et 

al, 2017). On a global scale, recent trends in CRC incidence and mortality likely 

reflect increased adoption of westernised lifestyles, highlighting that disease 

burden is likely to increase over time. Worryingly, a rising proportion of CRCs are 

being found in younger individuals (<50 years), with this trend rising most rapidly 

in rectal cancer; 49.8% of colorectal tumours in <50s are reported to arise in the 

rectum (Kasi et al, 2019).  

CRC survival has more than doubled in the UK over the past 40 years, with 

overall 5-year survival rates of 58% now observed (Cancer Research UK). Earlier 

stage at diagnosis leads to significantly improved outcomes, and patients with 

stage I and II disease have 92% and 84% 5-year survival rates respectively. Early 

diagnosis, with subsequent surgical resection, represents the best chance of 

achieving cure and disease remission for patients. 

 

1.1.2 Research Priorities in Colorectal Cancer 

Many of the current research priorities in CRC are based around improving 

population based screening methods, including the identification of population 
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subgroups at higher risk, and categorising which colorectal adenomas confer 

highest risk of malignant progression (Tiernan et al, 2014). 

Patient outcomes worsen with increasing disease stage, with 5-year overall 

survival rates of 65% and 10% observed for stage III and IV disease respectively 

(Cancer Research UK). Current research must address the need to improve 

outcomes for patients with stage III and IV disease, through development of 

targeted therapeutic approaches and biomarkers to predict treatment response 

(Moorcraft et al, 2013). There is significant heterogeneity in the molecular 

profile of CRC, which can affect prognosis and responses to treatment, and 

standard of care regimens often do not result in therapeutic benefit across all 

patient subgroups.  

Personalised medicine is focused on tailoring treatment according to an 

individual patient’s clinical and molecular features, and CRC is currently seeing 

a paradigm shift towards precision medicine-based approaches, with the aim of 

improving response rates and survival, while minimising toxicity (Diamandis et 

al, 2010). Most notably, the monoclonal antibodies cetuximab and panitumumab 

which target epidermal growth factor receptor (EGFR), have been shown to have 

survival benefit in patients with refractory metastatic CRC (Cunningham et al, 

2004; Saltz, 2004). However, many patients fail to respond to anti-EGFR 

therapies, and it has been established that KRAS (Kirsten Rat Sarcoma Viral 

Oncogene Homolog) mutations are associated with resistance to this treatment 

(Amado et al, 2008; Karapetis et al, 2008). KRAS testing is now routinely used in 

clinical practice, and demonstrates the implementation of personalised medicine 

in CRC, with anti-EGFR therapy reserved for those patients with wild-type KRAS 

status.     

This thesis will focus on Locally Advanced Rectal Cancer (LARC), a subset of 

patients typically treated with neo-adjuvant radiotherapy or chemoradiotherapy 

(CRT), to facilitate curative margin-free surgical resection and reduce local 

recurrence rates (NICE, 2020). Recent years have seen a paradigm shift in the 

management of LARC, owing to the observation of complete tumour response to 

CRT in a proportion of patients (Habr-Gama et al, 2004). Recent research in 

LARC has focused on improving surgical cure rates, reducing distant and local 

recurrence, and improving the proportion of patients suitable for organ 

preservation strategies. In turn, it is hoped that more personalised treatment 
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strategies can be achieved in LARC, with management being based on 

biomarkers as well as clinical staging criteria. 

It is evident that the mechanisms underpinning the heterogeneity of responses to 

CRT are incompletely understood, and that improved knowledge of the response 

of the tumour microenvironment to radiotherapy-based treatment strategies 

may aid the development of improved neo-adjuvant treatment regimens. 

Suitable pre-clinical models which recapitulate the molecular composition of 

LARC are lacking, and represent a potential tool to study the biological 

mechanisms of response to radiotherapy, and to test oncological therapies. 

 

1.1.3 Aetiology of Colorectal Cancer 

Hereditary, demographic, co-morbid, lifestyle and environmental factors are all 

known to have a role in the development of CRC. Increasing age and male sex 

have been shown to have a strong association with disease incidence (Dekker et 

al, 2019). Several modifiable environmental risk factors are associated with CRC, 

with cigarette smoking being associated with increased CRC incidence and 

mortality, with stronger associations found for rectal cancer than for colonic 

cancer (Botteri et al, 2008). High intake of red and processed meat is associated 

with significantly increased risk of CRC, with similar associations seen between 

colonic and rectal cancers (Chan et al, 2011). Meta-analysis data provides 

evidence for an association between moderate and heavy alcohol drinking and 

CRC, with a stronger association noted at the distal colon when compared with 

the proximal colon (Fedirko et al, 2011; Cai et al, 2014). Furthermore, an 

association between increased body mass index (BMI) and both colonic and rectal 

cancer has been observed in the literature, with stronger evidence existing in 

males (Kyrgiou et al, 2017). With an increasing global trend in the adoption of 

‘Westernised’ lifestyles, it is likely that worldwide disease burden from both 

colonic and rectal cancer will increase in the coming decades.  

Positive family history contributes to 10-20% of CRC cases, with increased risk 

known to correlate with the number and degree of relatives affected (Henrikson 

et al, 2015). A small subgroup of CRC patients (~5-7%) have a well-defined 

hereditary CRC syndrome (Syngal et al, 2015). The commonest hereditary CRC 

predisposing condition is Lynch syndrome, previously known as hereditary non-
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polyposis colorectal cancer (HNPCC). Lynch syndrome is an autosomal dominant 

condition caused by mutation in one of the DNA mismatch repair (MMR) genes 

(MLH1, MSH2, MSH6 or PMS2) (Peltomäki and Vasen, 2004). An MMR gene defect 

leads to loss of DNA mismatch repair function, leading to micro-satellite 

instability (MSI), with the resulting accumulation in mutations predisposing to 

tumour formation. The presence of an MMR gene defect confers a 50-70% 

lifetime risk of developing CRC, with Lynch syndrome accounting for ~3% of CRC 

cases (Stoffel et al, 2009; Vasen et al, 2013).  

Several hereditary polyposis syndromes exist which predispose to CRC, with 

Familial Adenomatous Polyposis (FAP) being the most common; however, this 

condition only occurs in 1 in 8000-10000 of the population (Plawski et al, 2013). 

FAP is an autosomal dominant condition caused by a heterozygous germline 

mutation in the adenomatous polyposis coli (APC) gene, located on chromosome 

5q21, and is characterised by the development of hundreds of small colonic 

adenomatous polyps (Kinzler et al, 1991). Loss of heterozygosity or truncation of 

the second copy of the APC gene contribute to malignant transformation and a 

near 100% CRC risk by age 35-40 years (Lamlum et al, 1999; Galiatsatos et al, 

2006). FAP patients typically undergo annual colonoscopy surveillance, with 

prophylactic colectomy considered in early adulthood. Other rarer polyposis 

syndromes exist which predispose to CRC, including MutY homolog-associated 

polyposis (MAP) and Peutz-Jehgers syndrome (Byrne et al, 2018). Patients with 

inherited polyposis syndromes require lifelong management on an individualised 

basis guided by a Rare Disease Collaborative Centre with expertise in such 

conditions; management is focused on appropriately timed colorectal surgery, 

intestinal and extra-intestinal surveillance, and genetic testing of family 

members (Clark et al, 2023).   

Despite recent improvements in our understanding of the hereditary basis of CRC 

development, and improved screening and early detection for these patients, 

such cases represent the minority. In at least two thirds of patients, CRC occurs 

sporadically as the result of somatic mutations under the influence of both the 

local colonic environment and the background genetic makeup of an individual 

(Carethers et al, 2016). Population based screening is employed in order to 

detect cases of sporadic CRC at an early stage, whereby curative intervention 

can be offered to patients. In Scotland, the Scottish Bowel Screening Programme 
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invites men and women aged 50-74 to participate in 2-yearly screening through a 

faecal immunochemical test (FIT) (Public Health Scotland, 2017). However, 

despite a proportion of early CRC cases being detected through Bowel Screening 

Programmes, a significant proportion are diagnosed at later disease stages, with 

48% of CRC patients in Scotland being diagnosed with stage III or IV disease in 

2019-20 (Public Health Scotland, 2021). Colonoscopy is offered to patients with a 

qFIT ≥80µgHb/g rather than at positivity cut-off (≥10µgHb/g), and potentially 

explains the lack of substantial improvements in early detection in recent years. 

It remains crucial therefore, that current research focuses on developing neo-

adjuvant treatment strategies in LARC based on individual and tumour 

characteristics, with the aim of improving clinical outcomes (Smith and Garcia-

Aguilar, 2015).    

 

1.1.4 Pathogenesis of Colorectal Cancer 

Two distinct CRC development pathways exist: the ‘conventional’ pathway 

involving the ‘adenoma-carcinoma sequence’ (70-90%), and the serrated 

neoplasia pathway (10-30%). The ‘adenoma-carcinoma sequence’ was first 

proposed by Fearon and Vogelstein in 1990, and describes a stepwise 

accumulation of histological changes with each stage of progression being 

associated with key genetic alterations (Fearon and Vogelstein, 1990). The 

process involves four stages over an estimated period of 10-15 years, whereby 

normal intestinal epithelium transforms into an adenoma, then advanced 

adenoma with high-grade dysplasia, before eventually forming an invasive 

adenocarcinoma with the potential to metastasise (Figure 1.1). It is widely 

accepted that CRC arises from cancer stem cells (CSC) located in the base of 

colonic crypts, with CSCs being crucial for the initiation and maintenance of 

tumours; CSCs arise through accumulation of genetic alterations which result in 

the activation of oncogenes and inactivation of tumour-suppressor genes (Nassar 

et al, 2016).  
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Figure 1.1: Molecular Features Associated with CRC Progression 

Simplified schematic demonstrating the accumulation of mutations associated with CRC 
progression in both the classical ‘adenoma-carcinoma’ sequence and ‘serrated’ pathway. Figure 
is adapted from Fearon and Vogelstein (1990). 

 

Fearon and Vogelstein describe the loss of the FAP locus on chromosome 5q21 in 

the majority of CRCs, with this mutation being the first to occur and being 

responsible for the formation of early adenomas. Subsequently, the FAP locus 

was identified as being the location of the APC (Adenomatous Polyposis Coli) 

tumour suppressor gene, confirming that APC loss is a key oncogenic driver in 

CRC progression (Groden et al, 1991; Kinzler et al 1991). Somatic APC mutations 

are found in ~80% of patients with sporadic CRC (Fearnhead et al, 2001).  

APC has integral roles in the Wnt (Wingless related integration site) signalling 

pathway, which is essential for cell proliferation, tissue homeostasis and in the 

determination of cell fate (Logan and Nusse, 2004). The canonical Wnt signalling 

pathway regulates levels of β-catenin, which acts a transcriptional co-activator 

upon translocation to the nucleus. In the absence of Wnt signalling, a 

cytoplasmic β-catenin destruction complex composed of APC, Axin, CK1-α 

(Casein kinase 1) and GSK-3β (Glycogen synthase kinase) results in low levels of 

β-catenin (Figure 1.2). When the Wnt ligand binds to a core receptor complex 

(LRP5/6 and Frizzled) to activate Wnt signalling, Frizzled interacts with 

cytoplasmic Disheveled protein upstream of GSK-3β to prevent formation of the 
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β-catenin degradation complex. Inhibition of β-catenin degradation results in its 

stabilisation and accumulation in the cytoplasm. β-catenin subsequently 

translocates to the nucleus where it combines with transcription factor T cell 

factor/lymph enhancer factor 1 (TCF/LEF1) to enable expression of Wnt target 

genes which are involved with cell proliferation, survival, differentiation and 

migration processes (Sansom et al, 2004; Nusse and Clevers, 2017). In the 

absence of functional APC, Wnt signalling is constitutively activated resulting in 

cytoplasmic accumulation and subsequent nuclear translocation of β-catenin 

(Markowitz et al, 2009). Increased nuclear β-catenin results in upregulation of 

Wnt target genes including cyclin D1 and cMYC, which influence the G1 and S 

phase of the cell division cycle respectively, promoting the survival and 

differentiation of malignant cells (He et al, 1998; Shtutman et al, 1999).  

 

Figure 1.2: Canonical Wnt Signalling Pathway 

Diagrammatic representation of the canonical Wnt signalling pathway. In the absence of Wnt 
ligand the β-catenin destruction complex is constitutively active (left diagram). In the presence 
of Wnt (right diagram) the receptor complex recruits dishevelled and sequesters and inactivates 
the destruction complex which enables β-catenin accumulation, translocation to the nucleus and 
subsequent regulation of its target genes. Created in Biorender. Adapted from Clevers 2006. 

 

However, APC inactivation is not sufficient to drive progression to CRC, and 

resulting adenomas must accumulate additional mutations (Scott and Quirke, 

1993). Fearon and Vogelstein observed that Ras (rat sarcoma virus) gene 

mutations were found in 50% of both intermediate adenomas and carcinomas, 
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but in as few as 10% of early adenomas, suggesting that Ras mutations are 

responsible for progression beyond the early adenomatous stage. The most 

frequently observed are activating mutations in the K-ras oncogene, with mutant 

genes at codon 12 initially being discovered in 40% of CRCs (Forrester et al, 

1987). Development towards advanced adenomas have been commonly 

attributed to allelic deletions in chromosome 18q, found to exist in ~70% of 

CRCs, and containing portions of the DCC (Deleted in Colorectal Cancer), SMAD2 

(Small Mothers Against Decapentaplegic) and SMAD4 genes (Fearon et al, 1990; 

Mehlen and Fearon, 2004). Allelic deletions in chromosome 17p, subsequently 

mapped to regions containing the TP53 (Tumour Protein 53) tumour suppressor 

gene, have been identified in as much as 75% of CRCs and are associated with 

late progression of advanced adenomas to adenocarcinoma (Baker et al, 1989).  

In contrast to the conventional adenoma-carcinoma pathway, the alternative 

‘serrated’ pathway is thought to account for 10-30% of CRCs, and is 

characterised by serrated adenomas as the initiating precursor lesion (Torlakovic 

and Snover, 1996; Jass, 2007). Such lesions display a ‘serrated’ or ‘saw-toothed’ 

appearance of the epithelial glandular crypts, and are initiated through 

formation of sessile serrated adenomas or polyps (SSA/SSPs), traditional serrated 

adenomas (TSAs) or hyperplastic polyps (HPs), which all have the potential to 

undergo malignant transformation (Rex et al, 2012). Activating mutations in the 

BRAF proto-oncogene, a member of the RAF (Rapidly Accelerated Fibrosarcoma) 

family of serine/threonine kinases, have been identified as a key genetic 

alteration in the serrated pathway, resulting in activation of the MAPK (Mitogen-

Activated Protein Kinase) signalling cascade (Rajagopalan et al, 2002; Davies et 

al, 2002). BRAF mutation is strongly associated with both SSAs and MSI-H 

(Microsatellite Instability-High) CRCs, suggesting that this is a key initiating 

event in the ‘serrated’ pathway (Kambara et al, 2004). CRCs arising through the 

‘serrated’ pathway have been shown to be associated with MSI (Hawkins and 

Ward, 2001). MSI occurs in a subgroup of CRC patients and is characterised by 

widespread mutations in microsatellite sequences, resulting from the 

inactivation of mismatch repair (MMR) genes which are responsible for repair of 

base-to-base mismatches in DNA (MLH1, MSH2, MSH6, and PMS2). Such 

inactivating mutations can be inherited as in Lynch syndrome (Bronner et al, 

1994). Somatic inactivation of MMR genes occurs in ~15% of sporadic CRC cases, 
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with biallelic silencing of the MLH1 (MutL homolog) gene through 

hypermethylation (Herman et al, 1998). 

Another common event in the ‘serrated’ pathway is hypermethylation of CpG 

islands located on the promotor regions of tumour suppressor genes, giving rise 

to the CpG Island Methylator Phenotype (CIMP). CpG islands are dense regions of 

cytosine-guanosine dinucleotides, where cytosine residues are susceptible to 

methylation in the promotor regions of tumour suppressor genes, with resulting 

epigenetic silencing and loss of gene function leading to the development of 

neoplastic features (Toyota et al, 1999). Toyota et al first discovered the 

presence of the CIMP phenotype, which is characteristic of ~15% of CRC cases, 

and occurs in the majority of sporadic CRCs with MSI. 

Aside from the differentiation into the ‘conventional’ and ‘serrated’ pathways, 

CRC can be classified in terms of three major molecular pathways (Schmitt and 

Greten, 2021). Chromosomal instability (CIN) occurs in 80-85% of CRC cases and 

is characterised by aneuploidy, multiple changes in chromosome structure and 

copy number causing loss of heterozygosity at multiple tumour suppressor gene 

loci such as APC, P53 and SMAD4, with an accumulation of mutations as occurs in 

the classical ‘adenoma-carcinoma’ sequence (Markowitz and Bertagnolli, 2009).  

Tumours can also be classified in terms of microsatellite stability or MMR status, 

with MSI/dMMR (Mismatch Repair deficient) occurring in ~15% of CRC and 

characterised by dysfunction of DNA MMR genes resulting in genetic 

hypermutability, and a predisposition to right sided CRC (Jass, 2007). Lastly, CRC 

can be classified according to the presence of CIMP, with CIMP tumours divided 

into two types: CIMP high tumours are associated with BRAF mutation and MLH1 

methylation, and CIMP low tumours are associated with KRAS mutation (Shen et 

al, 2007).  

The three major molecular pathways described are not mutually exclusive, and 

tumours can display features of multiple pathways. Some differences in 

molecular features exist between colonic and rectal cancer, with prevalence of 

dMMR/MSI being less frequent in rectal cancer at ~10% and CIN being a 

characteristic of >80% of rectal tumours (Kapiteijn et al, 2001; Fernebro et al, 

2002; Cercek et al, 2020). Some evidence exists that dMMR rectal tumours are 

less sensitive to neoadjuvant chemotherapy when compared with pMMR tumours 
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(MMR proficient), while response to neoadjuvant chemoradiation is comparable 

(Cercek et al, 2020). Although an improved understanding of the genetic 

composition of CRC has been established, it has not been possible to reliably 

predict patient survival based on the described mutational and molecular 

characteristics.  

 

1.1.5 Histopathological and Molecular Stratification of Rectal Cancer 

One classification system for CRC is the TNM staging system, developed by the 

American Joint Committee on Cancer (AJCC) and the Union for International 

Cancer Control (UICC), with the 8th Edition most recently published in 2018 

(Amin MB et al, 2018). This system classifies patients based on the extent of 

tumour infiltration into the colonic wall (T), the degree of lymph node 

involvement (N), and whether distant metastasis has occurred (M). Tumours can 

then be assigned a stage (I-IV) based on these tumour characteristics (Table 

1.1).  
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AJCC Stage TNM Stage Features 

0 Tis N0 M0 Tumour confined to 
mucosa 

I T1 N0 M0 Tumour invades 
submucosa 

I T2 N0 M0 Tumour invades 
muscularis propria 

IIA T3 N0 M0 Tumour invades 
subserosa; no other 
organs involved 

IIB T4 N0 M0 Tumour invades 
adjacent organs or 
perforates visceral 
peritoneum 

IIIA T1-2 N1 M0 T1-2 tumour plus 
metastasis to 1-3 
regional lymph nodes 

IIIB T3-4 N1 M0 T3-4 tumour plus 
metastasis to 1-3 
regional lymph nodes 

IIIC Any T stage N2 M0 Any tumour stage plus 
metastasis to 4 or more 
lymph nodes 

IV Any T stage, any N 
stage, M1 

Any tumour and lymph 
node stage plus 
metastasis to distant 
organs 

 

Table 1.1: CRC Staging and Features of AJCC and TNM Classifications 

Table showing features of TNM staging systems with corresponding AJCC Stage (I-IV). T = tumour, 
N = lymph node, M = distant metastasis. Tis = carcinoma in-situ. Table adapted from Jass (2007). 

 

Management decisions for patients with LARC are still largely dependent upon 

the TNM staging system, with consideration given to additional MRI detected 

features which confer higher risk: extra-mural vascular involvement (EMVI), 

tumour deposits and involvement of the circumferential resection margin (CRM) 

(Taylor et al, 2011). However, attempts have been made in recent years to move 

beyond TNM staging alone for patient stratification, and to account for the 

considerable molecular heterogeneity that exists within CRC. It is thought that 

the three main molecular phenotypes responsible for progression from adenoma 

to carcinoma are MSI, CIMP and CIN, due to genetic instability facilitating 

multiple tumour associated mutations (Tejpar and Van Cutsem, 2002).  
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Subsequently, several gene expression-based classification systems were 

developed to identify distinct subgroups with significant prognostic value to 

better stratify patients and inform individualised treatment strategies. Following 

this, an international consortium and large-scale data sharing of 18 CRC data-

sets, combined six independent classification systems into a unifying Consensus 

Molecular Subtype (CMS) system (Guinney et al, 2015).  

The CMS classification system allows most CRCs to be categorised into one of 

four subtypes (Table 1.2): CMS1 (MSI Immune), CMS2 (Canonical), CMS3 

(Metabolic), and CMS4 (Mesenchymal). CMS1 tumours are characterised by genes 

associated with a diffuse immune infiltrate, including increased cytotoxic T-cell 

and Th1 (T-helper) cells. BRAF mutations frequently occur in CMS1, in keeping 

with its known association with MSI, CIMP high, hypermutated tumours. CMS2 

tumours display epithelial differentiation and strong up-regulation of WNT and 

Myc (Myelocytomatosis) target genes which are classically implicated in CRC 

carcinogenesis. CMS3 tumours are enriched for multiple metabolic signatures in 

association with an increased prevalence of KRAS activating mutations, in 

keeping with other solid tumours (Son et al, 2013). CMS4 tumours display 

upregulation of genes implicated in epithelial mesenchymal transition (EMT), as 

well as gene signatures associated with activation of transforming growth factor 

β (TGF-β) signalling, angiogenesis, matrix remodelling and stromal infiltration. 

Guinney et al describe that prognosis is affected by CMS, with five-year survival 

for CRC of all stages being the highest in CMS2 at 77%, compared with 73% for 

CMS1, 75% for CMS3, and with CMS4 having the worst 5-year survival at 62%. 

Furthermore, a proportion of tumours (13%) fail to classify potentially owing to a 

transitional phenotype or to variation within tumours.  

CMS classification is dependent upon an adequate volume of quality tissue being 

sampled to obtain accurate gene expression data; since the adoption of the CMS 

classification system, limitations have been highlighted with intra-tumoral 

heterogeneity and stromal sampling posing challenges in reliably stratifying 

tumours (Dunne et al, 2016). Application of the CMS classification system to 

rectal cancer also has limitations, as contributing datasets to the CMS 

classification described by Guinney et al contain a relatively low numbers of 

rectal tumours when compared with colonic tumour sites. Furthermore, it has 

been demonstrated that primary tumours exhibit transcriptomic differences to 
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their corresponding distant metastasis, highlighting that disease heterogeneity is 

not fully appreciated through CMS classification (Kamal et al, 2019). 

 

 CMS 1 

MSI Immune 

CMS 2 

Canonical 

CMS 3 

Metabolic 

CMS 4 

Mesenchymal 

Prevalence 14% 37% 13% 23% 

Molecular 

Features 

MSI 

CIMP high 

Hypermutation 

SCNA high  Mixed MSI status 

SCNA low 

CIMP low 

SCNA high 

Associated 

mutations 

BRAF  KRAS  

Characteristics Immune 

infiltration and 

activation 

WNT and Myc 

activation 

Metabolic 

deregulation 

Stromal 

infiltration 

TGF-β activation 

Angiogenesis 

Prognosis Worse survival 

after relapse 

  Worse relapse 

free and overall 

survival 

 

Table 1.2: Consensus Molecular Subtypes of CRC 

Table showing key features and characteristics of CMS classification system of CRC. Somatic Copy 
Number Alteration (SCNA). Table adapted from Guinney et al (2015). 

 

Mutational prevalence and distribution of CMS differs according to anatomical 

location in CRC. Rates of TP53 mutation increase with more distal tumour 

locations, whereas PIK3CA, BRAF and SMAD4 mutations decrease (Loree et al, 

2018). Furthermore, while distribution of CMS3 and CMS4 remain relatively 

consistent throughout the colon and rectum, Loree et al found that a relatively 

higher proportion of CMS2 cases occur in the left colon and rectum, while a high 

distribution of CMS1 tumours is observed in the right colon when compared with 

the left colon and rectum. 

The CMS classification system has allowed categorisation of most CRCs based on 

their genomic signature, with application to both basic and translational 

research in the hope that better understanding of each subtype will enable 

clinicians to devise individualised treatment strategies and improve outcomes 
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(Sawayama et al, 2020). Some clinical trial data has demonstrated a role for CMS 

classification in treatment stratification; retrospective analysis of 

CALBG/SWOG80405, a phase III trial investigating the addition of bevacizumab or 

cetuximab to standard of care chemotherapy in metastatic CRC, found that 

CMS1 patients treated with bevacizumab had favourable prognosis compared 

with cetuximab, while CMS2 patients had favourable prognosis when treated 

with additional cetuximab (Lenz et al, 2019). In contrast, the FIRE-3 trial 

demonstrated a significantly higher objective response rate in CMS2 patients for 

additional cetuximab plus standard of care chemotherapy in metastatic CRC, 

however this did not translate into a difference in PFS or OS compared with 

additional bevacizumab (Stintzing et al, 2019). Although the CMS classification 

system has aided our understanding of the molecular features, mechanisms of 

progression and heterogeneity of CRC, further research is necessary to analyse 

treatment responses in CRC in accordance with CMS classification if this system 

is to be used to assist with treatment stratification. 

 

1.1.6 Surgical Management of Rectal Cancer  

The current mainstay of rectal cancer treatment is surgical excision, with 

neoadjuvant and adjuvant therapy used in selected cases. The objectives of 

rectal cancer surgery are to achieve curative resection, prevent local and distant 

recurrence, while preserving intestinal continuity, bladder and sexual function 

where possible. Major resectional surgery is technically demanding due to the 

narrow confines of the pelvis, with difficulty in restoring intestinal continuity 

posing a risk of anastomotic leakage. Historically, local recurrence was a 

formidable problem following rectal cancer surgery, with previous surgical 

techniques involving blunt rectal dissection being associated with local 

recurrence rates in excess of 20% (Nymann et al, 1995).   

Total meso-rectal excision, first described in the 1980s, is considered the gold 

standard surgical treatment for low and mid-rectal cancer, owing to significantly 

improved local recurrence and overall survival rates (Heald and Ryall, 1986). 

Total meso-rectal excision involves sharp dissection to achieve precise 

anatomical excision of the rectum within its encasing mesorectum, ensuring 

complete excision of draining loco-regional lymph nodes. The first series 
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described by Heald and Ryall, reported a local recurrence rate of 3.7% (n=115) 

at an average follow-up period of 4.2 years. Subsequently, larger series have 

demonstrated significantly improved local recurrence and overall survival rates 

following total meso-rectal excision when compared with earlier ‘conventional’ 

techniques (Kapiteijn et al, 2002; Martling et al, 2000). Partial mesorectal 

excision, with mesorectal clearance 4-5cm distal to the lower tumour border, 

has been shown to result in adequate oncological clearance in tumours of the 

upper rectum (Law et al, 2004; Lopez-Kostner et al, 1998).   

Traditionally, CRC surgery has been performed through an open approach, 

however, over the last 20 years laparoscopic surgery for colonic cancer has 

offered significant benefits to patients in terms of short-term outcomes, 

including less blood loss, shorter hospital stays, quicker return of normal bowel 

function and less analgesic requirements (Veldkamp et al, 2005). Numerous 

studies went on to demonstrate that oncological outcomes following 

laparoscopic surgery were comparable with open (Jayne et al, 2007; Fleshman et 

al, 2007; Bagshaw et al, 2012). It is widely recognised that laparoscopic surgery 

for rectal cancer is more technically challenging than for colonic cancer, largely 

owing to the narrow confines of the pelvis and the requirement to preserve the 

hypogastric nerve plexus. In LARC, the COREAN Trial showed that laparoscopic 

surgery offered short-term benefits over open surgery for patients with cT3 mid 

or low rectal tumours receiving neoadjuvant CRT (Kang et al, 2010); functional 

outcomes such as return of normal bowel function were significantly better 

following laparoscopic surgery, with resection quality uncompromised. 

Comparable oncological outcomes were later published, with similar rates of 3-

year disease-free survival (72.5% for open surgery versus 79.2% for laparoscopic 

surgery) and improved 3-year local recurrence (4.9% for open surgery versus 2.6% 

for laparoscopic surgery) (Jeong et al, 2014). Larger numbers (n=1103) were 

studied in the COLOR II trial, randomising patients with rectal tumours of all 

locations to laparoscopic or open resection, and comparable rates of local 

recurrence, disease-free and overall survival were seen with both approaches 

(Bonjer et al, 2015).  

Quality of oncological resection has been a concern regarding the widespread 

adoption of laparoscopic surgery in rectal cancer owing to anatomical 

constraints. The ALaCaRT (Australasian Laparoscopic Cancer of the Rectum) trial 
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compared the quality of resection specimens through a composite of whether 

complete total meso-rectal resection, a clear circumferential margin (≥1mm), 

and a clear distal resection margin (≥1mm) were achieved upon pathological 

assessment (Stevenson et al, 2015). However, non-inferiority of laparoscopic 

surgery was not established in this study despite the demonstration of similar 

short-term and long-term outcomes in other studies. Similarly, the ACOSOG 

Z6051 trial failed to demonstrate non-inferiority for quality of oncological 

resection in stage II/III rectal cancer with the use of a laparoscopic approach 

(Fleshman et al, 2015).  

Recently robotic assisted surgery has been used increasingly in rectal cancer 

surgery, with technological advantages offered through enabling precise 

dissection within the narrow confines of the pelvis. Initial randomised trial data 

demonstrated lower conversion to open rates with robotic surgery when 

compared with the laparoscopic approach, but with longer operating times 

reported (Prete et al, 2018). The ROLARR trial reported a non-significant 

decrease in conversion to open laparotomy rate with robotic assisted surgery 

(8.1% versus 12.2%), with no significant differences between robotic assisted and 

laparoscopic approaches being reported for other outcome measures such as 

circumferential resection margin (CRM) involvement, complication rates, 30-day 

mortality, bladder and sexual dysfunction (Jayne et al, 2017).   

Despite advances in surgical technique and the benefits of laparoscopic surgery, 

rectal cancer surgery still poses considerable risk of morbidity to patients. 

Perioperative complications pose a significant risk with anastomotic leak rates 

for rectal surgery ranging from 5-19% (McDermott et al, 2015). Furthermore, 

long term functional outcomes are often compromised following rectal surgery 

with patients often suffering with urinary, sexual and defecatory dysfunction, 

and a proportion of patients requiring long term stoma formation (Giglia and 

Stein, 2019; Downing et al 2019). Therefore, less invasive management options 

with reduced morbidity, represent an attractive treatment paradigm for patient. 

 
1.1.7 The Role of Neoadjuvant Radiotherapy in Rectal Cancer 

Current UK clinical guidelines recommend that pre-operative radiotherapy or 

chemoradiotherapy (CRT) is offered to patients with stage II (cT3/T4) and stage 
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III (any cT, cN1/2) rectal cancer (NICE guideline [CG151], 2020). Preoperative RT 

is not recommended for patients with early rectal cancer (cT1-T2, cN0, M0), 

unless part of a clinical trial. These recommendations are based upon evidence 

from several randomised controlled trials (RCTs) showing that patients with 

LARC have decreased rates of local recurrence following treatment with 

preoperative radiotherapy or CRT. Current evidence does not show clear 

differences in benefit between different neo-adjuvant treatment regimens, and 

so recommendation is not made concerning the type or duration of radiotherapy 

or CRT. Two neoadjuvant strategies are commonly used in the UK – SCPRT (short-

course preoperative radiotherapy) (25Gy at 5Gy/fraction over 5 consecutive 

days, followed by immediate surgery) and CRT (45 - 50.4Gy at 1.8Gy/fraction 

with concomitant 5-FU based chemotherapy over 5-6 weeks, followed by delayed 

surgery). However, in the UK it has been demonstrated that wide variation in 

practice exists, both in terms of regimen used and the time interval to surgical 

resection (Morris et al, 2016).   

Variation in clinical practice is seen in the USA, with chemotherapy typically 

being administered more widely and SCPRT regimens not advocated. National 

Comprehensive Cancer Network (NCCN) guidelines recommend multi-modality 

therapy for most patients with LARC (stage II or III), consisting of surgery, 

preoperative CRT, and adjuvant chemotherapy (Benson et al, 2018).   

Many countries, particularly within Europe, adopt a more selective approach to 

neoadjuvant treatment for LARC than that employed in the USA, as well as a 

more judicious use of adjuvant chemotherapy. Standard of care for preoperative 

treatment according to the European Society of Medical Oncology (ESMO) 

recommendations are that radiotherapy or CRT should be considered in mid and 

low stage II/III rectal cancers, to reduce the rate of local recurrence; 

furthermore, CRT is recommended where the circumferential resection margin 

and/or R0 resection status are predicted to be at risk (Glynne-Jones et al, 2017).   

Studies were conducted as early as the 1980s to determine whether radiotherapy 

resulted in oncological benefit when used in addition to surgical treatment, with 

pre-operative radiotherapy being shown to significantly lower 5-year local 

recurrence rates (13% versus 22%; p=0.02) when compared with post-operative 

radiotherapy (Frykholm et al, 1993). Later, the Swedish Rectal Cancer Trial 

randomised 1168 patients to pre-operative RT (25Gy in 5 days) or surgery alone, 
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showing an improved local recurrence rate in the patients receiving pre-

operative radiotherapy (9% versus 26%; p<0.001) at a median follow up of 13 

years (Folkesson et al, 2005). Meta-analysis of RCTs studying pre-operative 

radiotherapy prior to 2000 (n=14) further demonstrated that improvement in 

local recurrence rates is seen with the addition of radiotherapy prior to surgery 

(Cammà et al, 2000). However, these early studies precede the widespread 

adoption of TME surgery, and so evidence to support the use of neo-adjuvant 

radiotherapy must account for the optimisation of surgical approach.   

Following the standardisation of total meso-rectal excision surgery, further RCTs 

continued to demonstrate clear benefits following pre-operative radiotherapy or 

CRT. Numerous landmark studies following the adoption of TME surgery 

(summarised in Table 1.3) have demonstrated improvements in local recurrence 

rates when neo-adjuvant radiotherapy or CRT is administered. 

The Dutch Colorectal Cancer Group showed improved 2-year local recurrence 

rates in rectal tumours of any T-stage following SCPRT plus surgery versus 

surgery alone (2.4% versus 8.2%), with no improvement in overall survival or 

distant metastasis rates observed (Kapiteijn et al, 2001). The MRC CR07 and 

NCIC-CTG C016 multi-centre RCT later addressed the question of timing of 

radiotherapy administration in relation to surgery, with SCPRT prior to surgery 

demonstrating improved 3-year local recurrence rates (4.4% versus 10.6%) when 

compared with surgery and post-operative CRT (Sebag-Montefiore et al, 2009). It 

must be noted that post-operative CRT was offered to a higher risk patient 

cohort with involved circumferential margin in this study, which potentially 

explains the poorer outcomes observed.  

Following the clear improvements in local recurrence rates seen when 

radiotherapy is administered prior to surgery for LARC, further benefits have 

been achieved with the addition of radio-sensitising chemotherapy. 

Fluoropyrimidines, including 5-FU and capecitabine, act through inhibition of the 

nucleotide synthetic enzyme thymidylate synthase, and through incorporation of 

5-FU metabolites into DNA and RNA, resulting in the inhibition of DNA synthesis 

and RNA transcription (Longley et al, 2003). It is thought that fluoropyrimidines 

might enhance radiosensitivity through the killing of S-phase cells, which are 

relatively radioresistant (Ojima et al, 2006).   
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Trial Intervention No Inclusion Study 
Endpoint 

Local 
Recurrence 

Distant -
Recurrence 

Overall 
Survival 

Dutch 
Colorectal 
Cancer Group. 
(Kapiteijn et al, 
2001) 

Pre-op Short 
course 
(5x5Gy) + 
surgery vs 
surgery 

1805 
 

Operative 
rectal 
adeno-
carcinoma 

2 years 2.4% vs 8.2% 
(p<0.001) 

14.8% vs 
16.8% 
(p=0.87) 

82% vs 
81.8% 
(p=0.84) 

MRC CR07/NCIC-
CTG C016 
(Sebag-
Montefiore et 
al, 2007) 

Pre-op Short 
course 
(5x5Gy) vs 
post-op CRT 
(45Gy + 5-FU) 

1350 Operative 
rectal 
adeno-
carcinoma 

3 years 4.4% vs 
10.6% 
(p<0.001)   

19% vs 21%  80.3% vs 
78.6% 
(p=0.40) 

FFCD 9203 
(Gerard et al, 
2006) 

Pre-op RT 
(25x1.8G) vs 
pre-op CRT 
(25x1.8Gy + 5-
FU, 
leucovorin)  

733 T3-T4, Nx, 
M0 rectal 
adeno-
carcinoma 

5 years 16.5% vs 
8.1% 
(p<0.004) 

- 67.9% vs 
67.4% 
(p=0.684) 

EORTC 22921 
(Bosset et al, 
2014) 

Pre-op RT vs 
pre-op CRT 
(25x1.8Gy +/- 
5-FU + folinic 
acid) 

1011 T3-T4 
resectable 
rectal 
adeno-
carcinoma 

10 years 22.4% vs 
11.8% 
(p=0.0017) 

39.6% vs 
33.4% 
(p=0.52) 

49.4% vs 
50.7% 
(p=0.91) 

German Rectal 
Cancer Study 
Group (Sauer et 
al, 2004) 

Pre-op vs 
post-op CRT 
(28x1.8Gy + 5-
FU) 

823 T3-T4 rectal 
adeno-
carcinoma 
or node +ve 
disease 

5 years 6% vs 13% 
(p=0.006) 

36% vs 38% 
(p=0.84) 

76 vs 74% 
(p=0.80) 

Polish 
Colorectal Study 
Group (Bujko et 
al, 2006) 

Pre-op RT 
(5x5Gy) vs 
pre-op CRT 
(28x1.8Gy + 5-
FU + 
leucovorin) 

312 T3-T4 rectal 
adeno-
carcinoma 

4 years 9.0% vs 
14.2% 
(p=0.170) 

31.4% vs 
34.6%  

67.2% vs 
66.2% 
(p=0.960)  

Trans-Tasman 
Radiation 
Oncology Group 
trial 01.04 
(Ngan et al, 
2012) 

Pre-op RT 
(5x5Gy) + 
adjuvant 
chemo vs pre-
op CRT 
(28x1.8Gy + 5-
FU) + adjuvant 
chemo 

326 T3, N0-2, M0 
rectal 
adeno-
carcinoma 

3 years 7.5% vs 4.4% 
(p=0.24) 

27% vs 30% 
at 5 years 
(p=0.92) 

74% vs 70% 
at 5 years 
(p=0.62) 

  

Table 1.3: Key Clinical Trials in Neo-Adjuvant Radiotherapy/CRT 

Table showing key features and findings of landmark clinical trials which demonstrate the 
benefits for neo-adjuvant radiotherapy or CRT regimens in Locally Advanced Rectal Cancer. 

 

Early studies combining chemotherapy with preoperative radiotherapy included 

the Fédération Francophone de Cancérologie Digestive (FFCD) 9203 trial (1993-

2003), which demonstrated improved 5-year local recurrence in the CRT group 

(8.1% versus 16.5%; p=0.004), with no difference in 5-year overall survival 

observed (Gerard et al, 2006). The EORTC 22921 trial further supported the use 

of neo-adjuvant CRT when compared with radiotherapy alone, with improved 10-

year local recurrence rates seen (11.8% versus 22.4%; p=0.0017) (Bosset et al, 

2014). The German Rectal Cancer Study Group trial highlighted the importance 

of treatment being administered pre-operatively, with neo-adjuvant CRT 

demonstrating an improved 5-year local recurrence rate (6% versus 13%; 
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p=0.006) when compared with post-operative CRT in patients with T3/T4 or 

node-positive disease (Sauer et al, 2004).     

To further address the question of whether neo-adjuvant SCPRT or CRT provides 

optimal oncological benefit, the Polish Colorectal Study Group trial compared 

SCPRT with preoperative CRT, and failed to show significant differences in local 

recurrence, distant metastasis, or survival rates at 4-years (Bujko et al, 2006). 

More recently, the Trans-Tasman Radiation Oncology Group Trial 01.04 also 

compared SCPRT with long course CRT prior to surgery, demonstrating 

comparable 3-year local recurrence rates in both groups (Ngan et al, 2012). 

Evidence from studies to-date justify the selective use of either SCPRT or long-

course CRT prior to surgical resection in LARC due to improved local recurrence 

rates; however, evidence fails to suggest significant benefits in long-term 

survival and distant metastasis rates. Until recently, the European model for 

management of rectal cancer was based upon MRI stratification with low-risk 

tumours (‘the good’) undergoing total meso-rectal excision alone, intermediate-

risk tumours (‘the bad’) undergoing SCPRT, and high-risk tumours (‘the ugly’) 

undergoing CRT prior to TME (Blomqvist and Glimelius, 2008).  

 

1.1.8 Adjuvant Chemotherapy in Rectal Cancer 

Adjuvant chemotherapy has a clear role in the management of colonic cancer, 

with early clinical trials in the 1980s and 1990s showing survival benefit with the 

addition of 5-FU based chemotherapy after resection of stage III colon cancer 

(Haydon, 2003). Later, two pivotal trials showed improved oncological outcomes 

when oxaliplatin is added to fluoropyrimidine chemotherapy in the adjuvant 

setting. The MOSAIC trial demonstrated improved disease-free and overall 

survival in stage II and III colonic cancer patients receiving adjuvant 

chemotherapy with 5-FU, leucovorin and oxaliplatin when compared with 5-FU 

and leucovorin alone (André et al, 2009). Subsequently, the NSABP C07 study 

showed that the addition of oxaliplatin to 5-FU and leucovorin resulted in 

improved 5-year disease-free survival, with overall survival benefit only seen in 

the subset of patients <70 years old (Yothers et al, 2011). Current standard of 

care in the UK is that patients with stage III colorectal cancer (excluding rectal 

cancer patients treated with CRT), receive adjuvant chemotherapy with 
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capecitabine and oxaliplatin (CAPOX) or 5-FU/leucovorin and oxaliplatin 

(FOLFOX) for 3-6 months (NICE guideline [NG151], 2020).  

Evidence to support a role for adjuvant chemotherapy following surgery for 

rectal cancer is less convincing, with NICE guidelines only recommending its use 

in stage III disease when the patient has not received pre-operative CRT. Despite 

a paucity of evidence, the National Comprehensive Cancer Network (NCCN) 

guidelines advocate the use of adjuvant chemotherapy in all patients with stage 

II or III disease, and so widespread use is commonplace in North America. The 

EORTC 22921 trial, which randomly assigned patients with T3 or T4 rectal cancer 

to pre-operative radiotherapy with or without concomitant chemotherapy 

followed by adjuvant chemotherapy or surveillance, failed to show improvement 

in disease-free or overall survival following adjuvant chemotherapy in any group 

(Bosset et al, 2014). Furthermore, meta-analysis data from four eligible trials, 

failed to demonstrate improvement in oncological outcome when adjuvant 

chemotherapy is given to patients who have undergone neoadjuvant CRT and 

surgery (Breugom et al, 2015). In the context of current standard of care, 

whereby LARC patients receive neoadjuvant therapy followed by total meso-

rectal excision, evidence does not support the routine administration of 

adjuvant chemotherapy. 

 

1.1.9 Organ Preservation Strategies 

In recent years, organ preservation in LARC has emerged as a novel treatment 

paradigm, with the potential to avoid the morbidity and mortality risks 

associated with major surgical resection. Non-operative management was first 

described by Habr-Gama et al, where clinical complete response (cCR) was 

observed in 26.8% of patients (n=265) with T2-T4 distal rectal adenocarcinoma 

amenable to resection, at 8 weeks post CRT completion (Habr-Gama et al, 

2004). Patients with a cCR to CRT underwent a non-operative surveillance 

strategy; at a mean follow-up of 57.3 months, two patients (2.8%) had developed 

endoluminal recurrence and a further three patients (4.2%) developed distant 

metastases. A recent systematic review, suggests that approximately 20% of 

patients may be suitable for non-operative management strategies, following 

treatment with neo-adjuvant CRT (Dattani et al, 2018).  
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Ongoing concerns exist over local regrowth and distant metastasis rates, with 

current evidence not yet supporting surveillance as a standard approach out with 

a specialised centre or well-designed clinical trial (Bernier et al, 2018). 

Recently, the OnCoRe project (Oncological Outcomes after Clinical Complete 

Response in Patients with Rectal Cancer) studying 129 patients undergoing a 

‘watch and wait’ strategy following a cCR to CRT, found that 34% of patients 

developed local recurrence within 3-years; however, the majority (88%) 

successfully underwent salvage surgery (Renehan et al, 2016). Pooled patient 

data from the International Watch and Wait Database (IWWD) study, detailing 

outcomes of surveillance strategies following complete clinical response to CRT, 

showed 2-year local recurrence and 3-year distant recurrence rates of 25.2% and 

8.1% respectively (Van der Valk et al, 2018). Retrospective analysis of 113 

patients with cCR to CRT, who were treated conservatively at the Memorial 

Sloan Kettering Cancer Centre, showed that 19% of patients required salvage 

surgery with pelvic control achieved in 91% of patients with local relapse (Smith 

et al, 2019).  

Despite the incidence of local recurrence following surveillance strategies, the 

majority of patients with a cCR following CRT do not develop local disease 

recurrence. Furthermore, pooled analysis data shows that patients with a 

pathological complete response (pCR) following CRT who have undergone 

surgery, have significantly improved long-term outcomes compared with non-

pCR patients (Maas et al, 2010). The improved oncological outcomes following 

complete response to CRT, suggests a favourable biological tumour profile, and 

underlying mechanisms of response which warrant further research.  

Total meso-rectal excision is associated with impaired functional outcomes, with 

~60% of patients suffering with bowel dysfunction following low anterior 

resection (Emmertson and Laurberg, 2012; Juul et al, 2014). The combination of 

neo-adjuvant therapy and surgery also results in high morbidity rates, with 

negative impact on long-term functional outcomes including bowel function, 

faecal and urinary continence, and sexual function (Gavaruzzi et al, 2014).  

Interestingly, the CARTS study (Trananal Endoscopic Microsurgery after 

Radiochemotherapy for Rectal Cancer) which explored the feasibility of local 

trans-anal excision following good response to neo-adjuvant CRT, found that 50% 

of patients still suffered with major bowel related symptoms, highlighting that 
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both neo-adjuvant therapy and local excision also result in significant morbidity 

(Stijns et al, 2019). The GRECCAR 2 trial compared local excision with TME in 

stage T2/3 low rectal tumours with good clinical response to CRT, however, 

failed to demonstrate superiority of local excision owing to a significant (35%) 

rate of patients requiring completion total meso-rectal excision (Rullier et al, 

2017). The ACOSOG Z6041 trial studied T2N0 low rectal tumours treated with 

CRT and local excision, with a 3-year disease free survival of 86.9% rate 

suggesting that local excision should be considered in selected patients who 

refuse or are not fit for trans-abdominal resection (Garcia-Aguilar et al, 2015). 

More recently, the TREC study randomised T1-T2 rectal tumours to either local 

excision by trans-anal endoscopic microsurgery or to total meso-rectal excision 

following SCPRT, and showed high rates of organ preservation (70% in 

randomised patients, 92% in selected non-randomised patients), thus supporting 

the evaluation of local excision following neo-adjuvant therapy (Bach et al, 

2021).  

Meta-analysis data suggests a clinical complete response rate of 22.4% following 

standard CRT regimens (Dattani et al, 2018). Data from the Stockholm III trial 

which compared SCPRT with immediate surgery, SCPRT with delayed surgery (4-

8 weeks) and long-course radiotherapy (25 x 2Gy), found pathological complete 

response rates of 0.3%, 10.4% and 2.2% respectively (Erlandsson et al, 2019). 

Data from the Stockholm III trial suggests a role for delayed surgery following 

neo-adjuvant therapy to optimise clinical/pathological response rates, and 

recent studies have attempted to modify and intensify standard of care regimens 

to exploit this. Non-operative management should be explored further, to 

determine optimal surveillance strategies, and so that organ preservation can be 

offered to patients likely to benefit. Furthermore, novel and intensified neo-

adjuvant treatment strategies should be developed to enable a higher proportion 

of patients to undergo clinical complete response. 

 

1.1.10 Total Neoadjuvant Therapy in Rectal Cancer 

Despite the improvements in local recurrence rates following the developments 

in surgical technique and neo-adjuvant treatment regimens described, rates of 

distant metastatic recurrence and long-term disease-free survival have not 
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significantly improved. Long-term follow up from the Dutch Colorectal Cancer 

Group trial at 10-years, showed distant metastasis rates of 19% vs 24% and 

overall survival rates of 56% vs 57%, when comparing SCPRT and surgery with 

surgery alone (van Gijn et al, 2011). Similarly, long-term follow up of the 

German CAO/ARO/AIO-94 trial failed to demonstrate improvements in 10-year 

distant metastasis (29.8% vs 29.6%) and overall survival rates (59.6% vs 59.9%), 

when comparing pre-operative CRT with post-operative CRT respectively (Sauer 

et al, 2012).   

Recent interest in ‘Total Neoadjuvant Therapy’ (TNT) strategies have developed, 

in the hope that earlier delivery of full-dose systemic therapy will eliminate 

micro-metastases at an earlier stage, potentially improving disease-free survival 

and distant metastatic recurrence rates. Additional ‘induction’ chemotherapy 

cycles can be administered prior to the standard CRT regimen, or after as 

‘consolidation’ chemotherapy (Ludmir et al, 2017). Several studies have 

investigated the effects of both ‘induction’ and ‘consolidation’ TNT regimens in 

Locally Advanced Rectal Cancer, and are summarised in Table 1.4.  

The Spanish GCR-3 trial investigated the effect of induction CAPOX 

chemotherapy (capecitabine and oxaliplatin), with no significant benefits in 

pathological complete response or 5-year overall survival rates observed 

(Fernandez-Martos et al, 2015). A larger retrospective study conducted at the 

Memorial Sloan Kettering Cancer Centre demonstrated an improved combined 

clinical and pathological response rate following induction chemotherapy when 

compared with adjuvant chemotherapy (Cercek et al, 2018). In comparison to 

post-operative chemotherapy, it is felt that systemic chemotherapy pre-

operatively might better treat early micro-metastases thus reducing distant 

relapse rates, improve tolerance and compliance rates, reduce local recurrence, 

and allow earlier closure of de-functioning ileostomy.    

Multiple trials have assessed the role of ‘consolidation chemotherapy,’ 

administered after CRT and prior to surgery. The non-randomised Timing of 

Rectal Cancer Response to Chemoradiation Consortium Study, found that pCR 

(Pathological Complete Response) rates increased as increasing cycles of 

mFOLFOX consolidation chemotherapy were administered, with an impressive 

pCR rate of 38% observed in patients receiving 6 cycles of mFOLFOX 

chemotherapy (Garcia-Aguilar et al, 2015). The Polish Colorectal Study Group 
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showed improved pCR and 3-year overall survival when SCPRT and consolidation 

chemotherapy were compared with CRT plus surgery (Bujko et al, 2016).  

With evidence to suggest that both ‘induction’ and ‘consolidation’ chemotherapy 

strategies can improve rates of pathological and clinical complete responses, it 

remains unclear which TNT strategy results in optimal oncological benefit. The 

German Rectal Cancer Study Group CAO/ARO/AIO-12 randomised trial found an 

improved pCR rate of 25% following ‘consolidation’ chemotherapy when 

compared with 17% in the ‘induction’ chemotherapy group (Fokas et al, 2019). 

However, with long-term outcome data being limited, it remains unclear which 

is the optimal TNT regimen. The recent Organ Preservation in Patients with 

Rectal Adenocarcinoma Treated with Total Neoadjuvant Therapy Study (OPRA), 

compared ‘induction’ or ‘consolidation’ chemotherapy, and found 3-year total 

meso-rectal excision free survival rates of 41% and 53% respectively, highlighting 

that organ preservation is achievable in a high proportion of patients treated 

with TNT (Garcia-Aguilar J et al, 2022).  
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Study Intervention No Inclusion Study Endpoint Response Rate Overall 
Survival 

Spanish GCR-3 
Trial 
(Fernandez-
Martos et al, 
2015) 

Induction CAPOX + 
CRT + surgery vs 
CRT + surgery + 
adjuvant CAPOX 

108 T3-T4 and or 
node +ve mid or 
distal rectal 
adeno-
carcinoma  

5 years pCR rate: 
14.3% vs 13.5% 
(p=0.94) 

75% vs 78% 
(p=0.64) 

Memorial Sloan 
Kettering study 
- retrospective 
Cercek et al, 
2018) 

Induction CAPOX + 
CRT + surgery vs 
CRT + surgery + 
adjuvant chemo 

628 T3-T4 or node 
+ve rectal 
adeno-
carcinoma 

pCR or sustained 
clinical response 
at 12 months 

pCR or sustained 
cCR: 
36% vs 21% 
 

- 

TIMING 
NCT00335816 
Trial (Garcia-
Aguilar et al, 
2015)  

CRT + surgery vs 
CRT + 2, 4 or 6 
cycles of 
consolidation 
mFOLFOX + 
surgery 

259 T3-T4 or node 
+ve rectal 
adeno-
carcinoma 

pCR at surgical 
resection 

pCR:  
18% vs 25% vs 
30% vs 38% 
(p=0.0036) 

- 

Polish 
Colorectal Study 
Group 
NCT00833131 
(Bujko et al, 
2016) 

SCRT + 
consolidation 
FOLFOX + surgery 
vs CRT + surgery 

515 Primary or 
recurrent T3-T4 
rectal 
adenocarcinoma 

pCR and R0 
resection rate 
(plus 3 year 
survival) 

pCR: 
16% vs 12% 
(p=0.17) 

73% vs 65% 
(p=0.046) 

German Rectal 
Cancer Study 
Group 
CAO/ARO/AIO-
12 Trial (Fokas 
et al, 2019) 

Induction FOLFOX 
+ CRT + surgery vs 
CRT + 
consolidation 
FOLFOX + surgery 

306 T3-T4 or node 
+ve mid or low 
rectal 
adenocarcinoma 
(excluding T3a 
tumours in mid 
rectum) 

pCR in resection 
specimen 

pCR: 
17% vs 25% 
(p=0.071) 

- 

Prodige-23 Trial 
(Conroy et al, 
2021) 

CRT + surgery + 
adjuvant chemo 
vs induction 
mFOLFIRINOX + 
CRT + surgery + 
adjuvant chemo 

461 T3-T4, Nx, M0 
rectal 
adenocarcinoma 

3 years DFS 11.7% vs 27.5% 
(p<0.001) 

68.5% vs 
75.7% 
Disease-Free 
Survival 
(p=0.034) 

OPRA Trial 
NCT02008656 
(Garcia-Aguilar 
et al, 2022) 

Induction vs 
Consolidation 
FOLFOX/CAPOX + 
CRT + surgery or 
surveillance 

324 T3-T4 or node 
+ve rectal 
adeno-
carcinoma 

3-year disease 
free survival 
(plus total 
meso-rectal 
excision free 
survival) 

TME free 
survival:  
41% vs 53% 
(p=0.01)  
 

91% vs 93% 
(p=0.39) 

 

Table 1.4: Clinical Trials in ‘Total Neo-Adjuvant Therapy’  

Table showing key features and findings of clinical trials which investigating both ‘induction’ and 
‘consolidation’ TNT regimens in in Locally Advanced Rectal Cancer. Capecitabine and Oxaliplatin 
(CAPOX). Fluorouracil, oxaliplatin, folinic acid (FOLFOX). Pathological Complete Response (pCR). 
Microscopically margin-negative resection (R0).  

 

Modified TNT approaches have been described very recently; the Rectal cancer 

and Preoperative Induction Therapy Followed by Dedicated Operation Trial 

(RAPIDO) compared SCPRT followed by 18 weeks of systemic chemotherapy prior 

to surgery, with patients undergoing standard of care CRT plus surgery and 

optional adjuvant chemotherapy in LARC patients with high-risk features 

(Bahadoer et al, 2021). Significantly improved 3-year disease related treatment 

failure rates were observed in the experimental group (23.7% versus 30.4%, 

p=0.019), with most treatment failures occurring due to distant metastasis 
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(20.0% versus 26.8%; p=0.0048). pCR was also significantly improved in the 

experimental group (28% versus 14%; p<0.0001).  

Early evidence shows that additional chemotherapy in the neo-adjuvant setting 

can improve pathological and clinical response rates, with short term outcomes 

showing improved disease-free survival and distant metastasis rates in some 

studies. The CAO/ARO/AIO-12 Trial suggests a superiority of ‘consolidation’ 

chemotherapy when compared with ‘induction’ regimens to improve 

pathological response rates, potentially due to an increased interval between 

administration of radiotherapy and surgical intervention; this is also supported 

by the higher 3-year total meso-rectal excision free survival observed in the 

‘consolidation’ group of the OPRA trial. Longer term follow-up data and current 

trials will address whether TNT regimens lead to long-term oncological 

improvements in distant metastasis and disease-free survival rates, and which 

treatment regimens offer optimum efficacy. 

 

1.1.11 Quantification of Response to Radiotherapy in Rectal Cancer 

Variable tumour responses are observed following treatment with neoadjuvant 

radiotherapy and CRT regimens in LARC. Tumour regression grading (TRG) 

following neoadjuvant treatment is based upon histological analysis of post 

resection tumour specimens, and numerous TRG systems have been described. 

These systems are based upon quantitatively determining the quantity of viable 

tumour remaining after treatment in relation to the quantity of fibrotic tissue 

within the tumour, and ranges from a complete lack of regression to complete 

response with no viable tumour remaining (Dworak et al, 1997). In the grading 

system described by Dworak, five groups of tumour regression are described: 

grade 0, no regression; grade 1, minor regression (fibrosis in ≤ 25% of the tumour 

mass); grade 2, moderate regression (fibrosis in 26-50% of the tumour mass); 

grade 3, good regression (fibrosis outgrowing tumour mass); grade 4, total 

regression (no viable tumour cells, with fibrotic mass only). Numerous similar 

TRG systems have been described, including the Mandard system, and scales 

proposed by both Memorial Sloak Kettering Cancer Centre (MSKCC) and AJCC 

(Mandard et al, 1994; Quah et al, 2008; Trakarnsanga et al, 2014). Patients with 

complete and intermediate responses, have been shown to have significantly 
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improved oncological outcomes in patients following neoadjuvant CRT, as 

assessed by 10-year distant metastasis and disease-free survival (Fokas et al, 

2014). 

Studies to determine improved oncological outcomes associated with favourable 

TRG involve long follow-up rates of up-to 10 years, which potentially hinders 

progress in clinical research. The neo-adjuvant rectal score (NAR score) was 

developed as a surrogate short-term endpoint to determine treatment efficacy 

in a shorter time period. The NAR score serves as a continuous variable with 

possible scores ranging from 0-100, where higher scores represent poorer 

prognosis, and is calculated using a formula including pathological node status 

(pN), clinical tumour stage prior to therapy (cT) and pathological tumour stage 

post therapy (pT). The NAR score accounts for tumour downstaging by 

incorporating the treatment effect on T stage, with the score being shown to 

better predict overall survival in rectal cancer trials than rates of ypCR (George 

Jr et al, 2015). Although grading systems and the NAR score can predict patients 

who will have a favourable long-term oncological outcome following treatment, 

predictive biomarkers of response prior to therapy would be beneficial to enable 

prediction of patients likely to respond to treatment, as well as identifying those 

whose tumours are unlikely to respond to current standard of care regimens. 

 

1.2 Emerging Treatment Targets in Locally Advanced Rectal Cancer 

1.2.1 Immune Checkpoint Inhibition 

Improved understanding of the immune response to malignant cells has led to 

the development of immunotherapy agents, with the aim of exploiting 

components of the immune system for therapeutic benefit (Koebel et al, 2007). 

Immune checkpoint molecules exist within the host immune system, with 

Programmed Cell Death Protein 1 (PD-1) and Cytotoxic T-Lymphocyte Associated 

Protein 4 (CTLA-4) being the most developed treatment targets in clinical 

practice (Wei et al, 2018). T-cells are an important component of anti-tumour 

immunity, with T-cell receptors (TCRs) recognising tumour antigens and 

subsequently killing tumour cells. T-cell responses are regulated by immune 

checkpoints, which function under normal physiological conditions to prevent 

autoimmunity and to protect normal tissues, however, they can also restrict the 
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immune response to cancer (Mellman et al, 2011; Pardoll, 2012). Expression of 

checkpoint proteins can become dysregulated by tumours and represent an 

important mechanism of immune resistance and evasion. Blockade of immune 

checkpoints allows anti-tumour immune responses to be exploited, with recent 

success being seen in a variety of solid tumours (Vanneman et al, 2012). 

Immune checkpoint blockade exploiting the PD-1 pathway has achieved recent 

clinical success. The PD-1 receptor is expressed on the surface of T-cells and 

regulates T-cell activation through interaction with its corresponding ligands PD-

L1 and PD-L2, which are expressed on tumour cells, with a negative co-

stimulatory signal occurring upon binding to attenuate T-cell activation (Figure 

1.2) (Ishida et al, 1992). PD-L1 expression on tumour cells has been found to be 

poorly prognostic in a variety of cancer types including malignant melanoma 

(Hino et al, 2010). The interaction of PD-L1 expressed on tumour cells with PD-1 

receptors on activated T-cells, has been shown to lead to inhibition and death of 

cytotoxic T-lymphocytes, representing a mechanism of tumour resistance and 

active immune evasion (Dong et al, 2002). PD-1 regulates effector T-cell activity 

in both normal tissue and tumour, and blockade of this axis can potentially 

enhance anti-tumour activity through increased survival of cytotoxic T-

lymphocytes in the tumour microenvironment, leading to increased cytotoxic 

killing of tumour cells. 

 

Figure 1.3: Programmed Death-1 Immune Checkpoint  

Simplified schematic demonstrating the mechanism of T-cell inactivation through engagement of 
the T-cell PD-1 receptor with the PD-L1 ligand on tumour cells. Schematic representation of the 
mechanism of immune checkpoint blockade with anti-PD-1 antibodies to enable T-cell activation. 
Figure is adapted from Wei et al (2018). 
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CTLA-4 blockade has also achieved clinical efficacy in numerous solid 

malignancies. CTLA-4 is expressed on T-cells and dampens T-cell receptor 

signalling through competition with the co-stimulatory molecule CD28 for its B7 

ligand binding site on antigen presenting cells (APCs), resulting in attenuation of 

T-cell activation (Schwartz, 1992). Furthermore, CTLA-4 has a role in the down 

regulation of T helper cell activity and enhancement of immunosuppressive Treg 

activity (Rowshanravan et al, 2018). Early pre-clinical models showed that CTLA-

4 blocking antibodies caused significant anti-tumour responses in mice bearing 

immunogenic tumours, with mice bearing poorly immunogenic tumours failing to 

respond (Leach et al, 1996). 

 

1.2.2 Immune Checkpoint Inhibition in CRC 

The first significant clinical breakthrough for immune-checkpoint blockade was 

reported in a phase III trial in stage III/IV metastatic melanoma patients with 

unresectable disease refractory to standard therapies; treatment with 

ipilimumab, a CTLA-4 blocking human monoclonal antibody, resulted in 

significantly improved overall survival (Hodi et al, 2010). Ipilimumab has 

subsequently been shown to result in improved recurrence-free survival, overall 

survival and distant metastasis rates, when given as adjuvant therapy for high-

risk stage III melanoma (Eggermont et al, 2016). Improved progression free 

survival has been reported in stage IIIb or IV non-small cell lung cancer patients, 

when phased ipilimumab is added to standard chemotherapy with paclitaxel and 

carboplatin (Lynch et al, 2012). Nivolumab has also demonstrated modest 

survival benefit in advanced non-small cell lung cancer (NSCLC) patients who had 

shown disease progression during or after first-line chemotherapy (Brahmer et 

al, 2015). Furthermore, pembrolizumab, another humanised monoclonal 

antibody against PD-1, has been shown to offer longer progression-free and 

overall survival than platinum-based chemotherapy, for previously untreated 

advanced NSCLC (Reck et al, 2016). However, toxicity is a common feature 

following treatment with ICB, with immune related adverse effects reported in 

60-65% of patients, most commonly affecting skin, gastrointestinal tract, liver 

and endocrine organs (Boutros et al, 2012). By demonstrating durable responses 

in a subset of patients, ICB represents a significant treatment breakthrough in 

metastatic melanoma, a disease classically typified by dismal prognosis. 
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The potential for immunotherapy to induce long term durable responses in a 

subset of patients with solid tumours, has led to increasing interest in identifying 

biomarkers to distinguish which tumours will respond to this therapy. Initial 

responses to immune checkpoint inhibition were observed in melanoma and 

NSCLC, tumours which typically have high mutational burdens often owing to the 

effects of smoking and ultraviolet light (Alexandrov et al, 2013). It is thought 

that higher tumour mutation burden (TMB), reflecting the number of non-

synonymous single nucleotide variants in a tumour, might result in the 

generation of more immunogenic tumour associated antigens thus correlating 

with response to immune checkpoint blockade (Havel et al, 2019). In patients 

with metastatic melanoma treated with immune checkpoint blockade, whole 

exome sequencing revealed that higher TMB was associated with improved 

clinical response (Snyder et al, 2014). 

Initial reports of immunotherapy in the setting of CRC are confined to dMMR 

tumours, which typically show poor response to standard chemotherapy. dMMR 

tumours are considered to be MSI-H, with high tumour mutational burden, and 

displaying numerous tumour neoantigens which are targeted by the host immune 

system resulting in high levels of TILs (Fabrizio et al, 2018). dMMR in CRC 

tumours is associated with up-regulation of immune checkpoint markers in the 

tumour microenvironment, including PD-1, PD-L1, and CTLA-4, highlighting that 

ICB is a promising treatment strategy with potential efficacy in selective patient 

groups (Llosa et al, 2015). Checkmate 142, a phase 2 study using the PD-1 

inhibitor nivolumab in treatment refractory dMMR/MSI-H metastatic CRC 

patients, showed disease control in 69% of patients for at least 12 weeks 

(Overman et al, 2017). This study went on to show a role for dual 

immunotherapy with nivolumab plus low dose ipilimumab (CTLA-4 inhibition) in 

treatment naïve dMMR metastatic CRC patients, with 13% achieving complete 

response while objective response was seen in 69% of patients at median follow 

up of 29 months (Lenz et al, 2022). Following these trials, the FDA granted 

approval in 2017 for the use of pembrolizumab and nivolumab for second line 

treatment in dMMR-MSI-H metastatic CRC patients (Ganesh et al, 2019). Very 

recently a study of single agent dostarlimab (anti-PD1 monoclonal antibody) in 

stage II/III rectal adenocarcinoma with dMMR status, has published exceptional 

results with 100% (n=12) of patients undergoing complete clinical response and 
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avoiding both CRT and surgical intervention (Cercek et al, 2022). These results 

highlight the potential benefit of administering immunotherapy early in the 

treatment pathway when immunocompetence is maintained, with less efficacy 

likely to be present against metastatic disease when immune escape mechanisms 

have developed. 

Despite encouraging results in metastatic CRC patients with dMMR/MSI-H tumour 

status, only ~15% of CRCs are dMMR (Boland et al, 1998); furthermore, only 2-4% 

of metastatic CRC cases exhibit dMMR status (Venderbosch et al, 2014). Some 

efficacy has been shown recently with combined PD-1 and CTLA-4 inhibition in 

refractory metastatic CRC patients unselected for MMR status, with a modest 

survival benefit (6.6 months median versus 4.1 months) following dual 

immunotherapy (Chen et al, 2020). Recently, both pMMR and dMMR patients 

were treated at an early disease stage, with dual neo-adjuvant immunotherapy 

administered in early-stage colon cancer; a degree of pathological response was 

observed in 100% of dMMR patients, and in 27% of pMMR patients (Chalabi et al, 

2020). The use of immunotherapy in CRC is an area of ongoing interest, with 

numerous trials ongoing to evaluate ICB in the context of both pMMR and dMMR 

colorectal cancer (Cohen et al, 2020). 

 

1.2.3 Targeting the PD-1 Axis in Combination with Radiotherapy 

Tissue changes induced during neoplastic transformation are sensed by the 

innate immune system (Dunn et al, 2004). Interferon-γ is produced by natural 

killer (NK) and γδ T-cells, promoting cytotoxicity of macrophages, resulting in 

destruction of incipient tumour cells (Street et al, 2001). The cytocidal activity 

of the innate immune system leads to release of tumour associated antigens for 

cross presentation by dendritic cells (DCs) (Schreiber et al, 2011). DCs process 

these antigens into peptides which are then loaded into MHC (Major 

Histocompatibility Complex) class I and II molecules, which are recognised by 

CD8+ and CD4+ T cells triggering an adaptive immune response against 

neoplastic cells. The concept of an ‘equilibrium’ phase can be achieved, 

whereby a balance between proliferation of tumour cells and killing by T-cells is 

reached and tumours can be maintained at a sub-clinical stage for a period of 

time (Koebel et al, 2007). When incomplete elimination of tumours occurs, 
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surviving cells can generate escape mutants, with resistance to immune 

rejection being critical for tumours to become clinically detectable, and 

‘avoiding immune destruction’ is one of the key hallmarks of cancer described 

by Hanahan and Weinberg (Hanahan and Weinberg, 2011). Despite tumours 

evolving mechanisms of immune evasion, both the innate and adaptive immune 

system remain active and still play a role in halting tumour progression, with 

genomically unstable cancer cells continuing to produce neoantigens which can 

be recognised by T-cells (Segal et al, 2008). Both radiotherapy and 

immunotherapy agents can augment the anti-tumour effects of the immune 

system, and optimising therapeutic strategies and combinations is currently a 

subject of evolving interest in LARC. 

Recently, interest has evolved in combining immunotherapy agents with 

radiotherapy, to exploit the immune priming effects of irradiation (Formenti and 

Demaria, 2013). It is known that radiotherapy induces tumour cell death, 

resulting in the priming of tumour antigens by DCs with subsequent presentation 

by MHC molecules, followed by expansion and activation of cytotoxic T-cells. 

Early pre-clinical studies suggested that T-cells played an important role in the 

tumour response to ionising radiation, when reduced therapeutic efficacy was 

seen in irradiated mice lacking in T-cells (Slone et al, 1979). It was later 

discovered that neoantigen associated peptides released from apoptotic cells are 

‘cross-primed’ by DCs resulting in CD8+ cytotoxic T-Lymphocyte (CTL) 

stimulation (Albert et al, 1998). With both radiotherapy and immunotherapy 

agents having the potential to augment the anti-tumour effects of the immune 

system, understanding the immunological effects of these treatments is an area 

of evolving interest in LARC, so that therapeutic strategies and combinations can 

be optimised to improve neo-adjuvant treatment options for patients.  

Rare clinical reports of ‘abscopal’ effects (at a site distant to the target), 

whereby regression of non-irradiated distant metastases occurs, has been 

reported following treatment with radiotherapy (Mole, 1953; Rees and Ross, 

1983; Ohba et al, 1998). Such reports are rare following treatment with 

radiotherapy alone and are largely confined to case reports, however, do suggest 

that radiotherapy can induce a systemic anti-cancer immune response. The 

potential for abscopal responses clinically was reported when radiotherapy was 

combined with ipilimumab (CTLA-4 inhibitor) in metastatic melanoma (Postow et 
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al, 2012). This phenomenon was also reported in a patient with treatment 

resistant metastatic lung adenocarcinoma treated with radiotherapy and 

ipilimumab, with regression of both tumour and distant metastases, and 

increased TILs and tumour marker normalisation observed; furthermore, the 

patient had no evidence of disease one year following treatment (Golden et al, 

2013). 

Clinical evidence exists in several tumour types for clinical benefit when 

immunotherapy is administered in combination with CRT. Durvalumab, a human 

PD-L1 blocking monoclonal antibody, resulted in improved progression free and 

overall survival in locally advanced unresectable non-small cell lung cancer 

following treatment with CRT (Antonia et al, 2018). Improved response and 

survival rates have also been demonstrated in metastatic melanoma, when 

ipilimumab is administered in combination with radiotherapy (Hiniker et al, 

2016; Koller et al, 2017).  

Similarly, interest has emerged in the setting of LARC to intensify neo-adjuvant 

treatment strategies with immunotherapy agents, with potential benefits 

including improved pathological response and reduced distant metastasis rates. 

The VOLTAGE-A study has investigated the use of nivolumab (PD-1 inhibition), in 

addition to CRT and radical surgery in T3/T4 stage disease; a 30% pCR rate was 

reported in MSS patients (n=37), with 60% pCR reported in MSI-H patients (n=5) 

(Yuki et al, 2020). In a randomised study investigating the addition of 

pembrolizumab (PD-1 inhibition) to a TNT regimen involving induction 

chemotherapy, CRT and radical surgery, no significant improvement in pCR 

(31.9% vs 29.4%, p=0.75) was observed with the addition of ICB (Rahma et al, 

2021). However, it is worth noting that immunotherapy was preceded by bone 

marrow suppressing FOLFOX induction chemotherapy in this study, potentially 

negating any proposed immune-stimulatory effects of pembrolizumab. The 

AVANA study recently reported a 23% pCR and 60% major pathological response 

rate in patients (n=101) with resectable LARC receiving standard CRT plus 6 

cycles of concurrent avelumab (PD-L1 human monoclonal antibody) (Salvatore et 

al, 2021). The AVERECTAL study assessed SCRT followed by 6 cycles of mFOLFOX 

plus avelumab (n=40), with a 37.5% pCR rate and further 30% achieving a near 

complete response (Shamseddine et al, 2021).  
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The early study of immune checkpoint blockade in combination with standard of 

care radiotherapy based neoadjuvant regimens in LARC, has yielded some 

promising results, albeit with most studies publishing only early results in 

abstract format. Several other clinical trials are underway to assess ICB in the 

neo-adjuvant setting for management of LARC, including PRIME-RT which is 

currently investigating the addition of durvalumab in two parallel arms to either 

SCRT or CRT (Hanna et al, 2021; Corrὸ et al, 2021; Bregni et al, 2021). The early 

studies described suggest promising results for immunotherapy in the neo-

adjuvant management of LARC in a proportion of patients, however, biomarkers 

of response and resistance to these therapies would further aid the development 

of precision medicine approaches. 

 

1.2.4 TGF-β Signalling 

In addition to immune checkpoint blockade, interest has recently developed in 

targeting the transforming growth factor-beta (TGF-β) signalling pathway which 

is known to be highly expressed in CMS4, the molecular subtype of CRC with 

poorest prognosis (Calon et al, 2015). Under normal physiological circumstances, 

TGF-β is a regulatory cytokine regulating many signalling pathways involved in 

essential cellular processes including cell proliferation, differentiation, 

migration and survival, and functions to maintain tissue homeostasis and prevent 

tumorigenesis (Wu et al, 2009). Furthermore, TGF-β plays a crucial role in 

physiological processes such as embryological development, angiogenesis and 

wound healing. However, cancer cells have the ability to evade the suppressive 

influences of TGF-β signalling, with aberrant TGF-β signalling having the 

contrary effect of promoting tumour growth, immune evasion, epithelial-

mesenchymal transition, cancer cell dissemination and metastasis (Massagué, 

2008).  

There are 32 members of the TGF-β superfamily of ligands, which are grouped 

into the TGF-β and bone morphogenetic protein (BMP) subfamilies, with each 

ligand binding to a specific type II TGF-β receptor (TGFBR) on the cell surface 

(David and Massagué, 2018). The TGF-β subfamily includes three TGF-β ligands 

(TGF-β1, TGF-β2 and TGF-β3), two activins (Activin A and B), Nodal, Myostatin 

and several growth and differentiation factors (GDF), while the BMP subfamily 



58 
 

includes 10 BMPs. The process of active TGF-β release from latent complexes is 

a highly regulated process, achieved through both enzymatic and non-enzymatic 

processes within the extra-cellular space (Lawrence et al, 1984; Annes et al, 

2004). All three TGF-β isoforms are synthesised as latent complexes, with 

latency associated proteins (LAP) being cleaved from the mature TGF-β dimer to 

enable TGF-β bioactivity.  

The TGF-β pathway involves membrane to nucleus signalling through the 

receptor mediated activation of transcription factors. In the activated ligand 

form, TGF-β ligand binds to two pairs of transmembrane serine/threonine 

protein kinases (TGFBR1 and 2), with TGFBR2 binding catalysing the 

phosphorylation of TGFBR1, with the resulting receptor activation leading to the 

phosphorylation of SMAD transcription factors (Wrana et al, 1992; Wrana et al, 

1994). SMAD proteins act as signal transducers in the TGF-β signalling pathway, 

and are structurally similar proteins consisting of a globular N-terminal MH1 

domain (Mad Homology) and a C-terminal MH2 domain, with the domains 

functioning to bind DNA and to interact with other SMADs respectively (Shi and 

Massagué, 2003). In the normal inactivated basal state, SMAD proteins shuttle 

between the cytoplasm and nucleus (Inman et al, 2002). Upon phosphorylation, 

SMAD proteins enter the nucleus to activate or repress the expression of multiple 

genes, with continuous TGF-β receptor activity required to maintain SMAD 

presence and activity within the nucleus (Figure 1.3). 
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Figure 1.4: TGF-β Signalling Pathway   

Simplified schematic demonstrating the TGF-β and BMP signalling pathways with SMAD 
dependent signalling cascade. Figure is adapted from Batlle and Massagué (2019). 

 

Five members of the SMAD protein family act as receptor substrates (R-SMADs), 

with type I receptors for the TGF-β ligand subfamily phosphorylating SMAD2 and 

SMAD3, while the type I receptors for the BMP ligand subfamily primarily 

phosphorylate SMADs 1, 5 and 8 (Heldin et al, 1997). Upon TGF-β receptor 

activation, R-SMADs associate with co-SMADs (SMAD4 and SMAD10) in the 

cytoplasm to form heterotrimeric transcriptional complexes which translocate to 

the nucleus and ultimately trigger most TGF-β induced gene responses (Shi and 

Massagué, 2003). Other SMAD proteins exert negative effects, with SMAD6 and 

SMAD7 having antagonistic roles which block activated SMAD1 and activated 

receptors respectively (Hayashi H et al, 1997; Massagué and Wotton, 2000). 
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1.2.5 Effects of TGF-β Signalling on the Immune Response 

TGF-β is also a potent cytokine, playing a pivotal role in immune homeostasis 

and maintenance of immune tolerance via its regulation of lymphocyte 

proliferation, differentiation and survival. Furthermore, TGF-β controls 

inflammatory responses through regulation of chemotaxis and activation of 

various immune cells including natural killer (NK) cells, lymphocytes, dendritic 

cells, macrophages, mast cells and granulocytes (Wrzesinski et al, 2007). The 

effects of TGF-β on T-cells has been extensively studied, with Kehrl et al first 

reporting that TGF-β inhibited the proliferation of activated human T-cells in-

vitro, through blocking the production of Interleukin-2 (IL-2), a cytokine which is 

known to regulate numerous immune cells including T-cells (Kehrl et al, 1986). 

In addition to suppressing T-cell proliferation, TGF-β has also been shown to 

have effects on T-cell function through inhibition of effector molecules such as 

IFN-γ and perforin (Mempel et al, 2006). Mempel et al demonstrated that TGF-β 

inhibits exocytosis of granules and the cytolytic function of CD8+ T cells; using 

intravital microscopy to image the lymph nodes of mice, CTLs were shown to 

have increased cytotoxicity in the absence of Treg cells or when CTLs refractory 

to TGF-β signalling were studied. Early pre-clinical studies using mice lacking 

TGF-β expression (TGFβ1-/-) demonstrated the development of multifocal 

inflammatory disease with increased cytokine production and an unrestrained 

adaptive T-cell response resulting in death shortly after birth, thus highlighting 

the role of normal TGF-β signalling in maintaining immune tolerance (Shull et al, 

1992; Kulkarni et al, 1995).  

Under normal physiological conditions, TGF-β acts as a tumour suppressor to 

induce apoptosis in pre-malignant cells and inhibit the proliferation of cancer 

cells. However, cancer cell clones can inactivate the TGF-β pathway to enable 

tumour progression, and under such circumstances tumour derived TGF-β can 

drive the development of an immune suppressive tumour micro-environment and 

induce a pro-metastatic niche (Batlle and Massagué, 2019). SMAD4 and TGFBR2 

mutations are found in approximately 10% and 15% of sporadic CRC cases 

respectively, and are associated with disease progression from carcinoma to 

distant metastasis, thus making the TGF-β signalling pathway a potential 

therapeutic target in CRC (Markowitz et al, 1995; Koyama et al, 1999). 
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Evidence exists to suggest a role for a TGF-β rich tumour micro-environment in 

suppressing anti-tumour T-cells responses, through inhibition of T-cell 

proliferation, differentiation and cytolytic function. In a study whereby a 

TGFBR2-/- mutation was specifically expressed in CD4+ cells of transgenic mice, 

eradication of tumours was demonstrated following tumour challenge with either 

the EL-4 thymoma or B16-F10 melanoma cell lines, both of which demonstrated 

expression of all three TGF-β isoforms in-vitro (Gorelik and Flavell, 2001). These 

results showed that T-cell specific blockade of TGF-β signalling was necessary 

for the generation and expansion of a CD8+ CTL tumour specific immune 

response, which was dependent on both CD4+ and CD8+ T-cell subsets. In a 

mouse model of prostate adenocarcinoma, T-cells from tumour draining lymph 

nodes were found to have heightened TGF-β signalling when compared with 

TGFBR2-/- mutant T-cells, demonstrated through increased pSMAD2/3 

expression in CD4+ and CD8+ T-cells (Donkor et al, 2011). Blockade of TGF-β 

signalling in T-cells was associated with inhibition of tumour development, 

through enhanced tumour specific T-cell responses, with increased 

differentiation of effector CD8+ CTLs with increased cytolytic activity shown 

through increased expression of IFN-γ and granzyme B.     

T regulatory cells (Tregs), which express CD4+ and CD25+, are known to suppress 

both the differentiation and function of effector T-cells, and function to 

maintain immune homeostasis under normal physiological circumstances (Suri-

Payer et al, 1998). Tregs have been shown to utilise TGF-β to suppress anti-

tumour immune responses. In a CT26 murine CRC hindfoot transplant model, the 

presence or absence of adoptively transferred antigen specific Tregs did not 

affect the proliferation or activation of CD8+ CTLs, however, the presence of 

Tregs reduced the cytolytic activity of CD8+ CTLs and suppressed tumour growth 

(Chen et al, 2005). Treg suppression was demonstrated to be a TGF-β dependent 

mechanism, as tumour specific CD8+ T-cells with TGFBR2-/- expression 

overcame suppression by Tregs and was associated with tumour rejection in this 

model. TGF-β is known to have a role in the activation of Treg cells; in a murine 

Pan02 pancreatic cancer model expressing high levels of TGF-β, adoptive 

transfer of naïve CD4+ cells resulted in the detection of higher populations of 

CD4+CD25+FoxP3+ve Treg cells, when compared with the low TGF-β expressing 

Eso2 model (Moo-Young et al, 2009). Furthermore, T reg differentiation in the 
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Pan02 model was suppressed by systemic injection of a TGF-β antibody, 

highlighting the role of TGF-β in the induction of tumour immune suppressing 

Treg cells. In an in-vitro B16 melanoma tumour explant model, cytotoxic CD8+ T-

cell function was also inhibited by Tregs, with anti-tumour effects observed 

when tumours explanted from Treg deficient mice were cultured, or when 

tumours were treated in-vivo with TGF-β neutralising antibodies (Budhu et al, 

2017).   

 

1.2.6 Clinical Application of TGF-β Inhibitors 

The genetic or pharmacological ablation of the TGF-β pathway, particularly in 

CD4+ and CD8+ T cells, has demonstrated robust anti-tumour immune responses 

in pre-clinical models, leading to the development of several classes of TGF-β 

inhibitors for testing in clinical trials (Ciardiello et al, 2020). Multiple 

monoclonal antibodies against TGF-β have been developed, including 

Fresolimumab (GC1008), a human IgG4 monoclonal antibody with high affinity 

for all three TGF-β isoforms (Trachtman et al, 2009). In an early phase I trial in 

malignant melanoma and renal cell carcinoma patients (n=29), no dose limiting 

toxicity was observed, and one malignant melanoma patient achieved partial 

response with 6 patients exhibiting stable disease (Morris et al, 2014). A further 

small phase I study in malignant pleural mesothelioma showed modest results 

(n=13) with three patients showing stable disease following therapy (Stevenson 

et al, 2013).  

Subsequent to the limited success observed with fresolimumab monotherapy, 

rationale for a combined therapeutic approach to combine TGF-β blockade with 

immune checkpoint inhibition was established. A large transcriptional dataset 

from metastatic urothelial cancers treated with the anti-PDL1 agent 

atezolimumab, demonstrated that lack of response to immune checkpoint 

blockade was associated with upregulation of genes involved in the TGF-β 

signalling pathway (Mariathasan et al, 2018). Mariathasan et al used the EMT6 

mouse mammary cancer and MC38 CRC models, to demonstrate that dual 

immunotherapy with anti-PD-L1 and TGF-β inhibition resulted in significant 

increases in tumour infiltrating T-cells leading to tumour regression which did 

not occur with single agent treatment. Similarly, in a quadruple mutant (APC, 
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KRAS, TRP53, TGFBR2) mouse model of metastatic CRC, TGF-β inhibition led to 

increased tumour susceptibility to PD-1/PD-L1 inhibition, with TGF-β in the 

tumour micro-environment being identified as a mechanism of immune evasion 

by promoting T-cell exclusion and differentiation to an effector phenotype 

(Tauriello et al, 2018).  

Bintrafusp alfa (M7824) is composed of an IgG1 monoclonal antibody targeting 

PD-L1 fused with two molecules on the extracellular domain of TGFBR2, acting 

as a ‘trap’ to sequester TGF-β in the tumour microenvironment (Lan et al, 2018; 

Lind et al, 2020). Bintrafusp alfa has shown tumour response in the pre-clinical 

setting, with inhibition of TGF-β mediated EMT, increased cytotoxicity of CD8+ T 

cells and NK cells, and suppression of Tregs. A phase I trial of bitrafusp alfa in 

patients with advanced solid tumours (n=19) showed limited efficacy with one 

complete response, two partial responses, one near partial response and two 

patients with stable disease (Strauss et al, 2018). Bintrafusp alfa demonstrated 

limited success in the context of heavily pre-treated advanced CRC (n=32), with 

only one patient demonstrating partial response, and one patient showing stable 

disease (Kopetz et al, 2018). 

Another class of TGF-β targeting drugs are the small molecule receptor kinase 

inhibitors, which bind to TGF-β receptors to inhibit their kinase activity. 

Galunisertib (LY2157299) binds selectively to the TGFBR1 kinase domain, and has 

undergone initial phase I trials in unresectable hepatocellular carcinoma, 

advanced pancreatic cancer and advanced solid tumours with a limited number 

of patients showing stable disease following treatment (Ikeda et al, 2019; Ikeda 

et al, 2017; Fujiwara et al, 2015). A phase II trial of Galunisertib in combination 

with sorafenib (a protein kinase inhibitor) in patients with advanced 

hepatocellular carcinoma (n=47), demonstrated partial response (n=2) and stable 

disease (n=21) in some patients, with treatment responsive patients having an 

improved overall survival (22.8 vs 12 months; p=0.038) (Kelley RK et al, 2019). 

With the limited clinical benefits seen with TGF-β inhibition as monotherapy, 

current clinical trials are focused on combining other anti-cancer therapies 

including chemotherapy, radiotherapy or immunotherapy with TGF-β targeting 

drugs to improve efficacy and reduce resistance to therapy (Liu et al, 2021). 

 



64 
 

1.2.7 Targeting TGF-β Signalling in Combination with Radiotherapy in LARC 

The recent ExiST study, a single arm phase II trial of galunisertib in combination 

with neo-adjuvant CRT in LARC, demonstrated a clinical complete response rate 

of 32% (n=38) with this treatment combination (Yamazaki et al, 2022). Although 

this study demonstrated an improvement in clinical response rate when 

compared with historical controls for standard of care neoadjuvant CRT, further 

assessment in randomised controlled trials is warranted. Interestingly, this study 

also included serial peripheral blood sampling before and during treatment, as 

well as endoscopic tumour biopsies obtained at day 0 and day 15 of treatment. 

Decreases in CXCR3+ (CXC Chemokine Receptor) expressing T cells and CD8+ 

memory T-cells were observed at day 15 in the peripheral blood of patients with 

a clinical complete response to CRT, with a corresponding increase in CXCR3+ 

CD8+ T-cells in the day 15 tumour biopsies of those patients seen. CXCR3 is 

responsible for leucocyte homing, therefore these results suggest a potential 

role of TGF-β inhibition in trafficking CD8+ T-cells to the tumour. 

 

1.2.8 Research Priorities in Modern LARC Management 

It is evident that our understanding of the molecular mechanisms underlying the 

tumour response to neoadjuvant therapy in LARC is incomplete and that further 

research is required to explain the heterogeneous responses seen in clinical 

practice. Analysis of tumour tissue whilst on treatment is one potential strategy 

to capture the evolving immunological changes which occur in the TME, given 

the relative accessibility of rectal tumours to endoscopic biopsy. Although 

feasible, this approach remains labour intensive posing a significant burden for 

patients. Translational data from ongoing clinical trials is paramount to 

determine the immunological factors associated with treatment response and 

failure. In addition, pre-clinical studies in models which recapitulate the 

histopathological, immunological and mutational profile of human disease, might 

serve to inform future clinical trials and investigate the mechanisms of recently 

discovered immunotherapy agents given in combination with radiotherapy. 
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1.3 Biomarkers of Response in Locally Advanced Rectal Cancer 

Technological advances have enabled gene profiling to be undertaken at 

diagnosis, with potential delivery of a comprehensive genomic profile prior to 

therapy. Data from the Swedish Rectal Cancer Trial suggested that nuclear p53 

staining, seen in 41% of tumours (n=163), was associated with local treatment 

failure following neo-adjuvant radiotherapy (Adell et al, 1999). Subsequent 

meta-analysis data also supported this observation, with low p53 expression or 

wild-type p53 status being associated with treatment response following neo-

adjuvant radiotherapy-based treatment in LARC (Chen et al, 2012). However, 

evidence suggests that p53 mutations tend to accumulate throughout treatment 

with CRT, as demonstrated through DNA sequencing of pre- and post-treatment 

samples in non-responsive patients, highlighting a limitation of baseline p53 

status as a predictive biomarker (Sakai et al, 2014). A recent study compared 

gene expression profiles in a small number of patients with complete or partial 

responses (n=8 per group), and found that mutations in four genes were 

associated with partial response: KDM6a, ABL1, DAXXZBTB22 and KRAS (Douglas 

et al, 2020). Other studies have revealed KRAS mutation to be an independent 

predictor of both poor response to CRT and locoregional recurrence (Chow et al, 

2016; Iseas et al, 2021). However, conflicting evidence exists to suggest that 

KRAS mutations are associated with tumour response to CRT, albeit in 

retrospective studies with low numbers (Luna-Pérez et al, 2000). The study by 

Chow et al, includes a large patient cohort (n=229) of pre-treatment biopsies 

from the ‘Timing Trial’ whereby patients were treated with neoadjuvant CRT 

followed by increasing cycles of consolidation chemotherapy. Robust data is 

shown to suggest that KRAS mutations are associated with reduced pCR rates, 

even when treatment related variables are adjusted for; furthermore, the 

presence of p53 and KRAS mutation was associated with significantly lower rates 

of pCR (10%) and increased rates of lymph node metastasis. BRAF and SMAD4 

mutations have also been shown as potential molecular markers to predict poor 

prognosis and resistance to neoadjuvant CRT in LARC, however, these mutations 

were only seen in a small number of patients within the study group (Jiang et al, 

2019).  

The ‘immunoscore’ initially described by Galon, measures the density of CD3+ 

and CD8+ lymphocytes in both the tumour core and invasive margin to give a 
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score (0-4), with high ‘immunoscores’ correlating with higher levels of immune 

cell recognition and being associated with improved relapse rates and disease-

free recurrence in colonic cancer (Galon et al, 2006; Mlecnik et al, 2016). The 

‘immunoscore’ has been assessed in rectal cancer patients (n=111) treated with 

surgery alone, with high CD3 and CD8 densities being associated with improved 

disease free and overall survival (Anitei et al, 2014). Further evidence exists 

from surgical resection specimens treated with neo-adjuvant CRT, to suggest 

that high post treatment CD4+ and CD8+ TILs (Tumour Infiltrating Lymphocytes), 

high PD-L1+ (Programmed Death Ligand 1) TILs, and low FOXP3+ TILs are 

associated with favourable response to CRT and that high CD8+TILs and low 

FOXP3+ TILs are associated with improved overall survival (Zhang et al, 2019).  

When comparing pre- and post-treatment tumour samples, studies show that 

CRT is associated with increased densities of CD8+ and CD4+ TILs when post 

treatment samples are compared with pre-treatment biopsies (Teng et al, 2015). 

Furthermore, evidence suggests that tumours demonstrating high pre-treatment 

CD8+ and CD4+ densities are associated with increased treatment sensitivity and 

response to CRT (Yasuda et al, 2011; Anitei MG et al, 2014; Teng et al, 2015). A 

study comparing pre-treatment biopsies and post CRT resection specimens, 

showed that CRT is associated with increased stromal densities of CD8+ cells and 

stable FOXP3+ cells, and that high baseline intraepithelial CD8+ density and 

CD8+/FOXP3+ intraepithelial ratio is associated with favourable clinical outcome 

(Shinto et al, 2014). Pre-treatment PD-L1 expression has also been reported to 

have significant association with improved disease free and overall survival 

following treatment with neo-adjuvant CRT and surgical resection, in a study 

with 112 paired pre-treatment biopsy and surgical resection specimens (Chen et 

al, 2019). 

FOXP3+ Treg cells have been shown to have an inhibitory role in the response to 

CRT in rectal cancer, with low stromal density of FOXP3+ cells being associated 

with pCR in post-surgical resection specimens (McCoy et al, 2015). Further 

evidence exists to suggest an immunosuppressive role for Treg cells in LARC, 

with a small study (n=8) of pre-treatment and post-treatment biopsies after 4 

cycles of induction chemotherapy, showing that increases in FOXP3+ cells were 

associated with poor response to CRT, while decreased FOXP3+ cells were 
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associated with complete response in a small number of patients (Roxburgh et 

al, 2018). 

Most studies to date aiming to identify biomarkers of response to neo-adjuvant 

therapy have detected correlations based upon immunohistochemistry, with 

limited conclusions upon which to stratify patients. A very recent study 

conducted genomic and transcriptomic analysis of 346 stage II/III rectal cancers 

which had undergone neo-adjuvant therapy, and identified over-expression of 

IGF2 (Insulin-like growth factor 2) and L1CAM (L1 cell adhesion molecule) genes 

as being associated with decreased response to neo-adjuvant therapy (Chatila et 

al, 2022). Furthermore, RNA sequencing identified a subset of MSS ‘immune-hot’ 

tumours with improved response rates. It is evident that gene expression data 

from tumour samples may prove informative in identifying reliable biomarkers, 

with the accessibility of rectal tumours also holding potential for temporal 

sampling throughout treatment to inform upon evolving changes in the tumour 

microenvironment.  

Currently there is not sufficiently robust evidence upon which to base treatment 

response predictions according to both immunological and mutational 

parameters. Treatment response predictions are potentially challenging owing to 

intra-tumoral heterogeneity and so multiple biopsies must be acquired to 

account for this and to improve accuracy. Furthermore, methods to predict 

treatment response must be both time and cost effective to achieve clinical 

utility. The ‘immunoscore’ and other studies suggest that tumours densely 

infiltrated with favourable immune cell populations such as CD8+ TILs are more 

likely to exhibit a favourable response to therapy. Immunotherapy has recently 

emerged as a promising treatment modality to activate components of the 

immune system for therapeutic benefit. 

 

1.4 Existing Pre-Clinical Models to Study LARC 

1.4.1 Genetically Engineered Mouse Models of Colorectal Cancer 

Significant developments in pre-clinical modelling of CRC have been achieved 

over the past three decades, with genetically engineered mouse models (GEMMs) 

becoming increasingly sophisticated (Jackstadt and Sansom, 2016). GEMMs are 

valuable tools to recapitulate human intestinal cancer, and have improved our 
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understanding of tumour biology and our ability to test novel therapies. The 

development of GEMMs of CRC began in the early 1990s, following the discovery 

of the APC tumour suppressor gene in ~80% of sporadic CRC (Fearon and 

Vogelstein, 1990). Early GEMMs focused on the mutation of APC, with the first 

Apc mutant mouse model being generated in 1990 by Moser et al, when 

introduction of the germ line mutagen N-ethyl-nitrosurea (ENU) resulted in a loss 

of function Apc gene mutation at codon 850 (Moser et al, 1990). In this model, 

spontaneous loss of a second Apc allele in adulthood resulted in the 

development of multiple small intestinal adenomas in mice, with this mutation 

subsequently being termed ‘multiple intestinal neoplasia’ or ‘MIN.’ When linkage 

analysis subsequently demonstrated that the murine homolog of the APC gene 

was linked to the MIN locus, this model was termed the ApcMin/+ mouse (Su et al, 

1992). The early ApcMin/+ model mirrors the genetics of human FAP; however, 

significant limitations exist as polyps arise predominantly in the small intestine 

of ApcMin/+ mice, whereas FAP patients develop colonic polyps with the potential 

to progress to invasive carcinoma.  

The advent of Cre-Lox (Cre) technologies in the 1990s, enabled researchers to 

develop more sophisticated disease models with the ability to delete any gene in 

the correct tissue of interest (Nagy, 2000). Additionally, Cre-Lox technology has 

allowed the development of mouse models where mutations of interest are 

constitutively active or expressed selectively upon induction. The Cre-Lox 

system works through the Cre recombinase enzyme in bacteriophage P1, which 

causes recombination between pairs of LoxP gene recognition sites (Araki et al, 

1997). Such LoxP gene recognition sites are inserted into the mouse genome to 

flank a particular genomic segment of interest; upon induction with Cre 

recombinase, deletion, inversion or translocation of the ‘floxed’ locus occurs in 

Cre expressing cells only. In the case of deletion, an essential exon of a gene can 

be ‘floxed’ so that upon recombination a gene knockout is created. Activation of 

an oncogene can also be induced using Cre-Lox technology whereby a LoxP 

flanked stop codon is inserted upstream of a transgene of interest, as is 

demonstrated in the case of KrasG12D; in Lox-Stop-Lox-KrasG12D/+ mice, oncogenic 

Kras expression is controlled by a removable stop codon (Jackson et al, 2001).  

Ligand-dependent Cre-Recombinase systems have subsequently been developed 

through coupling of the Cre enzyme to ligands, most commonly the oestrogen 
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receptor, which enables Cre to be activated following administration of 

tamoxifen (Hayashi and McMahon, 2002; Feil et al, 2009). In the case of the 

digestive system, fusion of the oestrogen receptor to the Cre-recombinase 

expressing gut specific promotor ‘Villin’, enables recombination to occur 

specifically in the intestinal epithelium (el Marjou et al, 2004). Cre-Lox 

technology has significantly advanced pre-clinical modelling capabilities in CRC, 

by enabling manipulation of the mouse genome such that mutational 

combinations of interest can be induced in both a spatial and temporal manner.  

 

Figure 1.5: Ligand Dependent Cre-Recombinase System   

Simplified schematic demonstrating a ligand dependent Cre-recombinase system. A gene of 
interest is flanked by two LoxP proteins. A cre-recombinase expressing tissue specific promotor is 
fused to the oestrogen receptor. Upon induction with tamoxifen, the gene of interest is deleted 
in a tissue specific manner. ER = oestrogen receptor. Figure is adapted from el Marjou et al 
(2004) 

 

Using Cre-Lox technology, with delivery of Cre recombinase via an adenovirus 

vector (Adenovirus-Cre) to mice carrying a mutant Apc508S/508S allele, Shibata et 

al demonstrated colonic adenoma formation within 4 weeks following deletion of 

both allelic copies (Shibata et al, 1997). Inducible Apc models have provided 

valuable insight into the biological mechanisms of early tumorigenesis. For 

instance, an inducible Cre within the small intestine utilising AhCre (driven by 

the Cyp1a1 promotor and inducible by β-naphthflavone and villinCreERT), has 

shown that acute homozygous Apc deletion has dramatic effects on intestinal 
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homeostasis (Sansom et al, 2004; Andreu et al, 2005). Acute models of 

homozygous Apc loss demonstrate that Apc loss in the small intestinal epithelium 

leads to enlargement of the crypt compartment and acute activation of Wnt 

signalling through nuclear beta-catenin accumulation, which consequently 

disrupts intestinal crypt cell differentiation, migration, proliferation and 

apoptosis.  

To model more invasive disease, additional mutations in the adenoma-carcinoma 

sequence have been added to achieve more relevant and increasingly 

sophisticated CRC models. In the classical adenoma-carcinoma pathway, where 

APC loss is considered the initiating event, mutation of KRAS is observed in ~50% 

of CRC cases and is associated with the transition from early to intermediate 

adenoma (Fearon and Vogelstein, 1990). In CRC, KRAS mutations most commonly 

occur on codon 12, with the G12D variant being most prevalent (Muzny et al, 

2012). KRAS is a member of the Ras protein family, which function as small 

GTPases and act as molecular switches, with signals being transduced from 

tyrosine kinases and G-protein coupled receptors at the cell surface to the 

nucleus. The KRAS gene encodes the Kirsten Rat Sarcoma 2 viral oncogene 

homolog (KRAS) protein, which is a guanine nucleotide binding protein and a 

member of the RAS protein family (Malumbres and Barbacid, 2003). After KRAS 

binds to guanosine 5’-triphosphate (GTP), it becomes activated and transduces 

signals across multiple molecular pathways including PI3-kinase and RAS-RAF-

MAPK signalling, which regulate cell proliferation and differentiation (Meng et 

al, 2021). In the case of the G12D variant mutation, glycine is substituted with 

aspartic acid at codon 12 (G to D, in codon 12), resulting in an inability of KRAS 

to hydrolyse GTP, with its constantly active form able to aberrantly transduce 

signals which influence cell phenotype, proliferative capacity and survival (Tahir 

et al, 2021). Using a gene-targeting strategy, endogenous expression of KrasG12D/+ 

has been demonstrated to be embryonically lethal, however, when conditional 

expression of the KrasG12D/+ allele is induced in lung or gastrointestinal tissue, 

epithelial hyperplasia is observed (Tuveson et al, 2004).  

In a Cre inducible model of CRC, expression of an oncogenic KrasV12 allele in 

addition to Apc deletion was found to accelerate both intestinal adenoma 

formation and invasion, compared with Apcfl/fl allele expression alone (Sansom 

et al, 2006). Similarly, a compound mutant model expressing Apc1638N/+; 
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KrasV12G/+ showed increased tumour progression and multiplicity compared with 

single mutant animals, with malignant transformation felt to be due to 

synergistic activation of Wnt signalling and increased nuclear beta-catenin 

accumulation (Janssen et al, 2006). A further study by Haigis et al, showed that 

KrasG12D/+ expression in the colonic epithelium stimulated hyperproliferation in a 

MEK-dependent manner, with KrasG12S/+ mutant mice showing a hyperplastic 

crypt phenotype with increased proliferative progenitor cells and attenuated 

MAPK signalling (Haigis et al, 2008). Furthermore, colonic tumours from animals 

expressing conditional Apc2lox14/+ and KrasLSL-G12D/+ mutations demonstrated 

uniform high-grade dysplasia throughout, unlike tumours expressing wild-type 

Kras, suggesting that activated Kras accelerates progression to malignancy in 

colonic tumours. A propensity towards increased colonic tumour development 

rather than the small intestinal location classically observed in the ApcMin/+ 

model, was observed in a conditional mutant Kras mouse model crossed with 

ApcMin/+ mice and induced through β-Naphthtoflavone treatment (Luo et al, 

2009). Luo et al demonstrated a 1.5-fold increase in small intestinal adenomas, 

and a 5.7-fold increase in colonic adenomas when compound ApcMin/+;KrasAsp12/+ 

mutant mice were compared with ApcMin/+ mice, with the markedly increased 

colonic adenoma prevalence being associated with increased expression of 

downstream target genes in the Wnt, AKT and MAPK signalling pathways.  

A significant limitation of many Cre inducible models, is variability in the 

incidence, location and number of intestinal tumours which form; however, 

several methods exist which enable localised tumour induction (Shibata et al, 

1997). A surgical method of adeno-cre delivery was described by Hung et al, 

which restricted recombination to a distinct region in the distal most 3cm of the 

murine colon (Hung et al, 2010). Following laparotomy, adeno-cre was delivered 

to the distal colon by enema, with application of surgical clips for 30 mins 

preventing adenoviral enema migration. Using this method, ApcΔ580/+;Krastm4tyj/+ 

mice developed distal colonic invasive adenocarcinoma in 50% of mice analysed 

at 20 weeks, with a 20% liver metastasis rate demonstrated at 24 weeks. 

Development of a murine carbonic anhydrase1 promoter and cre recombinase 

(CAC) transgene construct, enabled exclusive transgene expression in the large 

intestine (Xue et al, 2010). In CAC;Apc508S/+ mice, gross colonic tumours were 

apparent by 10 weeks of age which histologically resembled adenomas and 
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microadenomas. Tumorigenesis can also be restricted to the distal colon through 

tamoxifen dependent Cre recombinase driven by either the Villin (epithelial 

specific) or the Lgr5 (Leucine-rich repeat-containing G-protein coupled receptor 

5) intestinal stem cell specific promotor (Roper et al, 2017). Roper et al describe 

the induction of distal colonic tumours following mucosal delivery of 4-

hydroxytamoxifen (4-OHT), administered by colonoscopy guided needle injection 

in VillinCreER;Apcfl/fl and Lgr5CreER;Apcfl/fl mice, demonstrating CRC models in 

which tumorigenesis can be restricted to a specific site in the colon.   

In order to develop invasive models of adenocarcinoma, multiple CRC driver 

mutations are required. When ApcMin/+ mice have a homozygous null allele of p53 

introduced (ApcMin/+;p53-/-), animals develop a significantly increased number of 

intestinal adenomas when compared with ApcMin/+ mice (Halberg et al, 2000). 

Furthermore, a significantly increased number of colonic tumours exhibiting 

features of carcinoma in-situ were observed in tumours from ApcMin/+;p53-/- mice 

when compared with ApcMin/+;p53+/+ mice, suggesting that p53 plays a crucial 

role in adenoma progression. Studies combining Apc mutation in mice with 

inactivation of various components of the TGF-β signalling pathway, have 

demonstrated invasive adenocarcinoma. An early study investigated the role of 

SMAD4 inactivation in Apc mutant mice, with homozygous inactivation of the 

Dpc4(Smad4) gene in ApcΔ716 mutant mice leading to adenomas which progressed 

to malignant and invasive adenocarcinomas (Takaku et al, 1998). A further study 

using ApcΔ716;Smad4+/- mice, showed that loss of TGF-β signalling in tumour 

epithelium leads to accumulation of immature myeloid cells at the invasive 

front, which promoted tumour invasion through expression of the chemokine 

receptor 1 (CCR1) and migration to the chemokine ligand 9 (CCL9) in the tumour 

epithelium (Kitamura et al, 2007).  

Overall, it is observed in GEMMs of CRC that the addition of common CRC driver 

mutations to Apc mutation, provokes increased tumour progression, number and 

development of adenocarcinoma. A key aim of mouse models of cancer is to 

recapitulate the spectrum of human disease, including progression to distant 

metastasis, such that models can be used to test potential therapies and predict 

response in patients with advanced disease who have the greatest need for novel 

treatment strategies. GEMMs which display distant metastasis have been difficult 

to achieve, with the majority representing the alternative ‘serrated’ route, 
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characterised by initial KRAS or BRAF mutations and absence of initiating APC 

mutation, thus representing upto 30% of human cases (Jass, 2007; Rex et al, 

2012). One APC driven GEMM of metastatic CRC has been described and termed 

the ‘iKAP’ model, whereby a doxycycline inducible oncogenic Kras allele was 

combined with conditional null alleles of Apc and p53 

(VillinCreERT2;Apcfl/fl;KrasTet-G12D/+;p53fl/fl), resulting in a 25% overall distant 

metastasis rate (Boutin et al, 2017).   

A model of serrated CRC, whereby VillinCre;BrafLSL-V637E/+ mice progress through 

a typical hyperplasia-dysplasia sequence, showed progression to carcinoma in 

only 13.8% of mice (Rad et al, 2013). When an additional p53 mutation was 

introduced, VillinCre;BrafLSL-V637E/+;p53LSL-R172H/+ mice developed carcinoma at a 

much greater frequency of 56%, with 25% developing lymph node, pancreatic or 

lung metastasis. However, low penetrance and long latency was a limitation of 

this model. Another model of serrated CRC which demonstrated distant 

metastasis, was characterised by activation of KRAS plus additional inactivation 

of the tumour suppressor PTEN (phosphatase and tensin homologue) which has 

been identified in 5.8% of human CRC cases (Day et al, 2013). 

VillinCreERT;Ptenfl/fl;KrasLSL/+ mice showed evidence of distant metastasis in 41% 

(11/27), most commonly to the liver; interestingly distant metastasis was not 

observed in VillinCreERT;Apcfl/+;Ptenfl/fl;KrasLSL/+ mice. Recently, a highly 

penetrant model of metastatic colorectal cancer was described by Jackstadt et 

al, demonstrating that activation of epithelial Notch-1 signalling in a Kras-driven 

serrated model, resulted in highly penetrant distant metastases (100%) 

predominantly to liver (Jackstadt et al, 2019). 

Although significant advances have been described in the development of GEMMs 

of CRC, significant limitations exist in the application of such models to pre-

clinical studies aimed at evaluating novel radiotherapy-immunotherapy 

treatment combinations in LARC. The majority of models described fail to 

recapitulate the anatomical location of rectal cancer, with tumours 

predominantly developing in the small intestine or colon. In the context of 

administering therapeutic targeted irradiation in an experimental setting, 

tumours located in the murine rectum are crucial if models are to accurately 

resemble human disease, and to enable targeting of irradiation to a fixed pelvic 

tumour. Furthermore, GEMMs are typically expensive with significant time 
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implications in the development and generation of adequate quantities of 

experimental animals to perform sufficiently powered treatment studies.  

In this thesis, I aimed to develop an orthotopic model of LARC which 

recapitulates the anatomical and histological features of locally invasive disease. 

Furthermore, I sought to develop a model which is timely, cost-effective and 

reproducible, and which will enable generation of experimental animals for high 

throughput pre-clinical treatment studies. I aimed to utilise the ligand-

dependent Cre-recombinase system, whereby the gut specific villin promotor is 

fused with the oestrogen receptor (VillinCreERT2), such that local delivery at 

the rectal location might induce orthotopic tumours. Roper et al described 

submucosal needle injection of tamoxifen under colonoscopic guidance at the 

distal colon in single Apc mutant mice, therefore, I anticipated that this strategy 

could be adapted to induce tumours at the rectal location in mice with 

increasingly complex mutational burdens (Roper et al, 2017). 

 

1.4.2 Colitis Induced Models of CRC 

Murine models of acute and chronic colitis can be established with the sulphated 

polysaccharide dextran sodium sulfate (DSS), which can be administered via 

drinking water (Okayasu et al, 1990). DSS exposure is toxic to the colonic 

epithelia, compromising epithelial barrier integrity and inducing inflammatory 

infiltration of the mucosa by luminal bacteria, resulting in ulceration and bloody 

diarrhoea, and pathology which is predominantly confined to the distal colon 

(Azuma et al, 2008; Chassaing et al, 2014). The induction of colitis with DSS is 

associated with progressive accumulation of neutrophils, macrophages, T helper 

cells, cytotoxic T cells and T reg cells within the colon, as well as colon length 

shortening, and progressive histological changes such as crypt destruction, loss 

of goblet cells and depletion of the epithelial barrier (Yan et al, 2009; Nunes et 

al, 2018). Colitis induced models have proven beneficial in the study of 

inflammatory bowel disease and colitis associated CRC, as well as having a role 

in the development of therapies which modulate inflammation in both cancer 

and inflammatory bowel disease (Low et al, 2013; Wang et al, 2015).  

Colitis induction methods have been successfully used to model carcinoma 

development in mice with chronic colitis; administration of the carcinogen 
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azoxymethane (AOM), followed by repeated courses of DSS have been shown to 

induce colonic tumours ranging from low grade dysplasia to adenocarcinoma 

within 20 weeks of induction (Okayasu et al, 2002; Tanaka et al, 2003). A later 

study demonstrated induction of multiple colonic tumours within 10 weeks, 

following AOM administration and multiple cycles of DSS treatment (Neufert et 

al, 2007). Although the described studies demonstrate cost efficiency and 

reproducibility following AOM/DSS induction, effectiveness of this model can 

potentially be affected by numerous factors including dosage, cycle duration and 

number, DSS batch, mouse strain, sex and the microbial environment in which 

animals are housed. Colitis induced models of CRC are valuable tools to 

investigate the role of inflammation in colon carcinogenesis, as well as providing 

a platform to study potential chemo-preventative agents (De Robertis et al, 

2011). Colitis induced models of CRC have enabled the identification of 

numerous potential targets in the setting of chronic inflammation and its 

association with carcinogenesis, including toll-like receptor 4 (TLR-4), IκB kinase 

(IKKβ) complex, and interleukin-6 (Fukata et al, 2007; Greten et al, 2004; 

Grivennikov et al, 2009). 

Although DSS treatment in combination with AOM has proven useful for the 

investigation of colitis associated cancer, contributing to an expansion in 

knowledge of the immunological mechanisms underpinning inflammatory 

cancers, as well as the role of the gut mucosal immune response, intestinal 

microbiome and genetic susceptibility factors in the pathogenesis of colitis 

associated carcinogenesis (Sussman et al, 2012; Manicassamy et al, 2021). Colitis 

is associated with an increased risk of CRC development, with UC patients 

estimated to have an overall CRC prevalence of 3.7% (Eaden et al, 2001). 

However, inflammatory bowel disease only accounts for ~1% of colorectal 

cancers in Western populations, and so colitis induced models of CRC 

recapitulate only a minority of cases (Kuipers et al, 2015).  

Colitis induced models are not the ideal setting to investigate most sporadic 

CRCs. Significant differences in the spectrum of genomic alterations exist when 

colitis-associated cancers are compared with sporadic CRCs; for instance, TP53 

mutations are felt to be an early event in colitis associated cancers but are 

considered a later event in sporadic CRC, whereas WNT pathway alterations and 

APC mutations are more prevalent in sporadic CRC (Yaeger et al, 2016). It has 
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been shown that treatment with DSS significantly alters the colonic 

microenvironment, with markedly increased neutrophil infiltration, upregulation 

of inflammatory genes such as IL-1β (Interleukin), IL-6, TNF-α (Tumour Necrosis 

Factor) and COX-2 (cyclooxygenase-2), as well as increased expression of TGF-β 

related genes (Vidal-Lletjós et al, 2019). Although colitis induction methods 

might hold potential in the development of orthotopic rectal cancer models, 

owing to the propensity to develop distal colonic tumours, colitis associated CRC 

is not reflective of the molecular and histological features of sporadic CRCs 

which represent the majority of cases. 

 

1.4.3 Cell-Line Transplant Models of Colorectal Cancer 

Transplant models have been widely used in pre-clinical CRC research to model 

the adenoma-carcinoma-metastasis sequence, with the advantage of avoiding 

the cost, time constraints and complexities associated with GEMMs. An early 

study found that cell lines derived from primary human colonic cancers, when 

implanted in immunodeficient nude mice, yielded hepatic metastases when 

injected into the caecum or spleen, whereas human colon cancer cells injected 

subcutaneously did not yield metastasis, showing that the organ of implantation 

influences the metastatic phenotype (Fidler, 1991). The surgical implantation of 

intact human colorectal tumour fragments by suturing to the caecal wall serosa 

of immunodeficient mice has been described in other studies, with a small 

proportion exhibiting regional lymph node, liver metastases or peritoneal 

carcinomatosis (Fu et al, 1991; Jin et al, 2011). Injection of the human colon 

cancer cell line HT-29 below the renal capsule has also been described in early 

models (Tanaka et al, 1994).  

Such early transplantation models are not truly orthotopic; at the caecal 

transplant site, cells are injected at the outer serosal layer, whereas direct 

splenic injection techniques bypass the molecular events which drive progression 

from primary tumour to distant metastasis. A later model involved a more 

refined technique of caecal wall implantation, with human CRC cell line 

suspensions being injected at laparotomy through microinjection between the 

caecal mucosa and muscularis propria layers in nude mice (Céspedes et al, 

2007). Cespedes et al were able to demonstrate a ≥75% engraftment rate across 
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all cell lines implanted, with varying patterns of dissemination according to cell 

line, with metastatic sites including the retroperitoneal or mesenteric lymph 

nodes, lungs, liver and peritoneum.   

It is important to note that different host backgrounds are used in studies 

involving xenograft transplant of both human and murine tumour derived cell 

lines, with varying degrees of immunodeficiency required in order to overcome 

xenograft rejection. Nude mice were the earliest immunodeficient mouse strain 

to be used in cancer research, with mutation in the forkhead box N1 gene 

(Foxn1nu) causing abnormal hair growth and defective thymic development 

(Pantelouris, 1968). As a result, nude mice are athymic, lack mature T-cells and 

suffer from a lack of cell-mediated immunity. Mice with increasing degrees of 

immunodeficiency have subsequently been developed, and the immunological 

features of mice strains commonly described in pre-clinical studies discussed in 

this thesis are summarised (Table 1.5)   

 C57Bl/6 CD1 

Nude  

BALB/c 

Nude 

SCID NOD SCID NSG 

Mature B cells Present Present Present Absent Absent Absent 

Mature T cells Present Absent Absent Absent Absent Absent 

Dendritic cells Present Present Present Present Defective Defective 

Macrophages Present Present Present Present Defective Defective 

Natural killer 

cells 

Present Present Present Present Defective Absent 

      

Table 1.5: Immune Features of Mouse Strains Commonly Used in Pre-Clinical Studies. 

Table summarising the presence and absence of immune cells in mouse strains commonly used in 
pre-clinical studies. SCID = Severe Combined Immunodeficiency. NOD = Non-obese diabetic. NSG 
= NOD Scid Gamma. Table adapted from Charles River Europe 
(www.criver.com/immunodeficient) 

 

Models have been described which specifically involve orthotopic transplant at 

the murine rectum. A rectal prolapse technique, with subsequent injection of 

murine CRC cell lines under direct vision to the rectal submucosa, yielded large 

rectal carcinomas and para-aortic lymph node metastasis in immunocompetent 

C57Bl/6 mice (Kashtan et al, 1992). A similar model described submucosal intra-
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rectal injection taking place 1-2mm above the anal margin, yielding a 65% 

overall tumour engraftment rate when the CT-26 murine colon cancer cell line 

was injected into BALB/c immunocompetent albino mice, with poorly 

differentiated adenocarcinoma observed (Donigan et al, 2009). More recently, a 

rectal transplant model was described whereby rectal prolapse was induced 

using a haemostat clip and murine or human CRC tumour donor cells 

subsequently sutured to the mucosal layer (Enquist et al, 2014). Interestingly, 

when ApcMin/+;KrasLSL-G12D/+;VillinCre donor tumours were transplanted using this 

technique in C57Bl/6 immunocompetent mice, only 17.6% of tumours displayed 

malignant potential with tumour invasion through the colon wall, and 

subsequent lymph node and liver metastasis formation. In contrast, when the 

HCT-116 human CRC cell line was transplanted into NOD SCID (Non-Obese 

Diabetic; Severe Combined Immunodeficiency) mice, liver and lung metastases 

were typically observed at 7 weeks post implantation, a feature which was not 

demonstrated when donor tumours were implanted in the subcutaneous 

location.  

Orthotopic models of CRC have been described by injecting the HT-29 human 

cancer cell line into the submucosa of the distal colon in NOD SCID mice, using 

colonoscopic guidance (Bettenworth et al, 2016). Although this model 

demonstrated rapid tumour growth resulting in colonic obstruction, as well as 

the development of both liver (28.6%) and peritoneal metastases (14.3%), 

tumours failed to engraft in immunocompromised nude mice when using this 

technique. Another intra-rectal submucosal injection model was described by 

Hite et al, whereby the HT-29 human cancer cell line was co-inoculated with 

lymph node stromal cells and subsequently injected by needle into the rectal 

submucosa of NOD SCID mice (Hite et al, 2018). This technique yielded rectal 

tumours in 100% (n=25), with liver (60%) and lung metastases (56%) observed in a 

significant proportion.  

Orthotopic injection of 2D cell lines holds advantages over other heterotopic cell 

line transplant techniques, with instrument dilatation of the anus, rectal 

prolapse and colonoscopic guidance enabling needle injection under direct vision 

and avoiding the need for prolonged surgical intervention. However, cell line 

transplant models are limited as varying degrees of immunodeficiency are 

required to enable tumour uptake in the recipient host, and so important 
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immunological components which regulate tumorigenesis in the human condition 

are not recapitulated. Derivation of patient derived tumour xenografts into 2D 

cell lines involves extensive adaptation to in-vitro culture conditions, such that 

only rare clones are expanded and maintained over many passages, with the 

resulting cell lines failing to recapitulate the genetic composition of their 

original tumours. Furthermore, 2D cell lines lack a stromal compartment (Drost 

et al, 2018). The use of murine tumour derived cell lines has overcome some of 

these limitations, with engraftment successfully being achieved in 

immunocompetent murine hosts, as in the studies by Donigan and Enquist. 

However, these studies also involve the use of immortalised cell lines, which 

have undergone extensive in-vitro selection with indefinite division occurring as 

a result of aberrant gene expression, meaning these cell lines have significant 

limitations in their capacity to represent normal cell biology and human disease 

(Hynds et al, 2018). Clearly, the optimisation of experimental models is an 

important goal if clinically relevant data is to be generated from pre-clinical 

treatment studies. Although various methods have been described which enable 

the orthotopic transplant at the murine rectum, tumour xenografts must better 

recapitulate the molecular composition of human CRC. 

 

1.4.4 Organoid Transplant Models of Colorectal Cancer 

3D culture technology has recently developed to enable more physiologically 

accurate models of both normal tissue and cancer. Organoid technology has 

emerged as a valuable tool in stem cell and cancer biology research, whereby 

tissue derived mammalian stem cells are embedded into a 3D matrix and 

subsequently grow with high efficiency into self-organising 3D cell clusters which 

mimic the micro-anatomy of their originating tissue (Kretzschmar et al, 2014). 

Sato et al demonstrated that 3D epithelial organoids can be established from 

murine Lgr5+ intestinal stem cells, when embedded in a murine derived ex-vivo 

basement membrane substitute and cultured in serum free stem cell niche 

mimicking conditions (Sato et al, 2009). Subsequently, 3D organoid culture 

techniques have been developed and adapted to enable organoids to be derived 

from multiple murine and human epithelial tissues, including the long-term 

culture of human small intestinal and colonic tissue, murine Apc deficient 

adenomas and human CRC cells (Sato et al, 2011; Jung et al, 2011). 
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Organoids hold advantages over 2D cell lines, with greater retention of their 

original phenotypic and genetic features, an improved ability to study cancer 

progression, and the ability to have matched normal tissue derived control lines 

(Drost et al, 2018). Efforts have been made to generate biobanks consisting of 

human primary tumour derived organoids and matched healthy tissue derived 

organoids. A tumour organoid biobank from CRC patients was generated which 

consisted of 20 genetically diverse tumour organoid cultures with corresponding 

normal tissue derived organoids for most patients (van de Wetering et al, 2015). 

Histologically, tumour derived organoids resembled the tubular epithelial 

structures seen in their originating tumour, and genomic DNA analysed by whole 

exome sequencing correlated with large scale mutational analyses of CRC. The 

tumour organoids and their matched normal tissue derived organoids described 

by van de Wetering and colleagues, were amenable to high throughput drug 

screening, with one organoid culture showing sensitivity to a Wnt secretion 

inhibitor (the porcupine inhibitor LGK 974) in the presence of a mutation in 

RNF43 (Ring Finger Protein), a negative Wnt feedback regulator. This 

demonstrates the theoretical application of patient tumour derived organoids to 

in-vitro drug screens, to identify potential therapeutic targets associated with 

specific mutations. A further study by Fujii and colleagues, established an 

organoid library from 55 primary CRC patients, 41 of which had a corresponding 

normal tissue derived counterpart, and 6 with a corresponding metastasis 

derived organoid line (Fujii et al, 2016). This study also showed that tumour 

organoids recapitulated the histological features of their original tumour, and 

these features were importantly retained upon xenograft transplantation into 

the renal capsule of immunodeficient mice.  

CRISPR/Cas9 technology has also been developed recently to allow specific 

genomic editing, whereby multiple RNA guide sequences are encoded into a 

single CRISPR (clustered regularly interspaced short palindromic repeat) array to 

enable editing of specific sites in the mammalian genome, with application to 

both murine models and in-vitro cell lines possible (Jinek et al, 2012; Hsu et al, 

2014). CRISPR/Cas9 genome editing involves cell transfection with the Cas9 

protein along with a guide RNA sequence to enable Cas9 nuclease localisation to 

a specific DNA sequence of interest. DSBs (double strand break) then occur in 

the DNA sequence of interest, with gene knockout or modification occurring due 
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to the error prone NHEJ (non-homologous end joining) repair process, or through 

HR (homologous repair) if a suitable template is provided. Following isolation of 

human intestinal stem cells as 3D organoids, CRISPR/Cas9 technology has been 

applied to engineer organoids which harbour mutations of interest, specifically 

APC, KRAS, Trp53 and SMAD4, with mutant organoids subsequently selected out 

by withdrawal of growth factors from cultured human intestinal stem cells (Drost 

et al, 2015). Upon subcutaneous flank xenograft transplantation in NOD Scid 

mice, tumours with features of invasive carcinoma were established. Matano and 

colleagues described a similar strategy, whereby CRISPR/Cas9 technology was 

used to introduce mutations in APC, KRAS, Trp53, SMAD4 and PIK3CA into human 

intestinal stem cells, which developed into organoids in-vitro independently of 

niche factors (Matano et al, 2015). Upon transplantation into the renal sub-

capsule of NOD Scid mice, quadruple and quintuple mutant organoids developed 

tumours histologically representative of low-grade adenocarcinoma. 

Interestingly, upon splenic injection quadruple and quintuple mutant organoids 

developed only micro-metastatic lesions to the liver, whereas human adenoma 

derived organoids developed macroscopic liver metastasis upon splenic 

injection, suggesting that driver pathway mutations facilitate stem cell 

maintenance in the tumour microenvironment, with additional mutations being 

required for invasive behaviour.  

The development of organoid lines which grow independently of stem cell niche 

factors, allows the growth of organoids at foreign sites lacking such factors, 

enabling the establishment of heterotopic xenograft transplant models. The 

models described efficiently recapitulate primary invasive tumours at their 

implantation site, however, failure to spontaneously metastasise likely relates to 

the lack of native microenvironment. Subsequent studies have utilised 

CRISPR/Cas9 editing of human derived intestinal stem cells, to establish 

quadruple mutant organoids (APC, KRAS, p53, SMAD4), which then reliably 

develop tumours which recapitulate well differentiated adenocarcinoma upon 

orthotopic injection at the caecal submucosa (Fumigalli et al, 2017; Fumigalli et 

al, 2018). Interestingly, quadruple mutant organoid transplantation yielded 

distant metastases at the liver in 44% (4/9), with distant spread rarely observed 

following transplantation of triple mutant organoids, indicating that disruption 
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of the Wnt, EGFR, p53 and TGF-β/BMP (Bone Morphogenetic Protein) signalling 

pathways are required for metastasis.  

The differences in tumour growth and metastatic potential according to 

injection site were also demonstrated by de Sousa e Melo and colleagues, when 

murine small intestinal stem cell derived organoids carrying mutations in Apc, 

Kras, Trp53 and Smad4 were injected orthotopically at the distal colonic 

submucosa following rectal prolapse. Transplantation at the orthotopic site 

yielded progressive tumour growth and liver metastasis, whereas subcutaneous 

transplantation failed to demonstrate metastases (de Sousa e Melo et al, 2017). 

Interestingly, through Lgr5+ CSC ablation, this study showed that primary 

tumours are maintained by a proliferative Lgr5- CSC pool, however, Lgr5+ CSCs 

were essential for the formation and maintenance of liver metastasis. The 

application of the majority of described transplant models to date are limited by 

the use of immunocompromised mice, with the tumour micro-environment and 

host immune system failing to recapitulate the human condition. It is imperative 

that pre-clinical treatment studies are performed in the setting of an intact 

immune system if results are to be applied reliably to clinical studies.   

Subsequently, orthotopic organoid transplant models in immunocompetent hosts 

have been described which recapitulate the entire adenoma-carcinoma-

metastasis sequence. O’Rourke et al describe the establishment of Apc, Kras, 

Trp53 mutant murine derived organoids through isolation of colonic stem cells 

from LSL-KrasG12D/+/p53fl/fl mice in a C57Bl/6 immunocompetent background, 

followed by in-vitro induction of biallelic Apc mutation through CRISPR/Cas9 

mediated editing (O’Rourke et al, 2017). C57Bl/6 syngeneic mice were then 

engrafted by enema pipette injection of organoids following colitis induction 

with 3% DSS; 62% engraftment was achieved following injection of Apc, Kras, 

Trp53 mutant 3D organoids. In this model, adenocarcinoma was observed at 6 

weeks, local dissemination at 11-12 weeks, and metastasis was also observed in 

a small number at >20 weeks (1/6). Similar mutant 3D organoids were 

established through infecting Apcfl/fl;KrasLSL-G12D/+;p53fl/fl murine colon organoids 

with adenoviral Cre (Ad5CMV::Cre), followed by selection in media lacking 

nutlin-3 and Wnt pathway agonists to generate ‘AKP’ tumour organoids. ‘AKP’ 

tumour organoids were then transplanted into the distal colonic submucosa 

through colonoscopy guided needle injection (Roper et al, 2017). In C57Bl/6 
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immunocompetent host recipients, a 95% engraftment rate was seen with 

tumours recapitulating invasive carcinomas with desmoplastic stromal reaction. 

Interestingly, distant metastasis was not observed in C57Bl/6 mice, however, 

liver metastasis was demonstrated in 33% when ‘AKP’ organoids were 

orthotopically injected in immunodeficient NOD Scid mice. 

 

1.4.5 Orthotopic Modelling Techniques in Rectal Cancer 

Colonoscopy guided submucosal injection is a technique which was first 

described by Zigmond and colleagues, who demonstrated 100% successful 

engraftment when the murine MC38 CRC cell line was injected into C57Bl/6 mice 

(Zigmond et al, 2011). Furthermore, the transduction of two distinct fluorescent 

reporter genes into the MC38 cell line, also highlighted the potential to monitor 

tumour burden through imaging. Injection of cell and organoid lines under 

colonoscopy guidance, represents an easily reproducible and high throughput 

method of orthotopic tumour implantation into the submucosal layer. 

Furthermore, this method of tumour transplantation avoids surgical intervention 

with animals requiring only a short general anaesthetic of 5-10 minutes. A 

significant limitation is that cells or organoids must be injected into the 

submucosal layer, so tumours do not originate from the mucosa in the manner 

observed in human carcinoma. Furthermore, potential exists for tumour seeding 

into the peritoneal cavity at the time of injection. Colonoscopy guided needle 

injection enables orthotopic transplant at the murine colon within the limits of a 

rigid veterinary endoscope, and so this technique has potential application for 

pre-clinical modelling of LARC. 

Orthotopic injection at the rectal submucosa has been described through co-

implantation of mouse tumour organoids and mouse colon fibroblasts in C57Bl/6 

immunocompetent mice, following rectal mucosal prolapse with haemostats 

(Kasashima et al, 2021). Interestingly, Kasashima et al also describe co-

implantation at the caecal subserosa following laparotomy; following rectal 

implantation, mice are reported to reach clinical endpoint sooner (4-5 weeks) 

when compared with caecal implantation (5-8 weeks), with this observation 

being the result of intraluminal growth of rectal tumours resulting in intestinal 

obstruction. 
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Several models of rectal cancer have been described whereby mucosal disruption 

prior to enema injection enables the engraftment of tumours. Kishimoto et al 

describe the chemical disruption of the mucosal layer using 4% acetic acid, 

followed by injection of the CT-26 murine CRC cell line in nude mice (Kishimoto 

et al, 2013). Rectal tumours originating in the mucosal layer with 100% 

successful engraftment was observed, with lymph node and lung metastasis 

observed at 4 weeks in >90% of animals. Mucosal disruption can also be achieved 

with induction of colitis using 3% DSS, with the CT-26 line being infused intra-

rectally following DSS treatment in BALB/c mice (Takahashi et al, 2004). 

Takahashi et al successfully demonstrated isolated rectal tumours in >90% of 

animals injected at 2-4 weeks post implantation with tumour volume increasing 

over time.  

A recently described method of mucosal disruption which avoids colitis inducing 

agents, involves the use of a small-calibre brush to gently injure the rectal 

mucosa, prior to enema injection of mutant murine rectal tissue derived 

organoids (Apcfl/fl;LSL-KrasG12D/+;Trp53fl/fl) in C57Bl/6 immunocompetent mice 

(Kim et al, 2022). Interestingly, Kim et al were able to generate rectal tumours 

originating in the mucosal layer in immunocompetent hosts which 

microscopically resembled adenocarcinoma invading through the muscularis 

propria layer. However, the authors reported a procedural mortality of 17% 

owing to intestinal perforation, with an engraftment rate of 58% in surviving 

mice. Although the overall tumour engraftment rate presented in this model is 

low, this simple technique has potential to be highly reproducible, with a short 

anaesthesia time enabling high throughput; furthermore, the technique avoids 

the systemic inflammation and animal distress caused by induction of colitis.  

Very recently, Nicolas et al described an orthotopic immunocompetent model of 

rectal cancer which allows study of the effects of local irradiation (Nicolas et al, 

2022). Murine tumour organoids mutant for Apc, Trp53, Tgfbr2 and KrasG12D 

(termed APTK) or containing an additional mutation in myristoylated AKT 

(termed APTKA), were injected by enema into the rectum following a 5-day 

period of colitis induction with 4% DSS (Varga et al, 2020). Interestingly, APTK 

organoids led to the formation of single invasive tumours in the rectum with 

liver metastasis in 10%, whereas APTKA tumours led to rectal tumours displaying 

a more striking stromal response, more aggressive phenotype and a higher rate 
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of liver metastasis at ~60%. The method described by Nicolas et al reported a 

procedural time requirement of 5-10 minutes, with highly reproducible protocols 

for organoid preparation, tumour implantation and monitoring described (Nicolas 

et al, 2022). Some limitations exist in this study, with variable transplantation 

efficiency of 50-80% described; DSS batch, age of mouse at transplant and 

organoid viability are variables which are noted to influence engraftment rates. 

The studies described by Nicolas et al represent a significant advance in 

modelling of LARC, demonstrating a reproducible and efficient model which 

resembles the histopathological spectrum of human rectal cancer, with the use 

of genetically modified organoids highlighting a potential platform to 

recapitulate the diverse mutational genotypes seen in clinical practice. 

 

1.4.6 In-Vitro Organoid Models of Rectal Cancer 

Heterogenous responses to neoadjuvant CRT regimens are observed in LARC, 

with surveillance strategies demonstrating the potential to offer high rates of 

rectal preservation and pelvic tumour control amongst selected patients with 

complete clinical response to neoadjuvant therapy (Smith et al, 2019). More 

sophisticated modelling might enable prediction of response to standard 

therapies, and 3D organoid techniques have recently emerged as a potential tool 

to stratify patients. Initial efforts to derive human tumour derived organoid 

repositories have focused on colonic cancer, with rectal cancer organoid 

derivation remaining an unmet need until very recently (van de Wetering et al, 

2015; Fujii et al, 2016). Co-clinical trials are likely to advance precision 

medicine approaches, whereby parallel studies are undertaken alongside clinical 

trials to match treatment responses in patients with corresponding pre-clinical 

models, with the aim of better understanding the molecular mechanisms 

underpinning treatment response and developing predictive tools (Byrne et al, 

2017). Reliable co-clinical trial data which might enable response prediction in 

individual patients, is reliant upon pre-clinical models recapitulating the 

histopathological and molecular characteristics of the corresponding patient 

tumour.  

A biobank of patient derived organoids (PDOs) from metastatic, pre-treated 

colorectal, gastro-oesophageal and cholangiocarcinoma obtained from numerous 
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phase I and II clinical trials was utilised to carry out high throughput drug 

screening (Vlachogiannis et al, 2018). Vlachogiannis et al achieved 70% success 

rate in culturing patient derived organoids (n=110), which showed 96% overlap in 

mutational profile when compared with their corresponding tumour sample; an 

88% positive predictive value, and 100% negative predictive value was achieved 

in forecasting response to chemotherapy or targeted agents. Similar approaches 

have been used in other solid malignancies, including pancreatic ductal 

adenocarcinoma, with Tiriac et al generating pancreatic cancer patient derived 

organoids which recapitulated the mutational spectrum of human disease, and 

with therapeutic profiles mirroring that of the corresponding patient’s tumour 

when PDOs were treated in-vitro with the chemotherapeutic agents 

gemcitabine, irinotecan, paclitaxel, 5-FU and oxaliplatin (Tiriac et al, 2018).   

The first report of a rectal cancer specific organoid biobank by Ganesh et al, 

involved the generation of 65 patient derived rectal cancer organoid cultures, 

from primary, metastatic and recurrent disease, through adaptation of existing 

strategies for 3D ex-vivo tumour culture (Sato et al, 2011; Ganesh et al, 2019). 

From organoid derivation attempts (n=84), a success rate of 77% was achieved, 

with the majority of tumour biopsies obtained using 2.8mm endoscopic forceps. 

The established organoid cultures were found to recapitulate the 

histopathological features of their corresponding tumours, with correlation in 

features such as mucin pooling, nuclear stratification and degree of 

differentiation. Similar mutational profiles were noted between patient tumour 

and the derived organoid line with 92% concordance in expression of relevant 

oncogenic mutations. When tumour derived organoid lines were treated 

separately with 5-FU and FOLFOX chemotherapy ex-vivo, an 86% concordance 

rate with the corresponding patient’s response was observed. Furthermore, 

rectal cancer derived organoids displayed heterogeneous sensitivity to ionising 

radiation ex-vivo, also corresponding with the response seen clinically. An 

orthotopic murine model was also developed in this study; following DSS colitis 

induction in NSG (NOD Scid Gamma) immunodeficient mice, human tumour 

derived organoid lines were injected intra-luminally, and adenocarcinoma 

subsequently developed at 16 weeks post injection and distant metastasis at 22 

weeks, albeit with lung or liver metastases only observed in two animals.  
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Yao et al later generated a biobank of primary rectal cancer patient derived 

organoids solely from treatment naïve samples, in patients undergoing a phase III 

clinical trial to investigate the addition of oral capecitabine with or without 

irinotecan to neoadjuvant CRT in LARC (Zhu et al, 2017; Yao et al, 2019). From 

112 endoscopically obtained rectal tumour samples, organoid lines were 

successfully established in 86% with 80 lines used in treatment validation 

studies. Similarly to the study by Ganesh et al, organoids recapitulated the 

histopathological features and mutational profiles of their corresponding 

tumour, with marker expression such as Ki67, β-catenin and pan-cytokeratin also 

correlating. When organoids were treated in-vitro with the single agent 5-FU, 

irinotecan or irradiation, a high degree of accuracy (84.43%), sensitivity (78.01%) 

and specificity (91.97%) was observed between the organoid line and the 

corresponding patient as determined by tumour regression grade. Both studies 

demonstrate the potential to obtain informative data regarding potential 

treatment sensitivity in a period of approximately 6 weeks, with the process 

involving endoscopic acquisition of rectal tumour biopsies, subsequent culture 

into 3D organoid lines and the performing of in-vitro treatment assays.   

These important studies by Ganesh et al and Yao et al represent a significant 

advance, and demonstrate the feasibility of using in-vitro 3D organoid cultures 

derived from patient tumour samples prior to initiation of neoadjuvant therapy, 

to predict the clinical and histopathological response of individual patients to 

CRT, and thus facilitate management decisions. One limitation of the study by 

Ganesh et al, is that most organoids (66%) were derived from patient tumours 

already undergoing treatment, and so histological and molecular changes may 

have been initiated prior to in-vitro testing. Yao et al show that in-vitro response 

to one agent is highly predictive of a clinical response to combination therapy, 

however, it remains unclear whether it is feasible for ineffective agents in-vitro 

to be omitted from the combination therapy regimens administered clinically 

(Kolahi et al, 2020). Furthermore, a small proportion of organoids tested in-vitro 

did not match the observed clinical response of its corresponding tumour 

counterpart, highlighting that treatment predictions are not yet robust enough 

to apply to the clinical setting, and that further prospective validation in the 

context of a clinical trial would be essential if PDOs were to be considered as a 

predictive tool. Particularly in the setting of studying radiation responses, the 
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in-vitro setting differs significantly from that in human tumours; the 3D culture 

settings described to date lack an immune component, and it is well established 

that radiotherapy generates a tumour immune response through the release of 

tumour antigens (Demaria et al, 2015). Nonetheless, advances in 3D organoid 

culturing technology have enabled the development of PDO systems which hold 

promise as a means of predicting therapeutic responses and performing high 

throughput drug screening. 

 

1.4.7 Advantages and Limitations of Current Pre-Clinical Models 

Early GEMMs such as the ApcMin/+ model enabled functional testing of several 

genes and progressed our understanding of the underlying molecular mechanisms 

of CRC progression. However, early transgenic models have significant 

limitations as multiple small intestinal adenomas typically develop rather than 

colonic lesions, with models also failing to recapitulate late-stage disease (Table 

1.4). Technological advances such as Cre-Lox technology have enabled the 

development of more clinically relevant CRC models, and site-specific expression 

of mutations is possible with the use of tissue specific promotors. Furthermore, 

GEMMs with multiple CRC driver mutations can be developed in both a time- and 

tissue- specific manner, meaning colonic tumours with more complex mutational 

burdens can be generated which closely model adenocarcinoma. However, 

GEMMs are limited in their capacity to model distant metastasis, remain 

expensive, and are a challenging method to achieve adequate throughput for 

pre-clinical treatment studies (Table 1.6). GEMMs which specifically model 

rectal cancer have been limited to date; however, the successful application of 

local tamoxifen injection under colonoscopy guidance to induce distal colon 

tumours holds promise in the context of generating anatomically relevant rectal 

cancer models (Roper et al, 2017).    
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Model System Advantages Disadvantages 

Genetically Engineered Mouse Models 

Transgenic oncogene 
expression 

- Allows mechanistic 
studies into mutations 
of interest 

- Small intestinal 
adenomas 

- Long latency 
- Limited ability to 

model late disease 

Cre-Lox Recombinase 
systems 

- Multiple mutations  
- Time/tissue specific 
- Relevant site and 

layer of origin 

- Limited metastasis 
- Low throughput 
- Expensive 
- Long latency 

CRISPR/Cas-9 
genome editing 

- Manipulation of entire 
genome 

- Time/tissue specific 
- Relevant site and 

layer of origin 
- Can utilise ex-vivo 
- Lower cost than 

conventional GEMMs 
- Capacity to reverse 

mutations 

- Limited metastasis 
- Long latency 
- Low throughput 

Transplant Models 

Surgical Transplant - Time efficient 
- Recapitulate 

invasiveness and 
metastasis 

- Cell lines fail to 
recapitulate CRC 
histology 

- Not anatomically 
representative 

- Immunocompromised 
mice 

Colonoscopy Guided 
injection of 
organoids 

- Correct location 
- Immunocompetent 
- Reproducible 
- Short latency 
- High throughput 

- Fail to arise in mucosa 
- Low penetrance of 

metastatic disease 

Non-Animal Models 

Patient derived 
organoids 

- Avoids animal studies 
- Tissue easily obtained 
- Time effective 
- Potential predictive 

tool and suitable for 
drug screens 

- Lack of host stroma 
and immune system 

- Labour intensive  

 

Table 1.6: Advantages and Disadvantages of Pre-Clinical Modelling Techniques. 

Table summarising the key advantages and disadvantages of the modelling systems described. 
Table adapted from Gillespie et al (2021) 

 



90 
 

Early surgical transplant models have successfully recapitulated rectal cancer, 

however immunocompromised mice are commonly used to enable engraftment 

of cell lines. Such models hold advantages as they are reproducible, time-

effective, and local and distant dissemination are reported in the literature. 

However, commercially available immortalised human and murine cancer cell 

lines are used in these studies, and it is known that extensive in-vitro selection 

can result in aneuploidy, and variation in both gene and microRNA expression 

between cell-lines and their originating tumour tissue (Pastor et al, 2010).  

Development of organoid systems has significantly advanced pre-clinical 

modelling in CRC, with the ability to genetically engineer organoid lines to 

mimic tumours harbouring mutational combinations of interest; tumours can be 

cultured from GEMMs to generate organoid lines, and organoids can be 

genetically modified in-vitro through CRISPR/Cas9 genome editing techniques. 

Early heterotopic organoid transplant models have been described; however, 

these models fail to recapitulate the anatomy of colonic and rectal cancer. 

Recently, orthotopic transplant of organoids has successfully modelled both 

colonic and rectal cancer in C57Bl/6 immunocompetent mice. Enema pipette 

injection following induction of colitis or mucosal disruption, and needle 

injection under visualisation by colonoscopy are techniques which have been 

successfully applied to develop colon and rectal cancer models. Colonoscopy 

guided injection is a highly promising technique, which might enable the 

generation of immunocompetent orthotopic rectal cancer models without 

disrupting the host immune microenvironment, with the additional benefit of 

potentially being highly reproducible with the ability to generate sufficient 

experimental subjects. A key aim of this thesis will be to adapt the colonoscopy 

guided needle injection technique to generate organoid transplant and 

genetically engineered mouse models of rectal cancer, to recapitulate locally 

advanced disease and distant metastasis.      

 

1.5 Understanding the Response to Radiotherapy 

1.5.1 Clinical Application of Radiotherapy in Cancer 

It is thought that around 50% of all cancer patients would potentially benefit 

from radiotherapy during the course of their treatment, to treat localised 
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disease, palliate symptoms or for local control (Atun et al, 2015; Barton et al, 

2014; Delaney et al, 2005). Radiotherapy can be given alone, or in combination 

with other treatment modalities such as surgery and/or chemotherapy; it can be 

given with curative intent, to down-stage tumours, or for palliation of 

symptoms. UK data suggests that 40% of all rectal cancer patients will receive 

radiotherapy during their treatment, with only 3% of colon cancer patients 

receiving this treatment (NCRAS, 2017). Radiotherapy is a component of 

standard of care treatment in LARC, administered as SCPRT or CRT, to down-

stage tumours prior to curative surgical resection. 

To optimise therapeutic benefit, the aims of radiation therapy are to maximise 

the radiation dose to tumour tissue whilst minimising exposure to normal cells. 

Over the past 20 years, improvements in 3D treatment planning systems, 

coupled with advances in linear accelerators, have enabled the development of 

intensity-modulated radiotherapy (IMRT) techniques whereby the intensity of 

radiation beams can be matched to specific tumour contours to minimise 

damage to surrounding tissue (Schaue and McBride, 2015). Such technological 

advances have also enabled the development of stereotactic body radiation 

therapy (SBRT), where high precision delivery of large radiation doses in single 

or small numbers of fractions are administered (Blomgren et al, 1995; Lo et al, 

2010). Despite advances in the delivery of radiotherapy, translating these into 

therapeutic benefit in the context of rectal cancer has been challenging. 

Fractionation regimens have not changed significantly over the past 20 years, 

with efforts to improve therapeutic efficacy being focused on developing various 

radio-sensitising agents.  

Despite the potential therapeutic benefits from radiotherapy, adverse effects 

must be considered and minimised during treatment planning. Acute toxicity has 

been widely reported following pre-operative radiotherapy in rectal cancer, with 

wound healing, gastrointestinal, genitourinary and neurological issues commonly 

reported (Birgisson et al, 2005). Data from the Dutch ‘total meso-rectal excision’ 

Trial, showed that a significantly higher incidence of long-term faecal 

incontinence was associated with SCPRT when compared with patients 

undergoing surgery alone (62% v 38%; p<0.001) (Peeters et al, 2005). Long term 

data from the Swedish Trial also demonstrates a high proportion of patients 

without a stoma suffering from incontinence, with 49% reporting incontinence to 
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liquid stool, 44% reporting an inability to defer defecation, and these long-term 

complications are objectively shown to have a negative impact on quality of life 

(Bruheim K et al, 2010). Concerningly, a study of patients with cT2N0 undergoing 

CRT and local excision reported grade 3 or 4 complications in 43% of patients 

(Lynn et al, 2021).  

Although clinical benefits are extensively reported in LARC following 

radiotherapy based neoadjuvant treatment strategies, adverse effects are 

experienced by a significant proportion of patients. Furthermore, many LARC 

patients fail to gain any clinical benefit from current radiotherapy and CRT 

regimens, and so early operative intervention or alternative neoadjuvant 

strategies would be more appropriate. Thus, it is important that a better 

understanding of the biological mechanisms underpinning the heterogeneous 

responses of tumours to radiotherapy is achieved. This might enable better 

prediction of treatment response, aid the development of immunomodulatory 

agents to prime the tumour immune microenvironment to a more responsive 

phenotype, and ultimately enable more individualised treatment plans to be 

devised in LARC.   

 

1.5.2 Biological Mechanism of Radiotherapy Response 

Radiotherapy typically utilises high-energy x-ray photons, with electrically 

charged particles depositing energy in the cells of tissues when passing through 

(Lomax et al, 2013). If radiation deposits sufficient energy, then DNA damage is 

induced, impairing the ability of cells to divide and proliferate (Baskar et al, 

2012). When ionising radiation creates sufficient levels of clustered DNA 

damage, then tumour cell death can occur as a result of failure of DNA damage 

repair mechanisms.  

Damage to cellular DNA occurs spontaneously during DNA metabolism, following 

exposure to physical and chemical environmental agents, and through exposure 

to endogenous reactive oxygen species (ROS) generated during normal cell 

metabolism. Ionising radiation delivered therapeutically as radiotherapy can 

induce oxidation of DNA bases, which leads to single-strand breaks (SSB) and 

double-strand breaks (DSB), resulting in genomic instability (Blanpain et al, 

2011). 1Gy of conventional radiotherapy is thought to cause approximately 1 x 
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105 ionisation events per cell, resulting in 1000-2000 SSBs and 40 DSBs (Lewanski 

and Gullick, 2001). The most lethal DNA damaging lesion is the DSB, which 

represents a break in the phosphodiester backbone of both DNA strands, and is 

more likely to result in mutation and/or cell death. The effectiveness of 

radiation damage in killing cells is explained by linear energy transfer (LET), 

with high LET radiation resulting in a higher concentration of ionisation events 

and more complex DNA damage sites (Lomax et al, 2013). The majority of DSBs 

induced by low LET radiation are repaired within 30-60 minutes, however, as LET 

increases, so too does the complexity of the DSBs. If DNA damage is not 

sufficiently repaired, cell death can result through the generation of lethal 

chromosomal aberrations or direct induction of apoptosis. Furthermore, 

inaccurate repair of DSBs can lead to mutations in surviving cells, resulting in 

genomic instability and malignant cell transformation.  

The success of conventional radiotherapy is classically thought of in terms of the 

‘4Rs of Radiobiology’, originally described by Withers (Withers, 1975). The 

outcome of radiotherapy is determined by the repair of DNA damage, 

repopulation of cells, redistribution of cells in the cell cycle, and the 

reoxygenation of hypoxic tumour areas.  

Tumour cell death following ionising radiation is dependent upon irrepairable 

DNA damage being induced in the form of DSBs. However, many cells undergo 

sublethal DNA damage which is repaired through numerous DNA damage 

response (DDR) mechanisms (Pajonk et al, 2010). Fractionated radiotherapy is 

thought to allow the repair of sublethal DNA damage in slowly proliferating 

normal tissues, at the expense of tumours which might be less able to repair 

DNA damage. However, variation in the ability to repair DNA damage exists 

between tumour types and between tumours cells within the same tumour. 

Furthermore, the efficacy of radiotherapy is affected by the extent of DNA 

damage and the resulting DDR, as well as being influenced by various cancer 

associated mutations which impact upon DNA repair and the cell cycle.  

Redistribution refers to the differences in radiosensitivity shown by cells during 

different phases of the cell cycle, whereby cells undergoing mitosis are most 

sensitive to DNA damaging stimuli with late S-phase being the most resistant 

phase (Pawlik and Keyomarski, 2004). Fractionated radiotherapy exploits cell 

cycle progression, as radio-resistant tumour cells in S-phase can move into a 
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more sensitive phase of the cell cycle between fractions, with more slowly 

cycling normal cells being more likely to survive repeated fractions. Therefore, 

the therapeutic efficacy of fractionated radiotherapy is dependent upon tumour 

tissue having a high proportion of rapidly cycling cells as opposed to slowly 

cycling CSCs, and normal tissue exhibiting a relatively smaller content of rapidly 

cycling cells. The role of chemotherapeutic agents in conjunction with 

radiotherapy can exploit the variation in radiosensitivity seen in different cell 

cycle phases. For instance, 5-FU is known to kill relatively radio-resistant S-

phase cells as well as increasing the radiation sensitivity of cells which 

inappropriately progress through S-phase in the presence of drug (Lawrence et 

al, 2003). Radiation in combination with chemotherapeutic agents is utilised to 

exploit the cell cycle and checkpoints to enable synergistic tumoricidal effects. 

Repopulation of tumours is considered a potential reason for failure of 

radiotherapy (Wang et al, 2019; Song et al, 2019). It is hypothesised that 

following radiotherapy depopulation of lineage committed cells occurs, and that 

subsequently surviving stem cells switch from asymmetric cell division which 

gives rise to a daughter stem cell and lineage-committed progenitor cell, to a 

symmetric form of cell division which produces two proliferative stem cells. In 

tumours, this phenomenon results in accelerated regrowth, whereby tumour 

regrowth after sublethal treatment exceeds the growth rate of untreated 

tumour tissue.  

Tumour oxygenation is known to be a significant modifier of radiation sensitivity, 

with hypoxic cells thought to be more resistant to radiation (Gray et al, 1955; 

Bristow and Hill, 2008). Under hypoxic conditions, relatively decreased fixation 

of DNA DSBs occurs following exposure to free radicals induced by ionising 

radiation, with radiation sensitivity being reliant upon adequate oxygenation 

(Zhang et al, 1995). Fractionated radiotherapy partly overcomes this, with radio-

resistant hypoxic cells potentially being reoxygenated between individual dose 

fractions, and the addition of pharmacological strategies to improve tumour 

oxygenation potentially improves radiosensitivity (Overgaard, 2007).  

Subsequently, the 4Rs of radiobiology have been updated to include intrinsic 

radiosensitivity, with evidence that cells from different tumour types differ 

significantly in their inherent radiosensitivity (Steel et al, 1989). The differential 

radiosensitivity between different cancer cell lines has been extensively shown 
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in pre-clinical studies, with prediction of sensitivity demonstrated through gene 

expression profiling (Torres-Roca et al, 2005). However, in the context of rectal 

cancer surgery, predicting treatment response based on genomic profiling has 

not been possible to date. In order to fully exploit the therapeutic benefits of 

radiotherapy, improved understanding of how radiation influences both the 

cancer cell and the tumour microenvironment are required, with application of 

insights from translational studies required to improve treatment delivery and to 

exploit radio-sensitising agents (Harrington et al, 2007).    

 

1.5.3 The DNA Damage Response 

DNA damage threatens the ability of eukaryotes to transmit genetic information, 

and as a result cells have well developed DDR mechanisms to repair DNA and 

maintain genomic integrity. The DDR involves the activation of numerous 

complex signal transduction pathways, which modulate gene activity and control 

the multitude of cell responses to DNA damage through initiation of cell-cycle 

arrest, DNA repair mechanisms and apoptotic pathways (Ciccia and Elledge, 

2010). 

The DNA damage response (DDR) involves a complex signal transduction pathway 

to detect and repair DNA damage, and consists of sensors, transducers and 

effectors (Zhou and Elledge, 2000). Following radiation-induced DNA DSBs, the 

MRN ‘sensor’ complex (a trimer of MRE11-RAD50-NBS1 molecules) binds to the 

site of DNA damage recruiting the protein kinase ataxia telangiectasia mutated 

(ATM) protein. ATM acts as a ‘transducer’ by activating the DNA damage 

checkpoint signalling cascade, and controlling the phosphorylation of ‘effector’ 

proteins including checkpoint kinase 1 and 2 (CHK1 and CHK2) (Bakkenist and 

Kastan, 2003).  

The effector responses which can result from this signalling cascade are cell 

growth arrest coupled with DNA damage repair and cell survival, or apoptosis to 

induce death in cells with irreparable DNA damage. Activation of ATM and 

CHK1/CHK2 ultimately leads to phosphorylation and activation of the tumour 

suppressor p53 protein, inducing its nuclear accumulation and upregulation of 

p53 target genes, which in turn mediate transient cell cycle arrest to allow time 
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for DNA damage repair or facilitate apoptosis in response to irreparable DNA 

damage (Fei and El-Deiry, 2003).  

DDR mechanisms protect cells from the harmful effects of DSBs, with two main 

pathways mediating the repair of DSBs in mammalian cells, depending on the 

cell cycle status of the damaged cell: during the G0/G1 phase, DSBs are repaired 

by non-homologous end joining (NHEJ), while cells in the S-G2/M phase undergo 

homologous recombination (HR) (Khanna and Jackson, 2001; Willers et al, 2004). 

HR requires an undamaged template molecule with a homologous DNA sequence, 

and is an error-free DNA repair mechanism. During HR, the RAD52 protein binds 

to the DNA double-strand ends, which are then resected by nucleases in the 5’ 

to 3’ direction, with the resulting 3’ single-stranded tails then invading the DNA 

double helix of a homologous, undamaged partner molecule; repair of the 

damaged region is then achieved through the action of DNA polymerase copying 

information and using the undamaged molecule as a template, with this process 

yielding two identical DNA molecules.  

NHEJ involves the joining of two double stranded DNA ends without the 

requirement for an undamaged partner and is a more error prone process, due to 

the excision of damaged nucleotides at the DSB ends causing sequence 

alterations (Karran et al, 2000). The process involves a heterodimer of the Ku70 

and Ku80 proteins binding to the DNA ends, which activates the catalytic subunit 

of DNA dependent protein kinase by stabilising its interaction with DNA ends. Re-

joining then occurs through DNA ligase IV and XRCC4 (x-ray cross-complementing 

4). NHEJ can introduce small sequence deletions, insertions, nucleotide changes, 

or chromosomal translocations due to the lack of an intact template, meaning 

this process is prone to error. 

HR is the only mechanism of DNA repair which can restore the DNA sequence at 

the DSB site without error. The DNA repair mechanism employed by cells is 

dependent upon the type of DNA lesion induced, with radiation typically causing 

SSBs, DSBs and base damage (Jackson and Bartek, 2009). Complex DSBs induced 

by radiotherapy are often more reliant upon simple mechanisms such as 

alternative end-joining (alt-EJ) or single strand annealing (SSA), which restore 

genomic integrity but not sequence (Mladenov et al, 2016).   
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Rapid phosphorylation of histone H2AX (γ-H2AX) occurs in response to DNA DSBs 

and is thought to recruit repair enzymes involved in the repair processes (Olive 

and Banáth, 2004). Pre-clinical studies measuring γ-H2AX intensity in cultured 

cell lines, tumour xenografts and normal tissues, have shown that disappearance 

of γ-H2AX following irradiation is faster in radio-resistant cells tumour cells, 

representing a potential indicator of radio-sensitivity. A recent clinical study 

used primary peripheral blood lymphocytes from rectal cancer patients to study 

differences in DNA damage repair response capacity, with data showing that 

patients with poor responses to neo-adjuvant chemoradiotherapy had lower 

levels of γ-H2AX than complete responders (Arora et al, 2019).  This data 

suggests that γH2AX and other DNA damage repair response markers may form 

the basis for predictive biomarkers. 

 

1.5.4 The Effects of Radiotherapy on the Tumour Microenvironment 

Previously the therapeutic efficacy of radiotherapy has focused on DNA damage 

induction and direct cytotoxic effects, however, it has become increasingly 

recognised that ionising radiation affects numerous cell types within the tumour 

microenvironment (TME). Although knowledge of the immunomodulatory effects 

of radiotherapy has improved, the effects on the tumour microenvironment 

remain incompletely understood. Radiotherapy can induce anti-tumour immune 

responses, and immunotherapy agents have the potential to enhance the 

therapeutic efficacy of irradiation (Weichselbaum et al, 2017; Colton et al, 

2020). In contrast, profoundly immunosuppressive TMEs pose a greater clinical 

challenge, with RT potentially enhancing immunosuppression.  

Irradiation triggers pro-inflammatory cytokine signalling such as IL-1β and TNF-α, 

and recruitment of immune cells through the intracellular actions of ROS (Lim et 

al, 2016). The resulting cellular stress generates damage-associated molecular 

patterns (DAMPs), or so called ‘eat me’ signals which stimulate an immune 

response (Schaue and McBride, 2010). DAMPs include those exposed on the 

surface of cells (i.e. calreticulin), which are recognised by dendritic cells (DCs) 

which promote phagocytosis. Other DAMPs are passively released (i.e. high-

mobility-group box 1 (HMGB1) proteins), which enables DCs to process and cross 

present antigens through toll like receptor (TLR) 4 signalling. Following 
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radiotherapy, DAMP mediated responses lead to immunogenic cell death of 

cancer cells, resulting in an immune-stimulatory tumour micro-environment 

whereby activation and maturation of dendritic cells into effective antigen 

presenting cells occurs leading to the induction of effective T-cell mediated 

responses (Barker et al, 2015; Krysko et al, 2012; Kroemer et al, 2013).  

Tumour antigen specific T-cell immunity following irradiation has been 

demonstrated in both in-vitro and in-vivo experiments as a result of interactions 

between HMBG1 released by dying tumour cells (a ‘danger’ signal) and toll-like 

receptor 4 (TLR4) expressed by DCs. Both TLR4 expression and the release of 

HMGB1 are essential for the efficient presentation of tumour antigens following 

radiation induced cell death (Apetoh et al, 2007). However, an effective immune 

response will only ensue when both 'eat me' and 'danger' signals are released by 

dying tumour cells then processed by dendritic cells. Calreticulin which is 

exposed on the surface of dying tumour cells, undergoes rapid translocation to 

the cell surface after exposure to DNA damaging agents (Obeid et al, 2007). 

Calreticulin is exclusively expressed on the surface of cells undergoing 

immunogenic cell death, with Obeid et al demonstrating that blockade or 

genetic knockdown of calreticulin in a CT26 murine flank xenograft model, 

suppressed the phagocytosis of tumour cells and that dendritic cells require this 

signal to stimulate immunogenicity. In addition, adenosine-5’-triphosphate (ATP) 

release from dying tumour cells acts on the purinergic P2RX7 receptor present 

on DCs, triggering the activation and secretion of pro-inflammatory cytokines, 

and subsequently priming interferon-γ (IFN-γ) producing CD8+ T-cells (Ma et al, 

2010).  

DCs cells are an important determinant of effector T-cell function following 

radiotherapy, as they act as APCs, in turn priming naïve T-cells into CD8+ 

cytotoxic T-cells with anti-tumour activity. Once mature, DCs migrate to tumour 

draining lymph nodes where naïve T-cells are primed to an effector phenotype 

(Lee et al, 2009; Takeshima et al, 2010; Gupta et al, 2012). Gupta et al 

demonstrated that following single fraction local irradiation (10Gy) in several 

murine xenograft tumour models, that DCs and CD8+ T cells are crucial to 

tumour response, whereas CD4+ T cells and macrophages are dispensable. In this 

study, DCs showed increased expression of the T-cell priming co-stimulatory 

molecules CD70 and CD86 at 2 days post irradiation, with increased CD8+ T-cells 



99 
 

seen in the tumour after 7 days. This demonstrated that radiotherapy initiates 

an inflammatory process which activates local dendritic cells, leading to the 

recruitment and activation of tumour specific CD8+ T-cells. Other pre-clinical 

studies support the observation that tumour response to radiotherapy is 

dependent upon effector T-cell and CD8+ lymphocyte responses (Lugade et al, 

2005; Lee et al, 2009). Interestingly, Lugade et al show that favourable increases 

in tumour CD8+ T-cells are greater following a single 15Gy dose when compared 

with a 5 x 3Gy fractionated regimen. As well as its effects on priming cytotoxic 

T-cells, radiotherapy has also been shown to enhance infiltration of NK cells into 

tumour tissue which then exert cytotoxic effects (Ni et al, 2012). 

Many immune suppressive mechanisms exist within the tumour 

microenvironment, which inhibit the anti-tumour activity of immune cells. 

Decreased immune activation is seen through inhibition of tumour-infiltrating 

lymphocytes (TILs), decreased antigen presenting capability of dendritic cells 

(DCs), upregulation of immune checkpoints, and through down regulation of 

recognition signals such as MHC (Munn and Bronte, 2016). Furthermore, 

increased Treg, tumour promoting M2 tumour associated macrophages (TAMs) 

and myeloid-derived suppressor cell (MDSC) activity are known to contribute to 

an immune suppressive tumour milieu (Gajewski et al, 2013).  

As well as having immune-stimulatory effects, radiotherapy can induce 

immunosuppressive changes within the tumour microenvironment. Numerous 

changes in MDSCs are observed following radiotherapy, including effects on 

myeloid cell recruitment and removal, reorganisation of macrophages within 

tumours, repolarisation of TAMs to the M2 tumour promoting phenotype and re-

presentation of tumour antigens (Vatner and Formenti, 2015). Pre-clinical 

evidence exists to show that radiotherapy results in the recruitment of bone 

marrow-derived CD11b+ myeloid cells, which express pro-angiogenic and 

chemoattractant molecules, resulting in restoration of tumour vasculature which 

stimulates tumour growth (Ahn et al, 2010). Upon CD11b+ antibody depletion, 

Ahn et al showed that radiation induced recruitment of myeloid cells was 

suppressed with a resulting inhibition of tumour regrowth. Further evidence 

shows that immunosuppressive CD11b+ myeloid cells are susceptible to killing by 

primed antigen-specific CTLs following radiotherapy (Wu et al, 2014). In a 

murine tumour model of prostate cancer, Xu et al show an increase in TAMs and 
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MDSCs at 7 days following 5 x 3Gy radiotherapy on consecutive days which 

correlated with increased serum concentration of colony stimulating factor 1 

(CSF-1), a macrophage chemokine and growth factor (Xu et al, 2013). CSF-1 

blockade prevented radiotherapy induced myeloid cell recruitment, highlighting 

a potential role of CSF1/CSF1R signalling in the recruitment of TAMs which limit 

the efficacy of radiotherapy.  

Tregs suppress immunity through several distinct mechanisms, and have a role in 

inhibiting the early proliferation of naïve T-cells, as well as suppressing the 

effector functions of activated T-cells (von Boehmer, 2005). Furthermore, they 

maintain peripheral immune tolerance with immune inhibitory effects regulated 

by the local secretion of cytokines including TGF-β and interleukins; expression 

of the TGF-β receptor by CD8+ T-cells has been shown to be required for Tregs 

to exert an inhibitory effect, suggesting a specific role for TGF-β signalling in the 

inhibition of immune-mediated cytotoxicity (Chen et al, 2005). Pre-clinical 

evidence shows that exposure to ionising radiation leads to the upregulation of 

MHC II expression on Langerhan’s cells, which cause expansion of Treg cells upon 

migration to draining lymph nodes in a murine melanoma model (Price et al, 

2015). Immediately following radiotherapy, Treg populations are thought to 

increase relative to other T-cells within the TME as they are more radioresistant 

that other lymphocytes (Kachikwu et al, 2011). Kachikwu et al were able to 

show that targeting Tregs in combination with radiotherapy, with anti-CD25 

monoclonal antibody, led to increased tumour growth delay in a murine prostate 

cancer model.  

It is evident that radiotherapy can have both immune-stimulatory and immune-

suppressive effects, and understanding the heterogenous responses to 

radiotherapy is complex. Undoubtedly, the contexture of the TME determines 

the nature and extent of responses. However, response will also be influenced 

by dose, scheduling and fractionation, as well as the systemic response induced. 

In a T-cell rich TME, radiotherapy might drive the expansion and activation of T-

cells with resulting upregulation of PD-L1 making tumours amenable to immune 

checkpoint inhibition. In contrast, a myeloid rich TME may be further expanded 

by radiotherapy and so immunotherapy agents which target myeloid cells or 

enhance T-cell priming may be beneficial. It is clear that immunotherapy agents 

can enhance the effects of radiotherapy, however, the heterogenous nature of 
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the TME and response to irradiation signify that agents which effect both the 

myeloid and lymphoid compartments require further study and investigation. 

 

1.5.5 The Efficacy of Fractionated and Single Fraction Radiotherapy 

Pre-clinical studies show that both single fraction high dose radiotherapy and 

low dose fractionated regimens can effectively transform the tumour 

microenvironment (Filatenkov et al, 2015; Arnold et al, 2018). In mice bearing 

subcutaneous murine CT26 colorectal tumours treated with single fraction 

irradiation (30Gy), Filatenkov et al demonstrated durable tumour remission, 

along with intense tumour infiltration by CD8+ T cells and reduced MDSCs, with 

peak cytotoxic T-cell infiltrate observed at 6 days post irradiation. These 

microenvironment changes were dependent upon antigen cross-presenting CD8+ 

DCs and IFN-γ secretion. Durable tumour remission and favourable CD8+ T cell 

tumour infiltrate were not observed when mice were treated with a 10 x 3Gy 

fractionated regimen, suggesting that repeat doses may adversely affect anti-

tumour immune responses.  

In contrast, other studies show that low dose fractionated radiotherapy (5 x 2Gy) 

results in T-cell infiltration at the irradiated site in subcutaneous CT26 

colorectal tumour bearing mice (Dovedi et al, 2017). Dovedi et al show a 

decrease in infiltrating CD8+ T-cells at days 1 and 3 post radiotherapy, with an 

increase in tumour CD8+ T-cells occurring at day 7 when compared with non-

irradiated controls. Furthermore, data demonstrated that tumour resident T-

cells mediated local tumour control in a small proportion of mice (18.8%). 

Interestingly, similar rates of tumour regression were seen when a single 7Gy 

fraction was compared with a 3 x 4Gy fractionated regimen. Another study, 

using both subcutaneous breast and colorectal tumour models, showed 

comparable primary tumour growth delay when animals were treated with 

fractionated (3 x 8Gy or 5 x 6Gy) and single dose (20Gy) radiotherapy (Dewan et 

al, 2009). Comparison of single dose versus fractionated radiotherapy in an 

immunocompetent melanoma model, showed that tumour control improved with 

escalating single dose, however, optimal control and tumour immunity was 

achieved with fractionated radiation doses of 7.5Gy/fraction as measured by 

IFN-γ producing T-cells (Schaue et al, 2012). 
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Pre-clinical evidence from another prostate cancer model suggested that high 

dose single fraction radiotherapy (25Gy) and fractionated radiotherapy (15 x 

4Gy) induces the TAM M2 phenotype associated genes ARG-1 and COX2, 

supported the repolarisation of macrophages to a pro-tumorigenic phenotype 

(Tsai et al, 2007). In contrast, low doses of irradiation (0.5 – 2Gy) in a human 

melanoma xenograft model resulted in repolarisation towards the M1 phenotype 

with increased production of iNOS, which facilitated improved tumour control 

through lymphocyte recruitment to tumours (Klug et al, 2013). 

Fractionated dosing schedules affect tumours differently to single high dose 

treatments as shown in the discussed studies. Cell line studies comparing high 

dose and fractionated radiotherapy show significant differences in gene response 

depending on how radiation is delivered, with IFN-γ and TGF-β associated genes 

being more robustly induced after fractionated radiotherapy (Tsai et al, 2007). 

Interestingly, gene expression profiles differed when cell lines were implanted 

in-vivo suggesting that the tumour micro-environment plays a crucial role in 

tumour responses, and it remains unclear how the tumour-host relationship is 

influenced by dose and scheduling.  

 

1.5.6 Radiotherapy - Immunotherapy Combinations in Pre-Clinical Models 

Interest in combining radiotherapy with immune-checkpoint inhibition to prime 

the immune system and optimise systemic anti-tumour immunity has developed 

both in pre-clinical models and the treatment of several solid cancers. Early pre-

clinical findings demonstrated survival benefit with the addition of CTLA-4 

inhibition to radiotherapy (12Gy as single or two fractions) in the subcutaneous 

4T1 mammary cancer transplant model, in addition to delayed primary tumour 

growth and decreased lung metastasis being observed, with anti-metastatic 

effects being CD8+ T-cell dependent (Demaria et al, 2005). In both the TSA 

murine breast carcinoma and MC38 colon cancer bilateral subcutaneous injection 

models, treatment with single dose (20Gy) or fractionated radiotherapy in 

combination with CTLA-4 inhibition, led to enhanced primary tumour response in 

all radiotherapy regimens (Dewan et al, 2009). However, when combination 

therapy with CTLA-4 inhibition was studied, only animals treated with 

fractionated radiotherapy and CTLA-4 inhibition demonstrated a significant 
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growth inhibition in the tumour outside the radiotherapy field, with response 

being proportional to the frequency of CD8+ T-cells showing tumour specific IFN-

γ production.  

As well as inducing infiltration of tumour antigen specific T-cells, radiotherapy 

can also induce PD-L1 expression in the tumour microenvironment which 

suppresses immunity. In both the MC38 CRC and TUBO mammary cancer 

subcutaneous flank injection models, PD-L1 expression in tumour cells and DCs 

was found to be increased at 3 days post 12Gy single fraction radiotherapy, with 

tumour control subsequently being achieved when PD-L1 blockade was 

administered in combination with radiotherapy (Deng et al, 2014). A later pre-

clinical study in both B16-OVA melanoma and RENCA renal cell carcinoma 

bilateral subcutaneous hindlimb transplant models, showed that a single 15Gy 

stereotactic radiotherapy dose induced anti-tumour immunity with out-of-field 

abscopal effects being restricted by PD-1 expression (Park et al, 2015). PD-1 

knockout mice treated with radiotherapy showed improved survival and 

significantly increased reduction in growth of both the irradiated and non-

irradiated secondary tumour, when compared with PD-1 wild-type mice. 

Treatment with radiotherapy and PD-1 blockade recapitulated the survival 

benefit, tumour regression and abscopal effects seen in PD-1 knockout mice, 

highlighting the potential for PD-1 blockade to synergise with radiotherapy to 

induce tumour specific CD8+ T-cell responses. In the B16 melanoma 

subcutaneous flank injection model expressing the ovalbumin (OVA) peptide, 

single dose 12Gy radiotherapy resulted in increased antigen specific T-cells and 

an increased proportion of CD25+ Treg cells, with the addition of PD-1 inhibition 

improving local tumour control, increasing the proportion of tumour specific 

CD8+ T-cells with memory phenotype and abrogating the increase in Tregs seen 

(Sharabi et al, 2015).  

Radiotherapy has a role in upregulating tumour cell PD-L1 expression to drive 

treatment resistance in the context of low-dose fractionated RT. In the CT26 

subcutaneous flank injection model of CRC, treatment with 5 x 2Gy fractionated 

radiotherapy resulted in increased expression of PD-L1 at days 1, 3 and 5 post 

last irradiation dose, further highlighting the PD-1/PD-L1 axis as a resistance 

mechanism (Dovedi et al, 2014). Using co-culture of CD8+ T-cells with CT26 

tumour cells, Dovedi et al demonstrated that PD-L1 up-regulation was 
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dependent upon IFN-γ secreting CD8+ T-cells. Fractionated radiotherapy 

combined with PD-1/PD-L1 blockade led to significant reduction in tumour 

volume and survival extension when compared with fractionated RT alone. 

Furthermore, combined therapy was associated with induction of a tumour 

antigen-specific memory immune response, with mice able to completely reject 

tumours upon subsequent contralateral re-challenge. Dovedi et al later studied 

radiotherapy in the CT26 bilateral subcutaneous injection model of CRC, showing 

that neither ablative (10Gy single dose) nor fractionated radiotherapy (5 x 2Gy) 

was sufficient to induce out-of-field tumour responses (Dovedi et al, 2017). 

However, addition of PD-1 inhibition to fractionated radiotherapy led to 

complete regression of both irradiated and out-of-field tumours in >70% of mice. 

Addition of FTY-720 (a sphingosine 1-phosphate receptor agonist) which prohibits 

T-cell emigration from lymphoid tissue to combined radiotherapy/PD-1 

inhibition, revealed a reduced therapeutic response highlighting that both 

tumour resident and tumour infiltrating T-cells are required for maximum local 

and systemic response.  

TGF-β inhibition in combination with fractionated RT has also been assessed in 

the pre-clinical setting (Vanpouille-Box et al, 2015). In the 4T1 metastatic breast 

cancer bilateral subcutaneous transplant model, combination therapy with 

fractionated RT (5 x 6Gy) and TGF-β inhibition led to reduced primary tumour 

burden, with a reduction in lung metastasis and the non-irradiated tumour also 

seen. This effect was not seen following monotherapy, with the reduction of 

‘out of field’ lesions suggesting systemic priming of tumour antigen specific T-

cells. Combination therapy was associated with increased CD4+ and CD8+ T cell 

density, up regulation of IFN-γ signalling, and increased production of the 

chemokines and cytokines associated with CTL recruitment.  

In a CT26 CRC heterotopic subcutaneous flank injection model of CRC, 

fractionated RT (5 x 5Gy or 15 x 2Gy) in combination with 5-FU and TGF-β 

inhibition with Galunisertib (small molecule inhibitor of ALK5), resulted in 

delayed tumour growth and improved survival compared with CRT alone 

(Gunderson et al, 2018). Improved clinical efficacy was dependent upon 

increased tumour infiltration of CD8+ T cells. CD8α specific deletion of TGFBR1 

was found to enhance the expression of the chemokine CXCR3 on CD8+ T cells, 

resulting in increased CXCR3 dependent CD8+ T cell migration into tumours. 
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TGF-β was therefore proposed as an immunosuppressive mechanism through 

down-regulation of CD8+ T-cell expression of CXCR3, limiting the trafficking of 

CD8+ T-cells into the tumour. In another CT26 subcutaneous flank injection 

model of CRC, TGF-β inhibition was found to increase CD3+ and CD8+ T-cell 

density, while decreasing FOXP3+ T reg density in the tumour micro-environment 

(Young et al, 2014). Young et al demonstrated that TGF-β inhibition followed by 

a single 20Gy fraction, resulted in significantly improved tumour control and 

survival when compared with radiotherapy alone. Increased CD8+ T-cells were 

found to have a significant role in the therapeutic effects of TGF-β in 

combination with radiotherapy, with improved tumour control and survival being 

abrogated when combination therapy was administered in CD8+ depleted 

animals.    

Although numerous pre-clinical studies have shown promising results with both 

single dose and fractionated radiotherapy regimens in combination with immune 

checkpoint blockade or TGF-β inhibition, numerous drawbacks exist with studies 

to date. The studies described utilise heterotopic models, which fail to 

recapitulate the anatomical location of colorectal cancer, whereby the 

subcutaneous tissue plane represents a different host microenvironment. 

Furthermore, irradiation methods typically do not deliver precise radiotherapy 

to the tumour alone, with whole body irradiators and shielding devices 

commonly utilised. Lastly, it remains unclear which radiotherapy dose and 

fractionation regimens offer optimal treatment synergy with immunotherapy 

agents, and this must be a focus of research to optimise translation of findings 

to the clinical setting.  

Several issues must be addressed if robust data is to be derived from pre-clinical 

treatment studies to aid the development of novel radiotherapy-immunotherapy 

in LARC. It is important that immunocompetent orthotopic models of LARC are 

developed, which recapitulate both the histological and mutational 

characteristics of human disease. Furthermore, more precise methods of 

radiotherapy delivery must be developed, to minimise damage to adjacent 

tissues and to more accurately represent the treatment regimens which are 

delivered in the clinical setting.  

A recent study using the subcutaneous CT26 colon cancer model was able to 

accurately assess different fractionation regimens using a SARRP (Small Animal 
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Radiation Research Platform) device which enables targeted radiotherapy to be 

delivered to murine tumours through in-built CT guided treatment planning 

systems (Grapin et al, 2019). In immunocompetent mice, different radiotherapy 

regimens induced different anti-tumour effects, with fractionated regimens (3 x 

8Gy; 18 x 2Gy) resulting in delayed tumour growth when compared with a single 

16.4Gy fraction. All regimens led to an increase in granzyme B secreting CD8+ T-

cells at 7-days post treatment initiation, with the 3 x 8Gy regimen inducing the 

highest proportion of effector T-cells. Increased tumour infiltrating myeloid cells 

and a propensity towards an M2 tumour-associated macrophage phenotype was 

seen at 14-days post treatment initiation in the 18 x 2Gy treatment group. 

Addition of anti-PD-L1 was most effective when given in combination with 18 x 

2Gy (8/12 complete response), when compared with the 3 x 8Gy regimen (3/10 

complete response). This study highlights the importance of optimising 

radiotherapy fractionation regimens in association with immune checkpoint 

blockade, and also shows the feasibility of administering image-guided 

radiotherapy in the pre-clinical setting.   

 

1.6 Thesis Aims  

Heterogeneous responses to neoadjuvant radiotherapy-based treatment 

regimens exist in LARC. Pre-clinical and early clinical trial data suggest a 

potential role for immunotherapy in combination with radiotherapy in LARC, to 

improve rates of clinical response to neoadjuvant treatment. Pre-clinical studies 

have a role in testing novel radiotherapy immunotherapy-based treatment 

combinations, however, models must better recapitulate the anatomical, 

histological and mutational features of human rectal cancer. Early in this period 

of research I published a review article to outline the need to improve pre-

clinical models specific to LARC, and to highlight the potential value which 

reliable pre-clinical studies hold in identifying and testing novel treatment 

targets, as well as informing upon optimal fractionation regimens and treatment 

scheduling (Gillespie et al, 2021). 

In chapter 3, I aimed to develop orthotopic rectal cancer models which 

recapitulate the spectrum of human disease through the entire adenoma-

carcinoma sequence, as well as developing models which histologically resemble 
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locally advanced disease and furthermore demonstrate distant metastasis. 

Furthermore, I aimed to develop a model which was both reproducible and with 

short latency, such to enable high throughput treatment experiments. 

In chapter 4, I aimed to use a novel immunocompetent orthotopic identify model 

of rectal cancer to refine a protocol for administering fractionated radiotherapy. 

I then aimed to characterise the response of a newly developed model of LARC, 

to show the immunological changes which occur in the tumour immune 

microenvironment following radiotherapy. I then aimed to identify potential 

resistance mechanisms which could then be targeted in pre-clinical experiments 

to improve the response to radiotherapy. 

In chapter 5, I aimed to test novel treatment combinations by combining 

radiotherapy with PD-1 inhibition or with TGF-β inhibition to identify and 

characterise responses to treatment. I aimed to identify potential treatment 

combinations which might have clinical efficacy and can then be tested further 

in the pre-clinical setting to assess their mechanism of action and to optimise 

dosing, fractionation and scheduling. 
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Chapter 2 – Materials and Methods 

2.1 In-Vivo experiments 

2.1.1 Animal Housing and Husbandry 

All experiments undertaken on mice were carried out at the Biological Research 

Unit (BRU) within the CRUK Beatson Institute. All mice were handled, housed 

and monitored with strict adherence to UK Home Office regulations, and in 

accordance with the Animals (Scientific Procedures) Act 1986. This included a 

strict 12-hour light/dark cycle and access to standard diet and drinking water ad 

libitium. Mice were used in experiments once reaching a suitable age (>6 weeks) 

and weight (>20g). Animals were routinely monitored (at least three times 

weekly) for signs of ill health, and in accordance with refined protocols as 

detailed in the project licence, and adhering to the principles of the NC3Rs 

(National Centre for the Replacement, Refinement & Reduction of Animals in 

Research). Animals were culled using a schedule 1 method. Experiments were 

performed under UK Home Office personal licence (PIL I83707846) and project 

licence (PPL 7009112).  

 

2.1.2 Genetically Engineered Mouse Model Systems and In-Vivo Induction 

Cre-Lox technology is used in Chapter 3, to enable temporal and spatial control 

of genetic alleles within tissues.  

2.1.2.1 VillinCreERT2 

VillinCreERT2 mice are described in Chapter 3, often referred to as VillinCreER, 

and express Cre-recombinase specifically in the intestinal and colonic epithelium 

under the control of the Villin promotor (el Marjou et al, 2004). Cre expression 

was induced locally at the murine rectum through submucosal injection of 

tamoxifen under colonoscopy guidance, to enable recombination of alleles of 

interest.  

2.1.2.2 Preparation of Tamoxifen for In-Vivo induction  

Tamoxifen stock (Sigma #H7904) for in-vivo induction was prepared as follows: a 

concentration of 20mg/ml of tamoxifen was produced by dissolving 25mg of 
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tamoxifen stock powder in 1250µl of 100% ethanol, then diluted again in 100% 

ethanol to a final stock concentration of 5mM (stored at -20°C).  

Prior to in-vivo induction 5mM stock was prepared as follows: 20µl of 5mM 

tamoxifen was diluted in 980µl of phosphate buffered solution (PBS) to give a 

working concentration of 100µM. Each animal received 70µl of 100µM tamoxifen, 

delivered as a submucosal injection at the rectal location under colonoscopy 

guidance (technique detailed in section 2.1.3.1).  

2.1.2.3 Genetic Alleles 

In the locally inducible models described in Chapter 3, combinations of the 

following alleles were used:  

• Apcfl/fl (Shibata et al, 1997)  

• Lox-Stop-Lox KrasG12D/+ (Jackson et al, 2001) 

• p53fl/fl (Jonkers et al, 2001) 

• Tgfbr1fl/fl (Larson et al, 2001)  

• Smad4fl/fl (Yang et al, 2002).    

Genotyping was performed by Transnetyx (Cordova, Tennessee).  

 

2.1.3 Orthotopic Transplant Models  

For orthotopic organoid transplant models CD1-nude mice (Charles River, UK) 

and C57Bl/6 mice (Charles River, UK) were used. All animals were used for 

experimental procedures when >6 weeks and weighing >20g.  

2.1.3.1 Colonoscopy-Guided Submucosal Injection 

For administration of both tamoxifen and organoid fragments to the rectal 

submucosa, the same colonoscopy-guided injection technique was used. Mice 

were anaesthetised with inhalational sevoflurane, initially in an anaesthetic 

induction chamber, before being transferred to a heated surgical plate with 

temperature maintained at 37°C. Sevoflurane anaesthetic was maintained 

throughout the procedure through a nose cone at 2%, with mice in the supine 
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position. A rectal enema was then carried out using 10-20ml PBS delivered 

through a rat oral gavage needle attached to 20ml syringe.  

The Karl Storz TELE PACK VET X LED endoscopic video unit and Karl Storz MINI 

Multi-Purpose Rigid Telescope (67030BA) were used, with following 

specifications: 9.5Fr with 3Fr working channel, and 14cm working length. A 

100µl loading syringe (Hamilton 1710 RNR 100µl Syringe (22S/51/3)) was used to 

draw up 70µl of suspension to be injected. This was then attached to a custom-

made injection needle (Hamilton RN Needle (33G/402mm/pst.4(45°bevel)) and 

passed through the endoscope working channel (Figure 1, top panel). The 

injection needle was then advanced under direct vision into the submucosal 

layer, at a distance of <1cm proximal to the anal verge, and the 70µl injection 

volume expelled to raise a submucosal bubble (Figure 1, bottom panel). Previous 

studies have regarded the distal-most 10mm of the murine colorectum to be 

classified as rectal (Siri et al, 2019) Animals were then monitored closely post 

procedure to ensure recovery from anaesthetic, and kept at 37°C in a warming 

cabinet for ~30 minutes. A health assessment including weight was performed 

daily for 7-days following the procedure. 
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Figure 2.1: Colonoscopy-Guided Submucosal Injection Technique 

Top – Diagram demonstrating set-up of rigid endoscope with injection needle. Bottom – Images to 
demonstrate appearance of rectal submucosa immediately prior (left), during (middle) and post 
(right) injection of organoid fragment suspension using 33G injection needle.  

 

2.1.4 In-Vivo Drug Treatments 

Alk5 inhibitor (AZ12601011) was stored as a powder at room temperature prior 

to preparation, and was made fresh on a weekly basis for use during 

experiments. During formulation, 0.5% hydroxypropyl methycellulose (HPMC) / 

0.1% Tween was added to give a concentration of 12.5mg/ml. The drug was 

dissolved with a stirrer and kept at room temperature. Animals were treated 

with 50mg/kg twice daily by oral gavage. Vehicle treated animals were treated 

with 0.5% HPMC / 0.1% Tween given at 100µl twice daily by oral gavage. 

Ultra-LEAFTM Purified anti-mouse CD279 clone RMP1-14 (Biolegend #114122) was 

used as PD-1 inhibitor. During formulation, the drug was dissolved in PBS to give 

a concentration of 1mg/ml, and stored at 4°C. Animals were treated with 

10mg/kg twice weekly by intra-peritoneal injection. Ultra-LEAFTM Purified Rat 

IgG2a, κ Isotype Ctrl clone RTK2758 (Biolegend #400566) was used as PD1 isotype 
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control. During formulation the drug was dissolved in PBS to give a concentration 

of 1mg/ml, and stored at 4°C. Animals were treated with 10mg/kg twice weekly 

by intra-peritoneal injection.  

 

2.1.5 In-Vivo Image-Guided Radiotherapy 

Radiotherapy to rectal tumours was performed using a Small Animal Radiation 

Research Platform (SARRP; XStrahl), with animals anaesthetised using 

inhalational isoflurane maintained at 2% in medical air. A cone-beam 

computerised tomography (CBCT) image was acquired on the SARRP, at a tube 

voltage of 50kVp and 720 projections acquired over 360°. CBCT images were 

reconstructed using the SARRP’s Muriplan treatment planning software, into 

0.16mm isotropic voxels. The isocentre was determined based upon 

identification of the anal verge, with placement immediately proximal to the 

anus and adjacent to visible rectal luminal gas. Irradiation planning was based 

upon the isocentre, which was used to define the centre of rotation for either a 

static vertical beam, or a 280° continuous arc from -140° to +140°. Radiation 

was delivered through a 10mm square collimator, as either a single dose or as a 

fractionated regimen administered on Monday, Wednesday and Friday, with 

fractions ranging from 3-6Gy. No adjustment of absorbed radiation dose (Gray = 

joule of radiation energy/kilogram of mass) between human and mouse were 

made to account for potential differences in biodistribution between species, 

and doses were selected to recapitulate fractions given in short course RT 

regimens. Dosimetry studies were performed using a water-based phantom to 

confirm accuracy of the radiation doses administered in the mouse experiments 

described.  

For subcutaneous tumours, the isocentre was placed over the centre of the 

tumour, which was readily identifiable on CBCT images, with radiation doses 

administered as 30° parallel opposed beams. For sham radiotherapy treatments, 

animals were anaesthetised by isoflurane anaesthetic, and maintained at 2% in 

medical air for 10 minutes in keeping with the time for one radiotherapy 

treatment session. Radiotherapy treatments with the SARRP were administered 

by Katrina Stevenson (SARRP Technician). 
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2.1.6 In-Vivo Imaging     

Non-contrast CBCT imaging was performed as described in section 2.1.5, and was 

used for all irradiation treatments described in this thesis. Other imaging 

modalities used when refining irradiation strategies are described below.  

2.1.6.1 CT Imaging with Intra-Peritoneal Contrast Enhancement 

Omnipaque™ 300 (GE Healthcare #0407-1414-60) was diluted in 0.9% saline to a 

range of concentrations (20-40mg Iodine per ml), then 1ml of contrast solution 

administered by intra-peritoneal injections. Mice were then imaged at intervals 

of 5mins, 10mins or 15mins by CBCT acquired on the SARRP, at a tube voltage of 

50kVp with 360 projections acquired over 360°. Animals were imaged under 

anaesthesia with inhalational isoflurane maintained at 2%. 

2.1.6.2 MR Imaging 

MRI scans were performed using a nanoScan PET/MRI scanner (Mediso Medical 

Imaging Systems, Hungary). During imaging, mice were anaesthetised with 

inhalational isoflurane (5% induction; 2% maintenance in medical air). T2 Fast 

Spin Echo (FSE) 3D axial sequences were used to acquire MRI scans (slice 

thickness 1mm, repetition time 2000msec, echo time 83.7msec, flip angle 90°). 

 

2.1.7. Dosimetry Studies 

Dosimetry studies and analysis was performed by Emer Curley (PhD Student, Dr 

David Lewis Lab, CRUK Beatson Institute). To calculate the dose rate of the 

SARRP a UNIDOS E Dosemeter (99-9208) ionisation chamber was used with 

radiochromic films (GafChromic™ EBT) exposed to ranges of doses upto 120% of 

the treatment dose to create a calibration curve. Experimental film was placed 

within a film-stack cubic water-based phantom composed of Plastic Water 

Diagnostic Therapy slabs (CIRS, Norfolk, VA). Dose calibration curves and gamma 

index analysis were performed using Radiochromic software (radiochromic.com). 
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2.2 Tissue sampling and fixation 

Several methods of tissue fixation were employed to optimally prepare different 

tissue samples for further analyses. Sampling procedures and tissue fixation 

protocols are detailed below. Animals were euthanised by increasing 

concentration of CO2 to enable extraction of blood to be carried out by cardiac 

puncture. ~300µl of blood was collected into a capillary EDTA tube. Where 

indicated for analysis of cell proliferation, animals underwent intra-peritoneal 

injection of 250µl bromodeoxyuridine (BrdU) cell proliferation labelling reagent 

(Amersham Bioscience, #RPN201) 2 hours prior to sampling.  

 

2.2.1 Intestinal Tissue Fixation 

Where the whole gut was required for analysis, predominantly to determine the 

effects of treatment on normal tissue, the colon, small intestine and caecum 

were dissected free and separated. They were then flushed with water and 

opened longitudinally prior to fixation. Intestinal sections were then pinned flat 

on wax plates with luminal side up, covered with 10% neutral buffered formalin 

(NBM) and kept at room temperature for 48-72hours. Subsequently, intestinal 

sections were then rolled by a ‘swiss-roll’ technique and for ‘optimal fixation’ 

were transferred to 70% ethanol for processing by the CRUK Beatson Histology 

Department.  

 

2.2.2 Tumour Tissue Fixation    

Where only tumour tissue was required for analysis, the rectum and adjacent 2-

3cm of proximal colon was dissected, so that tumour sections with adjacent 

normal tissue could be easily cut for further analyses. The short intestinal 

section was flushed with water, opened longitudinally and placed luminal side 

up on Whatman paper. Tumour diameters were measured using calipers, and 

estimated volume subsequently calculated (Volume = (Length x Width2)/2). 

Tumour samples were fixed in 10% NBM at room temperature for 48-72 hours 

before being transferred to 70% ethanol for processing.  
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Where tumour volume was sufficient a piece of tumour core was dissected 

(>2x2mm), placed in a 1.5ml Eppendorf tube submerged in RNA later (Sigma, 

#R0901), then stored at -80°C for later use.   

 

2.2.3 Tissue Fixation for Evaluation of Metastases 

Upon sampling of animals, tissue was dissected for analysis to determine 

presence of both local lymph node and distant organ metastasis. Lymph nodes 

were dissected from the colonic mesentery, and fixed separately in 10% NBM at 

room temperature. Liver, lungs, spleen and pancreas were dissected and fixed in 

10% NBM. Any visible distant metastases were micro-dissected and fixed 

separately in 10% NBM. Tissue was kept in 10% NBM for ‘long fix’ and subsequent 

processing. 

 

2.3 Tissue processing, Immuno-histochemistry and In-situ 

Hybridisation 

Following tissue sampling and fixation, all samples were processed by the CRUK 

Beatson Histology Department using standard protocols. Tissues were first 

dehydrated and cleaned, then embedded in paraffin wax blocks. 4µm tissue 

sections were then cut using a microtome, floated in a water bath, then 

mounted onto glass slides for further use in a variety of staining procedures 

including Haematoxylin and Eosin (H+E), immunohistochemistry (IHC) and 

RNAscope. 

 

2.3.1 In-Situ Hybridisation 

In-situ hybridisation, or ‘RNA scope’ was performed by the CRUK Beatson 

Histology Department according to the manufacturer’s protocol (RNAscope 2.0 

High Definition – Brown, Advanced Cell Diagnostics). Key details of in-situ probes 

are listed in Table 2.1.  
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Target Supplier Catalogue Nō 

PD-L1 Bio-Techne #420508 

Lgr5 Bio-Techne #312178 

SMAD7 Bio-Techne #429418 

 

Table 2.1: Probes used for in-situ Hybridisation 

 

2.3.2 Immuno-histochemistry  

All IHC stains were completed by the CRUK Beatson Histology Department using 

standard and optimised IHC protocols. Details and dilutions of all antibodies used 

for IHC stains are detailed in Table 2.2.  

Target Supplier Catalogue Nō Dilution 

CD3 Abcam #Ab16669 1:100 

CD4 eBioscience #14-9766-82 1:500 

CD8 eBioscience #14-0808-82 1:500 

FOXP3 Cell Signalling  #12653 1:200 

F4/80 Abcam #Ab6640 1:100 

Ly6G Bioxcell #BE0075-1 1:60000 

S100A8 R&D Systems #MAB3059 1:2000 

S100A9 Santa Cruz #sc-8115 1:1000 

pSMAD3 

(phospho S423 + 

S425) 

Abcam  #Ab52903 1:50 

IGFBP7 Sigma Aldrich #HPA002196 1:100 

CALD1 Sigma Aldrich #HPA008066 1:500 

BrdU BD Biosciences #347580 1:150 

γH2AX Cell Signalling #9718 1:120 

Cleaved Caspase3 Cell Signalling #9661 1:500 

SMAD2 (phospho 

S255) 

Abcam #Ab188334 1:50 

 

Table 2.2: Antibodies used in Immunohistochemistry  
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2.3.3 Special Stain – Alcian Blue/Periodic Acid Schiff Staining 

AB/PAS staining was performed by the CRUK Beatson Histology Department by a 

standard protocol, whereby all acidic mucins were first stained with Alcian blue 

solution (pH 2.5), then all mucins stained with 1% Periodic Acid solution and 

Schiffs Reagent (PAS) such that mucins are demonstrated in a contrasting 

manner. 

 

2.3.4 Multiplex Immunofluorescence Staining 

Multiplex immunofluorescence was performed and analysed by Dr Eoghan 

Mulholland (Professor Simon Leedham Lab, University of Oxford). Multiplex 

immunofluorescence was performed on 4µm thickness FFPE sections using the 

Opal™ protocol (Akoya Biosciences, Marlborough, MA) on the Leica BOND RXm 

autostainer (Leica Microsystems, Wetzlar, Germany). Six consecutive staining 

cycles were performed using the following primary antibody-Opal fluorophore 

pairs:  

Target Supplier Catalogue Nō Dilution Fluorophore 

Ly6G BD Pharmingen #551459 1:300 Opal 540 

CD4 Abcam #ab183685 1:500 Opal 520 

CD8 Cell Signalling #98941 1:800 Opal 570 

CD68 Abcam #ab125212 1:1200 Opal 620 

FoxP3 Cell Signalling #126553 1:400 Opal 650 

E-cadherin Cell Signalling #3195 1:500 Opal 690 

 

Table 2.3: Antibodies used in Multiplex Immunofluorescence  

 

Whole-slide scans and multispectral images were obtained on the Akoya 

Bioscienes Ventra Polaris™. Batch analysis of multispectral images was 

performed with the inform 2.4.8 software provided, with images fused in HALO® 
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(Indica Labs) to produce a spectrally unmixed reconstructed whole-tissue image. 

Cell density analysis was performed for each cell of interest using HALO®. 

 

2.4 Blood analysis 

Blood was collected in EDTA columns post cardiac puncture, then analysed using 

an IDEXX Procyte Dx Haematology Analyser (IDEXX). 

 

2.5 Scoring 

Tumours were assessed by a Consultant Pathologist (Dr Noori Maka, Queen 

Elizabeth University Hospital) to determine tumour grading, and to identify 

histological features of response to radiotherapy.  

 

2.5.1 Manual Scoring 

Where manual scoring of IHC sections was performed, 10 representative areas 

20X field of view regions were counted for positively staining cells per tumour. 

The mean value was then calculated to determine the number of positive cells 

per mm2 of tumour. 

 

2.5.2 Digital Pathology Analysis 

Slides to be analysed digitally were scanned at a magnification of x20 using a 

Leica slide scanner, then exported to HALO® v2.0 software (Indica Labs). Using 

HALO® software, tumour sections were manually outlined then appropriate 

analysis algorithms used to detect positively stained cells. For most IHC stains, a 

CytoNuclear v2.0.9 algorithm was used with quantitative output shown as 

positively stained cells/µm2 or as % of cells staining positively. For F4/80 and 

AB/PAS stains, an Area quantification v2.2.4 algorithm was used with 

quantitative output shown as % of tissue positive for the stain analysed. For ISH 

stains, an ISH v2.2 algorithm was used with output shown as total probes staining 

positively per µm2.    
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2.6 Tissue Culture 

‘Supplemented Advanced DMEM/F12’, ‘ADF base’ and ‘Complete culture 

medium’ are referred to throughout this section, and are made up as follows: 

‘Supplemented Advanced DMEM/F12’ (Gibco, #12634-010) 

Supplement Supplier Code Concentration  

L-Glutamine Gibco 25030-024 2mM 

HEPES Gibco 15630-056 10mM 

Penicillin/Streptomycin Gibco 15140-122 100U/ml 

‘ADF base’ = Supplemented Advanced DMEM/F12 with growth factors 

Growth Factor Supplier Code Concentration  

N2 Gibco 17502-001 1X 

B27 Gibco 125870-001 1X 

‘Complete Culture Medium’ = ADF base with growth factors 

EGF Peprotech AF-100-15 50ng/ml 

Noggin Peprotech AF-250-38 100ng/ml 

 

Table 2.4: Components of Organoid Culture Media  

 

2.6.1 Preparation of Organoids  

Organoid lines were retrieved from -80° or liquid nitrogen storage, having been 

preserved in cell culture freezing medium (Gibco #12648010). The cryovial 

containing frozen organoids was thawed quickly in a waterbath at 37°C, 

transferred to pre-warmed supplemented Advanced DMEM/F12, and centrifuged 

at 1200rpm for 3 minutes. The cell pellet was then mechanically dissociated in 

150µl ADF base, a further 5ml supplemented Advanced DMEM/F12 added, then 

centrifuged at 800rpm for 3 minutes. The cell pellet was then resuspended in 

150µl growth factor reduced Matrigel® (Corning #356231), set on a 6-well plate 

with 2ml culture media added, and incubated at 37°C, 5% CO2, 21% O2.   

Organoids were typically passaged and expanded at a ratio of 1:3, every 48-72 

hours. Matrigel® domes were scraped out of wells by harsh mechanical pipetting 

to dissociate organoids from solidified Matrigel®. A 3-minute cycle of 

centrifugation at 1200rpm was carried out, with remnant Matrigel® aspirated 
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from the cell pellet. 150µl ADF base was then added to the cell pellet, and the 

suspension underwent vigorous manual pipetting with a P200 pipette; 

dissociation of organoids into fragments was confirmed by inspection under 

brightfield microscope. A further cycle of centrifugation was carried out at 

800rpm for 3-minutes. Organoids were then re-plated in fresh Matrigel® on 6-

well plates.  

Prior to colonoscopy-guided injection, brightfield images were obtained at x4 

magnification on an Olympus CKX41 microscope. 1ml of media was then 

aspirated from each well and 1ml of cold PBS added. Organoids were then 

dissociated from solidified Matrigel® by harsh manual pipetting. Centrifugation 

was then performed at 1400rpm for 3-minutes to clean dissociated organoids and 

to separate remnant Matrigel®. The cell pellet was then vigorously broken up 

using an aspirator and 1ml stripette with p200 pipette tip attached. PBS was 

then added and a further wash step carried out with centrifugation at 800rpm 

for 3 minutes. Cell pellets were then resuspended in PBS at 70µl per well, 

combined and divided into 1ml aliquots, and kept on ice prior to injection.  

All organoid lines were routinely tested for mycoplasma prior to injection by 

qPCR (Minerva Biolabs #11-91250). 

 

2.6.2 Derivation of Organoid Lines from Primary Tumours 

For generation of primary organoid lines from locally induced rectal tumours, a 

tumour piece was dissected (at least 4x4mm) immediately following sacrifice 

and kept in cold PBS. The tumour was cut into small pieces in a 100mm dish, 

then washed in PBS three times. Tumour fragments were then incubated in 5ml 

2.5% 10x Trypsin (Gibco #15090046) and 200U recombinant DNase I (Roche 

#04716728001) at 37°C for 30minutes. 5ml ADF base was then added and tumour 

fragments shaken vigorously to further dissociate, with this step repeated a 

further two times. Centrifugation at 1200rpm/3mins was performed, the cell 

pellet resuspended in 10ml ADF base, then passed through a 70µm cell strainer 

which was then washed with 5ml ADF base. Centrifugation was performed at 

800rpm/3mins, and the cell pellet then resuspended in Matrigel® at a volume 

appropriate to the pellet volume. Organoids were cultured in complete culture 

medium at 37°C, 5% CO2, 21% O2. Organoids were typically passaged and 
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expanded every 48-72 hours, then frozen down in cell culture freezing medium 

(Gibco #12648010) once at a volume sufficient for a full 6-well plate. 

 

2.6.3 Single Cell Suspension Seeding  

For seeding of single cells suspension, AKPT organoids were cultured and 

passaged as previously described, until 3 wells of a standard 6 well plate were 

obtained. Organoids were manually scraped out of wells to dissociate organoids 

from Matrigel® and centrifuged at 1200rpm for 3-minutes. The cell pellet was 

then broken up by vigorous manual pipetting as previously described, then 

centrifuged at 800rpm for 3-minutes. The cell pellet was then incubated in 1ml 

1X TrypLE Express (Gibco #12604013) and 2µl DNase (Roche #04716728001) at 

37°C for 50minutes, with mixing performed every 10 minutes. 1ml ADF base was 

then added, mixed by pipetting, then passed through a 40µm cell strainer. The 

strainer was rinsed with 2ml ADF base, and the cell mix centrifuged at 1200rpm 

for 3-minutes. The cell pellet was then resuspended in 1ml complete culture 

medium, and cell counting performed by adding 20µl trypan blue (Invitrogen 

#T10282) to 20µl cell mix, then adding to a countess cell counting chamber slide 

(Invitrogen #C10228) for counting on a Countess II (Invitrogen, AMQAX1000). The 

number of live cells/ml was calculated by averaging two readings, then 4000 

cells/ml suspended in the appropriate volume of complete cell culture medium. 

2% Matrigel® was added to the cell mix to aid 2D layer seeding. 

96 well plates were pre-coated with 10µl of Matrigel per well, then set at 37°C 

for 15 minutes. Following this, 150µl cell mixture (600 cells per well) was added 

to each well then incubated at 37°C, 5% CO2, 21% O2.   

 

2.7 In-Vitro Irradiation Experiments 

In-vitro treatment of organoids was performed at 72 hours post seeding as single 

cells in a 2D layer. 5 biological replicates were used for each experimental 

condition. Similar results were obtained from two independent experiments, 

with the second experiment presented in this thesis. 
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2.7.1 In-Vitro Irradiation 

Irradiation of organoids was performed using the CellRad+ system (Precision Xray 

Irradiation). Doses of 2Gy, 4Gy, 6Gy, 8Gy and 10Gy were administered, with a 

0Gy untreated plate maintained under the same conditions as a control.  

2.7.2 In-Vitro Drug Treatment 

Immediately prior to irradiation, organoids were treated with escalating 

concentrations of 5-FU or dimethyl sulfoxide (DMSO) in replenished complete 

culture medium. Solutions of 0.5µM, 1µM, 5µM, 10µM and 50µM 5-FU were 

prepared from stock solution by serial dilution in distilled water. 

2.7.3 In-Vitro Imaging and Analysis 

In-vitro imaging was performed using an Incucyte® Zoom System (Essen 

Bioscience), with images performed at 8-hour intervals over a period of 72-

hours. Following a period of 72-hours, cell viability was assessed using the cell 

proliferation reagent WST-1 assay (Roche #05015944001). WST-1 reagent was 

added to each well at a dilution of 1:10, then returned to the incubator for 90 

minutes to maintain dark conditions. Formazan dye formed was then quantified 

using an Infinite® 200 multi-well spectrophotometer ELISA reader (Tecan). Cell 

viability was then calculated by using the average of 5 replicate wells for each 

experimental condition, with % cell viability calculated by normalising values 

relative to the value obtained for the 0Gy/DMSO control condition.   

 

2.8 RNA sequencing/Gene Expression Analysis 

2.8.1 Isolation of RNA 

RNA was isolated using the Qiagen RNeasy Minikit (Qiagen #74104) following the 

manufacturer’s instructions. A maximum of 30mg of tumour tissue was placed in 

CK14 ceramic bead tubes (Precellys #P000912-LYSK0-A0), with 600µl RLT lysis 

buffer and 6µl β-mercaptoethanol (β-ME) and homogenised using a Precellys 

Evolution machine (Bertin Instruments) at 6800rpm for 3x20seconds cycles. Cell 

pellets were homogenised by adding 350µl buffer RLT with 3.5µl β-ME, and 

manually pipetting. Homogenised lysate was added to 700µl 70% ethanol, mixed 

by pipetting, then 700µl transferred to RNeasy Mini spin columns placed in a 2ml 



123 
 

collection tube, before centrifuging briefly for 15seconds at 8000g. The flow 

through was discarded, then this step repeated for the remaining tissue lysate. 

350µl RW1 wash buffer was then added to the spin column and centrifuged 

briefly for 15 seconds at 8000g. DNase stock solution was prepared prior to RNA 

extraction using an RNase-Free DNase set (Qiagen #79254). 550µl RNase-free 

water was injected into the DNase I vial using an RNase-free needle and syringe, 

then mixed by gentle inversion, before dividing into aliquots and frozen at -

20°C. For each sample, DNase solution was prepared by adding 10µl DNase stock 

solution to 70µl buffer RDD, then added to the spin column membrane and left 

at room temperature for 15minutes. A further 350µl RW1 wash buffer was added 

to each spin column, centrifuged at 8000g for 15 seconds, and the flow through 

discarded. Two washes with buffer RPE were performed, then the spin column 

centrifuged at 1300g for 1 minute to dry the membrane. 30µl of RNase free 

water was then added to each spin column, centrifuged at 8000g for 1 minute to 

elute the RNA. RNA concentration was then quantified using a NanoDrop 2000c 

Spectrophotometer (ThermoScientific).  

 

2.8.2 RNA Sequencing and Bioinformatics Analysis 

Quality of purified RNA was performed on 100µg/µl of each RNA sample on an 

Agilent 220 Tapestation using RNA screentape. Only samples with RNA Integrity 

Number (RIN) value ≥6.0, were considered for RNA sequencing. RNA sequencing 

and library preparation was performed by William Clark for data presented in 

chapters 3 and 4 (CRUK Beatson Institute Molecular Technologies Services) using 

an TruSeq RNA sample prep kit (Illumina). Samples were then run on an Illumina 

NextSeq 500 using the High Output 75 cycles kit (2 x 36 cycles, paired end reads, 

single index). RNA sequencing data presented in Chapter 6 was performed by 

Genewiz (Azenta Life Sciences). 

Analysis of RNA sequencing data was performed by Dr Kathryn Gilroy (CRUK 

Beatson Institute) and Lily Hilson (University of Glasgow) or using the Molecular 

Subtyping Resource (MouSR) (https://mousr.qub.ac.uk/). The raw sequence 

quality was assessed using the FastQC algorithm version 0.11.9. Sequences were 

then trimmed to remove poor quality base calls and adaptor sequences, using 

the Trim Galore tool version 0.6.4. Trimmed sequences were aligned to the 
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mouse genome build GRCm38.98 (Church et al, 2011) using HISAT2 version 2.1.0, 

with raw counts per gene then determined using FeatureCounts version 1.6.4. 

Differential expression analysis was performed using the R package DESeq2 

version 1.22.2. Gene Set Enrichment Analysis (GSEA) was carried out using R 

package fgsea version 1.8.0. Differential expression analysis and GSEA were 

performed by Dr Kathryn Gilroy (CRUK Beatson Institute). 

Principal Component Analysis was conducted using the MouSR resource, with 

analysis performed through the prcomp function in the R stats package 

embedded in the resource (Ahmaderaghi et al, 2022). CMS analysis was 

performed through the human CMS template embedded in CMScaller, with 

conversion to mouse orthologues using biomaRT R stats package to remove 

remove intersected mouse genes embedded in the MouSR resource, with the 

nearest template prediction (NTP) method used to call mouse CMS. 

Microenvironment cell populations (mMCP) analysis was performed using the 

Murine MCP (mMCP) counter R package embedded in the MouSR resource 

(https://mousr.qub.ac.uk/).   

 

2.9 Flow cytometry 

At sampling, ~300µl of blood was obtained by cardiac puncture and kept in an 

EDTA tube, with ~20mg of mesenteric lymph node tissue and ~30mg tumour 

tissue harvested and exact weights recorded. Tissues and blood were kept on 

ice, then sample processing and staining was performed by Xabier Cortes-Lavaud 

(CRUK Beatson Institute). Tumour tissues were digested using the Mouse Tumour 

Dissociation Kit (Miltenyi Biotec, #130-096-730 and the GentleMACS Octo 

Dissociator with Heaters (Miltenyi Biotec, #130-096-427) using the 37_m_TDK_1 

programme. Blood was processed by adding erythrocyte lysis buffer (20x volume) 

and incubating on ice for 10 minutes. Lymph node tissue was processed by 

adding 1ml RPMI 1640 (Gibco, #31870-025), Collagenase D (1.25mg/ml) and 

DNAse I (30µg/ml) and incubating at 37°C for 30 minutes. Cells were then passed 

through a 70µm cell strainer, and centrifuged at 400g for 5 minutes. 2 million 

cells were incubated in LIVE/DEAD fixable near-IR stain kit (ThermoFisher, 

#L10119) at 1:1000 dilution in 100µl PBS in the dark for 15 minutes at 4°C. Fc 

block was then performed to block CD16/32 activity, using TruStain FcX anti-
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mouse CD16/32 (Biolegend, #101320) at 1:200 in PBS 1% BSA, and incubated for 

10 minutes in the dark at 4°C. 25µl of antibody mix was then added per panel 

(lymphoid and myeloid), then incubated at 4°C in the dark for 30 minutes. 

Target Supplier Catalogue Number Dilution 

CD44 Biolegend #103032 1:100 

CD4 Biolegend #100510 1:100 

PD1 Biolegend #135225 1:100 

NK1.1 Biolegend #108745 1:200 

Il-17 Biolegend #108745 1:200 

CD45 eBioscience #63-0451-82 1:100 

gdTCR Biolegend #118131 1:200 

CD3 Biolegend #100228 1:100 

CD19 BD Biosciences #749027 1:400 

CD62L BD Biosciences #749027 1:200 

CD8a Biolegend #301027 1:100 

Granzyme B Biolegend #515406 1:100 

IFN-γ eBioscience #25-7311-41 1:200 

TCRb Biolegend #109239 1:400 

CD69 Biolegend #104508 1:100 

 

Table 2.5: Details of Antibodies used for Lymphoid Panel 
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Target Supplier Catalogue Number Dilution 

MHCII Biolegend #114620 1:200 

SiglecF Biolegend #155503 1:100 

CD103 Biolegend #121435 1:200 

F4/80 Biolegend #123149 1:100 

CD45 eBioscience #63-0451-82 1:100 

CD11c Biolegend #117353 1:100 

CD11b BD Biosciences #741934 1:200 

Ly6G BD Biosciences #563978 1:50 

Ly6C Biolegend #128024 1:100 

CXCR2 Biolegend #149604 1:50 

CD48 Biolegend #103424 1:200 

CD64 Biolegend #139319 1:100 

CD101 eBioscience #12-1011-82 1:100 

 

Table 2.6: Details of Antibodies used for Myeloid Panel 

 

For cell fixation, 50µl PBS with 4% paraformaldehyde was added to the cells, 

then incubated at room temperature for 15 minutes in the dark. The cells were 

then washed and resuspended in PBS. The cells were then washed in 10X 

Permeabilization buffer (Invitrogen, #00-8333-56), then washed and re-

suspended in PBS for flow cytometry acquisition. Data was then acquired BD LSR 

Fortessa Flow Cytometer (BD Biosciences) and analysed with FlowJov10.4.2 

(Performed by Xabier Cortes-Lavaud, CRUK Beatson Institute). 

 

2.10 Data analysis and presentation 

Graphs were generated using GraphPad Prism 9. Bar charts display mean +/- 

standard error of mean. Statistical significance was assessed by either one-tail or 

two-tail Mann-Whitney U-tests (for bar charts), or by Log Rank Mantel Cox test 

(for survival curves) with significance assumed at p values of <0.05. Details of 

experimental numbers, statistical test used and significance are denoted in each 

figure legend. Power calculations were performed using the NC3Rs Experimental 
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Design Assistant (https://eda.nc3rs.org.uk/eda). Group sizes were calculated to 

detect a 50% increase in survival based on a median untreated survival of 34 

days in the AKPT organoid transplant model, with a type 1 error rate (α) of 5% 

and 95% power. Diagrams were generated using BioRender scientific image 

generation software (https://www.biorender.com/). 
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Chapter 3: Development and Characterisation of 

Orthotopic Models of Locally Advanced Rectal Cancer 

3.1 Introduction 

3.1.1 Orthotopic Models of Locally Advanced Rectal Cancer 

Despite several decades of significant advances being achieved in the pre-

clinical modelling of CRC, models which specifically recapitulate the anatomical 

characteristics of rectal cancer are lacking (Lannagan et al, 2021). Numerous 

surgical techniques have resulted in engraftment of tumours in the murine 

rectum. Submucosal needle injection of murine or human cancer cell lines 

following rectal prolapse induction has successfully established locally aggressive 

adenocarcinoma in immunocompetent hosts with high penetrance (Kashtan et al, 

1991; Donigan et al, 2009; de Sousa e Melo et al, 2017). A similar rectal prolapse 

technique has also been employed, whereby donor murine colorectal tumour 

fragments are sutured to the rectal mucosa following prolapse induction with a 

haemostatic clip (Enquist et al, 2014).  

Murine rectal tumour models can be generated following induction of colitis with 

orally administered dextran sulfate sodium (DSS), with a murine CRC cell 

suspension injected as an enema followed by temporary sealing of the anus with 

a small clamp to prevent spillage (Takahashi et al, 2004). Similarly, chemical 

induction of colitis can be achieved through intraluminal instillation of 4% acetic 

acid solution, with murine CRC cells also injected intra-luminally (Kishimoto et 

al, 2013). Both techniques report high penetrance of invasive adenocarcinoma 

within the murine rectum, with a short latency (~4 weeks) to tumorigenesis.  

Recently, more sophisticated modelling strategies have been employed whereby 

murine derived organoids can be manipulated using CRISPR/Cas9 genome editing 

techniques, such that tumours express combinations of common CRC driver 

mutations. Following induction of colitis by DSS administration, pipette enema 

injection of shApc/KrasG12D/+/p53R127H/- murine derived organoids successfully 

resulted in tumorigenesis at the rectum/distal colon with 62% success and a low 

incidence of distant metastasis (O’Rourke et al, 2017). DSS induction has been 

similarly employed to enable engraftment of organoids with more complex 

mutational burdens (shApc/Trp53-/-/Tgfbr2fl/fl/K-rasG12D/+/AKTE17K), successfully 
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modelling invasive adenocarcinoma with a high penetrance of distant metastasis 

in both distal colon and rectum (Varga et al, 2020; Nicolas et al, 2022).  

The requirement for chemical colitis induction to achieve engraftment of tumour 

cell lines can be overcome by colonoscopy guided submucosal injection 

techniques. A rigid veterinary endoscope can be used to guide needle injection 

of organoids into the colonic submucosa under direct visualisation (Zigmond et 

al, 2011). Following the first description of this technique by Zigmond and 

colleagues, genomic editing strategies were utilised to inject Apcfl/fl;KrasLSL-

G12D/+;Trp53fl/fl expressing tumour organoids into the distal colonic submucosa of 

NOD Scid Gamma (NSG) mice, resulting in invasive tumours at 12 weeks and liver 

metastasis in 33% of recipient mice (Roper et al, 2017). Similarly, organoid lines 

representative of serrated CRC engineered through CRISPR/Cas9 genome editing 

techniques, have been injected into the colonic submucosa of NSG mice 

modifying the technique initially described by Zigmond and colleagues (Lannagan 

TRM et al, 2019). Recent genome editing techniques now enable control over the 

mutational characteristics of murine tumour cell lines, with colonoscopy guided 

needle injection allowing orthotopic transplantation of tumours without the 

requirement for colitis induction or surgical intervention.  

Orthotopic models of CRC can be generated without the transplant of human or 

murine cell lines, through ligand dependent and tissue specific Cre-recombinase 

systems. Cre recombination under the control of the intestinal specific Villin 

promotor (VilCre-ERT2) can be induced following tamoxifen injection, and 

allows temporal and tissue specific control over tumour formation (el Marjou et 

al, 2004; Feil et al, 2009). Colonoscopy guided submucosal needle injection can 

be utilised to deliver tamoxifen to a specific colonic site in Apc mutant mice 

(VillincreER; Apcfl/fl), with near 100% success with tumour induction, and may be a 

technique which could be applied to the rectal location (Roper et al, 2017).  

 

3.1.2 Limitations of Orthotopic Models of Locally Advanced Rectal Cancer 

The use of commercially available, immortalised cell lines limits their 

applicability to the pre-clinical development of treatment strategies in CRC 

(Hynds et al, 2018). It is only in retrospect that commonly used murine tumour 

derived cell lines, including CT26 and MC38 have undergone extensive molecular 
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characterisation. CT26 displays significant chromosomal aberration and 

extensive tri and tetraploidy. CT26 cells display KrasG12D mutations, however, 

Apc and Tp53 are not mutated (Castle et al, 2014). Characterisation of the MC38 

cell line has shown this to be a valid model for investigating microsatellite 

unstable (MSI-H)/hypermutated CRC, which accounts for only ~1-2% of rectal 

cancer and furthermore represents a subset of patients with favourable 

prognosis and responsiveness to immune checkpoint blockade (Hutchins et al, 

2011; Efremova et al, 2018).  

Several studies using orthotopic colonic transplant models involve the use of 

human CRC derived cell lines, such as HCT116. Although Enquist et al reliably 

developed orthotopic rectal cancer models, invasive adenocarcinoma and a high 

penetrance of distant metastasis was achieved in an immunocompromised host 

(NOD scid gamma mice). Lack of host immune response significantly alters the 

tumour immune microenvironment, with the absence of mature T-cells limiting 

the utility of immunocompromised models in both mechanistic and treatment 

studies.  

Chemical induction techniques confer significant advantages over other 

transplant models, as tumours establish in the mucosal layer in the same manner 

as human disease. However, colitis is required in these models to establish 

mucosal inflammation and a tumour promoting niche. The resulting microbiome 

and host immune response is significantly altered in comparison with normal 

conditions under which tumorigenesis arises. It is known that DSS colitis 

induction is associated with accumulation of immune cells within the colon 

microenvironment, including increased neutrophils, CTLs, T helper and Treg 

cells, as well histological changes such as crypt destruction, goblet cell loss and 

depletion of the epithelial barrier (Yan et al, 2009; Nunes et al, 2018). 

The development of orthotopic rectal cancer models that accurately 

recapitulate the anatomical, histological and molecular characteristics of human 

disease remains an unmet need in the field of CRC research; in particular, 

models which represent poor prognosis and treatment resistant subtypes are 

lacking. Recent studies suggest that orthotopic transplant of murine tumour 

derived organoids, which can undergo additional genomic editing to express 

specific mutations of interest, is a feasible approach which could be adapted to 

the context of rectal cancer. Furthermore, Cre-recombinase systems permitting 
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local delivery of tamoxifen have the potential for simple modification to locally 

induce rectal tumours in genetically engineered mouse models.  

 

3.1.3 Experimental Aims 

The focus of this chapter was to develop experimental models of LARC which can 

be used in treatment studies to evaluate responses to radiotherapy, and to study 

novel radiotherapy-immunotherapy combinations. I aimed to overcome the 

drawbacks discussed with previously described orthotopic models of rectal 

cancer, to develop immunocompetent models which better recapitulate the 

anatomical and histological features of human disease, whilst also achieving 

reliable engraftment rates with rapid latency. I aimed to develop models which 

reflect the mutational burden observed in human disease, and furthermore 

recapitulate the poorest prognosis subtypes of disease, which are most in need 

of novel therapeutic strategies and a better understanding of the mechanisms 

underlying treatment resistance.  

I aimed to model the commonest driver mutations of rectal cancer as described 

in the adenoma-carcinoma sequence, including APC, p53 and KRAS mutation 

(Fearon and Vogelstein, 1990). In addition, I aimed to model tumours with TGFβ 

activating mutations, to model poor prognosis subtypes with immunosuppressive 

tumour microenvironments. High expression of TGF-β has been found to be 

associated with worse overall and disease-free survival in patients who have 

undergone surgery for CRC (Chen et al, 2017). Furthermore, study of human 

organoid cultures shows that high TGF-β expression is associated with the 

development of the mesenchymal CMS4 subtype, and furthermore directs sessile 

serrated adenoma precursor lesions towards the CMS4 subtype (Fessler et al, 

2016).  

This chapter describes the development and characterisation of orthotopic 

models of LARC, and addressing the following aims: 

• Development of novel orthotopic transplant and autochthonous 

models of LARC which recapitulate the anatomy of human disease 

while maintaining immune competence. 
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• Development of a model of LARC which is reproducible, with rapid 

latency and high engraftment rate. 

• Characterisation of the histological features of newly developed 

models of LARC and their ability to model locally invasive disease 

and distant metastasis. 

• Characterisation of the tumour immune microenvironment using 

immunohistochemistry and RNA sequencing to align developed 

models with molecular subtypes of human disease. 
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3.2 Results 

3.2.1 Common CRC Driver Mutations are observed in a Rectal Cancer Subset 

I characterised the mutational burden of human rectal cancer to establish any 

differences when compared with colonic cancer, and to guide the development 

of a suitable pre-clinical model. Data was analysed from a cohort of patient 

tumour samples (n=44) which had undergone mutational profiling by the Glasgow 

Precision Oncology Laboratory (GPOL) following curative surgical resection for 

rectal cancer. Rectal tumours of all T-stages (T1-4) were included in analysis. 

APC, TP53 and KRAS were the most commonly occurring mutations in this cohort, 

seen in 84%, 80% and 34% of patients respectively (Figure 3.1, upper panel). 

These results show similar concordance with mutational frequencies described in 

the literature for CRC (Cancer Genome Atlas Network, 2012). Furthermore, 

analysis of the publicly available TCGA (The Cancer Genome Atlas) database for 

the rectal cancer subgroup (n=82) revealed similarity with the data from our 

local patient cohort, with APC, TP53 and KRAS mutations showing 89%, 73% and 

45% prevalence respectively (Figure 3.1, lower panel).   
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Figure 3.1: Mutational Profile in Human Rectal Cancer 

Top - Oncoplot displaying the 10 most common mutations in a cohort of resected rectal cancer 
patients (n=44) analysed by mutational profiling performed using the Glasgow Precision Oncology 
Laboratory (GPOL) gene panel (See Appendix for full gene list). Bottom – Oncogrid displaying 
mutational frequency from rectal cancer profiles obtained through a publicly available data-set 
(The Cancer Genome Atlas). Top 50 most mutated genes shown (y-axis); individual patients 
displayed (x-axis). 

 

3.2.2 Differences in Mutational Profile between Rectal and Colonic Cancer 

are observed 

To determine the differences in mutational profiles between rectal cancer and 

colonic cancer, I compared the rectal cancer patient group with a corresponding 

cohort of colonic cancer patients who had undergone curative resection (n=166). 

Similarly, the most commonly observed mutations in colonic cancer were APC, 

TP53 and KRAS, seen in 73%, 58% and 51% respectively (Figure 3.2, upper panel). 

Comparative analysis demonstrated that TP53 mutations occur at a significantly 
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higher frequency in rectal cancer (p=0.0134) when compared with colonic cancer 

(Figure 3.2, lower panel). Interestingly, TGFBR2 (p=0.0198) and BRAF (p=0.0317) 

mutations were expressed in a significantly increased proportion of colonic 

cancer patients when compared with rectal cancer.  

Mutations in the TGF-β signalling pathway were observed in a small proportion of 

patients in this cohort, with SMAD4 and TGFBR2 mutations detected in 14% and 

2% of rectal cancer resection samples respectively (Figure 3.2, upper panel). 

Mutational inactivation of TGF-β signalling through somatic inactivation of 

TGFBR1/2 or mutation in downstream SMAD transcription factors, is thought to 

occur in 40-50% of colorectal cancer cases, driving progression from advanced 

adenoma to carcinoma (Markowitz et al, 2009; Grady et al, 1999). It has been 

well established that high TGF-β expression within tumours confers higher 

incidence of disease relapse in patients, with pre-clinical studies suggesting that 

TGF-β signalling is crucial in directing both mesenchymal subtype formation and 

the initiation of metastasis (Calon et al, 2012; Fessler et al, 2016). Furthermore, 

a recently developed radiosensitivity index showed in multiple patient cohorts 

that stromal TGF-β expressing fibroblasts and epithelial APC mutations are 

associated with radio-resistance to standard of care CRT in LARC (Domingo et al, 

2021). Although TGF-β mutations were observed in a relatively low proportion of 

rectal tumours analysed, it is known that a significant proportion (27%) of rectal 

cancers align with the CMS4 subtype, which is associated with stromal TGF-β 

signalling, poor prognosis and treatment resistance (Loree et al, 2018). 
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Figure 3.2: Mutational Comparison between Human Rectal and Colonic Cancer Specimens 

Top – Oncoplot displaying the 15 most common mutations observed in resected colonic and rectal 
cancer patients. Lower – Forest plot displaying genes with significantly altered mutation 
frequency between rectal and colonic subgroups. Red lines represent genes with increased 
mutation frequency in rectal cancer.  Blue lines represent genes with increased mutation 
frequency in colonic cancer. Significant p-value = <0.05. Confidence Intervals = 95%. 

 

3.2.3 Modelling Common Driver Mutations of Rectal Cancer through Localised 

Submucosal Tamoxifen Injection 

Locally inducible tumour models have previously been described using the 

tamoxifen dependent Cre recombinase (CreER) system (el Marjou et al, 2004). 

CreER driven by the epithelial specific promotor Villin, has been used to induce 

intestinal tumours in Apc mutant mice (VillinCreER: Apcfl/fl) with CreER being 
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activated by mucosal delivery of 4-hydroxytamoxifen (4-OHT) under colonoscopic 

guidance (Roper et al, 2017). Through simple adaptation of the colonoscopy 

guided submucosal injection technique described by Roper et al, I aimed to 

generate rectal tumours through submucosal injection of tamoxifen to the most 

distal region of the mouse colon, similarly to previous studies which defined the 

rectum as being within 1cm of the anal margin (Siri et al, 2019). However, the 

presence of a murine rectum has been debated in the literature, with other 

studies describing only a distal colon (Freeling et al, 2016). Following 

submucosal injection of tamoxifen suspended in PBS (70μl total, concentration 

100μM), Lox protein (LoxP) flanked alleles recombine to induce deletion of genes 

of interest, or oncogenic activation of an allele (in the case of KrasG12D) through 

deletion of a stop codon (Fig 3.3, top panel). Initially, I developed rectal tumour 

models with Apc deletion and Kras activation (VillinCreER: Apcfl/fl;KrasG12D/+), 

and thereafter described as the ‘AK’ model. Similarly, a model with Apc 

deletion, Kras activation and TP53 deletion was developed (VillinCreER: 

Apcfl/fl;KrasG12D/+;p53fl/fl), and termed the ‘AKP’ model.  

 

Figure 3.3: Modelling Common Driver Mutations of Rectal Cancer through Localised 
Submucosal Tamoxifen Injection 

Top – Schematic demonstrating genetic modelling strategy for both ‘AK’ and ‘AKP’ models using 
the Cre-Lox recombinase system. Bottom – Schematic showing experimental timeline for model 
induction and monitoring.  
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Tumorigenesis was confirmed by colonoscopy at one week post induction (Figure 

3.3, bottom panel). Following localised tamoxifen induction, a short latency to 

tumorigenesis was observed in both the AK and AKP models, with intra-luminal 

tumours establishing by 1-week post induction (Figure 3.4, top panel). Short 

survival was demonstrated in both AK and AKP genotypes, with median survival 

of 15 and 19.5 days respectively (Figure 3.4, bottom panel). No significant 

difference in survival was observed between locally inducible AK and AKP rectal 

models (Log Rank test p=0.8179). At clinical endpoint, animals typically 

demonstrated signs of weight loss, deteriorating body condition and often rectal 

prolapse. Interestingly, tumour burden was small at sampling with maximal 

tumour diameter typically measuring <5mm, with colonic obstruction not being 

frequently observed in either model. Evidently, homozygous deletion of the Apc 

gene resulted in rapid tumorigenesis, with tumours close to the anal verge 

frequently resulting in mucosal prolapse and a significant degree of distress and 

discomfort. In both models, animals typically showed evidence of clinical 

deterioration and distress at a short 2-3 week time-point, and as a result these 

models were not deemed to be suitable to utilise in later treatment 

experiments.  

 

Figure 3.4: Tumour Latency and Survival in the AK and AKP Models. 

Top – Representative colonoscopy images showing AK and AKP tumours at one week post 
induction. Bottom – Survival curve demonstrating ageing of the AK and AKP models. n=8-10. 
Censored subjects represent animals sacrificed at a planned time-point after irradiation. ns 
denotes non-significance (p≥0.05). Log Rank Test.   
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Tumour tissue from both ‘AK’ and ‘AKP’ models were stained for haematoxylin 

and eosin (H+E) to assess histological features. Non-invasive rectal tumours were 

observed which were confined to the mucosal layer (Figure 3.5, top panel). 

Cohesive epithelial structures were maintained throughout tumours, with 

epithelial cells demonstrating features of low-grade dysplasia (Figure 3.5, 

bottom panel). Uniformity of nuclei was maintained, with slight enlargement, 

elongation and hyperchromatism observed in keeping with early stages of the 

classical adenoma-carcinoma sequence. Invasion beyond the mucosal layer was 

not observed in either AK or AKP models, and furthermore, histological features 

were only consistent with low grade dysplasia. The characteristics described are 

likely to reflect the short clinical endpoint at which these tumours were 

sampled; with no features of invasion or carcinoma observed, these models are 

only representative of the earliest stage of the adenoma-carcinoma sequence. 

To model rectal adenocarcinoma and more advanced stages of disease, it was 

apparent that additional mutations beyond Apc, Kras and TP53 would be 

required. 

 

Figure 3.5: Histological Appearances of AK and AKP Rectal Tumours 

Top – Representative overview images of AK rectal (Left) and AKP rectal (right) tumours, x4 
magnification. Red arrows indicate muscularis mucosa with no invasion through this layer. 
Bottom – Representative images of tumour epithelium demonstrating features of low-grade 
dysplasia, x40 magnification. Blue arrows indicate well differentiated tumour epithelium. Yellow 
arrows indicate hyperchromatic nuclei. Scale bars = 100µm (top images) and 10µm (bottom 
images). 
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3.2.4 Adenocarcinoma Can be Modelled Through Additional TGF-β Pathway 

Mutations  

In addition to the induction of Apc, Kras and TP53 mutations, I introduced 

additional deletion of genes involved in the TGF-β signalling pathway by 

targeting the TGF-β Receptor 1 (Tgfbr1) or Smad4 genes. Similarly, tumours 

were induced by colonoscopy guided submucosal injection of tamoxifen at the 

rectal location to establish ‘AKPS’ and ‘AKPT’ orthotopic rectal cancer models 

(VillinCreER: Apcfl/+;KrasG12D/+;p53fl/fl;Smad4fl/fl) and (VillinCreER: 

Apcfl/+;KrasG12D/+;p53fl/fl;Tgfbr1fl/fl) respectively). I aimed to increase survival 

and the latency to tumorigenesis in these models, and so mice with one ‘floxed’ 

Apc allele were utilised, such that heterozygous Apc deletion would occur upon 

induction (Figure 3.6, top panel). As anticipated, animals displayed a longer 

latency to tumorigenesis, with tumours typically establishing at 8 weeks post 

induction (Figure 3.6, bottom panel).  

 

Figure 3.6: Modelling Adenocarcinoma through Localised Submucosal Tamoxifen Injection 

Top – Schematic demonstrating genetic modelling strategy for both ‘AKPS’ and ‘AKPT’ models 
using the Cre-Lox recombinase system. Bottom – Schematic showing experimental timeline for 
model induction and monitoring strategy.  
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Following serial colonoscopy imaging, tumours typically became apparent at 8 

weeks post induction, with flat lesions demonstrated in contrast to the 

intraluminal lesions observed in the AK and AKP models (Figure 3.7, top panel). 

Longer survival was also observed in both AKPS and AKPT genotypes, with 

median survival of 80 days and 71 days respectively and no significant difference 

seen between the two models (Figure 3.7, bottom panel). A range of signs were 

seen in the AKPS and AKPT models at clinical endpoint, including weight loss, 

deteriorating body condition and occasional rectal prolapse. Other signs 

suggestive of significant tumour burden were also observed, with animals 

displaying rectal bleeding and anaemia (noted through paling feet).  

  

Figure 3.7: Tumour Latency and Survival in the AKPS and AKPT Models. 

Top – Representative colonoscopy images showing AKPS and AKPT tumours at eight weeks post 
induction. Bottom – Survival curve demonstrating AKPS and AKPT ageing cohorts. n=11-14. Log 
Rank Test (p=0.9751). ns denotes non-significance (p≥0.05).  

 

Tumour tissue from both AKPS and AKPT tumours were stained for H+E to assess 

histological features. Invasive adenocarcinoma was seen in both models with 

AKPS tumours showing invasion through the submucosal layer, while AKPT 

tumours invaded deeper through the muscularis propria and towards the serosa 

(Figure 3.8, top panel). Features of moderate differentiation were seen in both 

tumour epithelia with only some glandular structures maintained (Figure 3.8, 
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bottom panel). Features of adenocarcinoma were seen throughout tumours with 

nuclear enlargement and prominent nucleoli. A significant stromal reaction was 

seen, particularly in AKPT tumours, with dense immune and inflammatory 

infiltrate noted (Figure 3.8, bottom panel).   

 

Figure 3.8: Histological Appearance of AKPS and AKPT Rectal Tumours 

Top – Representative overview images (x4 magnification) of locally induced AKPS and AKPT rectal 
tumours. Red arrows indicate invasion through muscularis mucosa. Bottom – Representative 
images (x40 magnification) of AKPS and AKPT rectal tumours. Blue arrows demonstrate 
moderately differentiated tumour epithelium. Yellow arrows indicate infiltrated tumour stroma. 
Scale bars = 100µm (top images) and 10µm (bottom images).  

 

Heterozygous Apc deletion successfully slowed tumour latency, increased 

survival, and enabled the development of progressive histological features in 

keeping with invasive adenocarcinoma, when compared with the AK and AKP 

models. A comparison between homozygous and heterozygous Apc deletion in 

both AK and AKP models would be required to further investigate the effect of 

heterozygous Apc deletion on tumour latency, survival, and whether more 

advanced histological features develop.  

At clinical endpoint, mesenteric lymph nodes and relevant organs (lungs, liver, 

pancreas, and spleen) were harvested to assess local and distant tumour 

dissemination. Neither local lymph node dissemination nor distant metastasis 

were observed in the AKPS model; however, lung and liver metastases were seen 
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in the AKPT model (Figure 3.9, bottom panel). Although a small cohort of 

animals were induced for model development and characterisation, a distant 

metastasis rate of 14.3% was observed in the AKPT model (Figure 3.9, top 

panel).  

 

Figure 3.9: Evaluation of Metastasis in the AKPS and AKPT Models. 

Top – Table depicting incidence of local and distant metastasis in both models. Middle and 
bottom – Representative images of liver and lung metastasis (x10 and x40 magnification). Scale 
bars 50µm (middle images) and 10µm (bottom images). 

 

The locally inducible AKPS and AKPT models of LARC recapitulate locally 

aggressive rectal adenocarcinoma, and in addition the AKPT genotype distant 

metastasis with a low penetrance to the sites commonly observed in human 

rectal cancer. Significant limitations of these models, are the requirement for 

extensive in-house breeding, and the significant time and cost burden associated 

with generating sufficient quantities of animals to enable pre-clinical treatment 

studies. Both models show heterogeneous survival (AKPS range 45 – 155 days; 

AKPT range 50 – 155 days), with tumours typically becoming clinically detectable 
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between 4-8 weeks; further characterisation would be required to establish the 

optimum time-point post-induction to initiate treatment studies, through 

determining the time to develop sufficient tumour burden and histological 

features of invasion.  

As well as utilising the locally induced AKPS and AKPT rectal cancer cohorts for 

model characterisation, tumour tissue was exploited to develop primary rectal 

tumour organoid lines in both genotypes (Figure 3.10). When significant tumour 

burden was encountered upon sampling, tumour pieces were harvested 

separately to generate tumour derived organoid lines (Figure 3.10, top panel). 

To assess the ability of primary rectal tumour derived organoid lines to establish 

orthotopic rectal tumours, I transplanted AKPS tumour derived organoids at the 

rectal submucosa of C57Bl/6 syngeneic mice (n=10) under colonoscopy guidance. 

Rectal tumours established in 100% of animals at one week post injection of 

organoids, as determined by colonoscopy monitoring (Figure 3.10, bottom 

panel). 

 

Figure 3.10: Development of Primary Rectal Tumour Derived Organoids 

Top - Representative Brightfield images (x4) of both AKPS and AKPT rectal tumour derived 
organoids prior to cryopreservation. Bottom – Representative colonoscopic image of rectal 
tumour derived following submucosal injection of AKPS tumour derived organoids. 

 

I have demonstrated the feasibility of establishing primary murine rectal tumour 

derived organoid lines harbouring mutational combinations of interest, which 
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can then be successfully transplanted under colonoscopy guidance to develop 

orthotopic transplant models of rectal cancer. Furthermore, this strategy might 

enable the rapid generation of experimental cohorts to perform time-point 

studies and adequately powered treatment studies.     

 

3.2.5 An Orthotopic Model of Rectal Cancer Generated through Transplant of 

AKPT Organoids 

I next aimed to develop an orthotopic transplant model of LARC, to enable rapid 

tumorigenesis and high experimental throughput. Consistent with the 

combination of mutations which established locally invasive rectal 

adenocarcinoma with low incidence of distant metastasis following localised 

tamoxifen induction, I utilised a previously established murine small intestinal 

tumour derived organoid line, expressing mutations in Apc, Kras, Tp53 and 

Tgfbr1 and herein referred to as ‘AKPT’.  

I sought to determine whether successful organoid engraftment is dependent 

upon host immune status, and so I initially undertook preliminary transplant 

experiments in small numbers of both C57Bl/6 immunocompetent and CD1 nude 

immunodeficient mice. Like the technique used during local tamoxifen 

induction, AKPT tumour derived organoid fragments were injected under 

colonoscopy guidance into the rectal submucosa, with the murine rectum 

defined as the most distal aspect of the colon within 1cm of the anal verge. 

Tumour monitoring was undertaken at 1 week post injection by colonoscopy 

(Figure 3.11, top panel). Comparable engraftment rates were observed following 

rectal injection in both C57Bl/6 and CD1 nude mice, with successful tumour 

engraftment in 67% and 60% respectively (Fig 3.11, middle panel). Rapid latency 

to tumorigenesis was observed, with large intra-luminal tumours typically being 

established in both groups at 1-week post-transplant (Figure 3.11, bottom 

panel).    
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Figure 3.11: Establishing Tumours following Orthotopic Transplant of AKPT Organoids.  

Top – Schematic depicting experimental timeline for orthotopic injection of AKPT organoid 
fragments. Middle – Representative images (Left) of AKPT tumour derived organoids prior to 
transplant (x4 magnification). Table (Right) depicting engraftment rates in both C57Bl/6 and CD1 
nude mice. Bottom – Representative colonoscopy images of AKPT tumours in both C57Bl/6 and 
CD1 nude hosts at 1-week post injection.  

 

Tumours which established following orthotopic transplant of AKPT organoid 

fragments, demonstrated several features of aggressive disease with rapid 

intramural tumour growth being observed. In both models, animals reached 

clinical endpoint at short time intervals post-transplant (Figure 3.12, top panel), 

with median survival of 20.5 days in C57Bl/6 mice and 43 days in CD1 nude mice 

observed. Significantly longer survival was demonstrated in the immunodeficient 

host, although only small cohorts were initially characterised. The clinical signs 

exhibited prior to endpoint were consistent with significant primary tumour 

burden, with animals showing weight loss, associated colonic obstruction, and 

visible external pelvic swelling in some animals. This organoid transplant model 

displayed a contrasting phenotype local tamoxifen induced model, which tended 

to show signs of chronic disease burden such as weight loss and anaemia at 

clinical endpoint.  
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Histological assessment was carried out by analysing H+E stained tumour sections 

with a pathologist. Tumour was found to infiltrate through the muscularis 

propria layer with an invasive front extending towards the serosa in both 

models, consistent with T3 disease (Figure 3.12, middle panel). Interestingly, in 

the C57Bl/6 host, tumours typically failed to invade into the mucosal layer due 

to its originating injection site being within the submucosal layer. However, in 

the immunodeficient CD1 nude host the mucosal layer was clearly infiltrated by 

malignant tumour cells, suggesting that differences in host tumour micro-

environment exist which result in organoid derived tumours being unable to 

overcome components of the intestinal epithelial barrier when transplanted into 

an immunocompetent host (Figure 3.12, middle panel). Both tumour models 

demonstrate moderately differentiated adenocarcinoma, with a significant 

proportion of tumour consisting of stroma. As anticipated, the stromal 

compartment of C57Bl/6 host tumours show dense infiltration by immune and 

inflammatory cells, a feature which was not seen as abundantly in tumours in 

CD1 nude mice (Figure 3.12, bottom panel).  
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Figure 3.12: The AKPT Organoid Transplant Model is Characterised by Aggressive Disease.  

Top – Survival curve demonstrating survival in the AKPT organoid transplant model in CD1 nude 
and C57Bl/6J hosts. n=2-3. Log Rank Test – p=0.0389. *denotes significant p-value (p<0.05). 
Middle – Representative H+E images of AKPT tumours (x4 magnification). Red arrows 
demonstrate mucosal layer. Blue arrows indicate invasion through muscularis propria. Yellow 
arrows indicate invasion towards serosa. Bottom – Representative H+E images of AKPT tumours 
(x20 magnification). Red arrows indicate moderately differentiated tumour epithelium. Blue 
arrows indicate tumour stroma. Scale bars 100µm (middle images) and 20µm (bottom images). 

 

Local mesenteric lymph nodes and relevant organs (liver, lungs, pancreas and 

spleen) were harvested and analysed by H+E staining to determine presence of 

metastasis. Distant metastases were observed in both the CD1 nude 

immunodeficient and C57Bl/6 immunocompetent hosts, although experimental 

numbers were too small to characterise metastasis rates (Figure 3.13, top 

panel). Encouragingly, distant metastasis was observed in the lungs in the 

distribution attributed to mid- and low rectal cancers in humans, whereby 

pulmonary metastases are more frequently observed owing to the systemic 

venous drainage of the mid/lower rectum via the middle and inferior rectal 

veins (Figure 3.13, middle and bottom panels). Metastases were typically not 

evident on sampling, and were only visible when organs were examined by 
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microscopy. Preliminary experiments successfully demonstrated engraftment of 

AKPT tumour derived organoids in an immune competent host, resulting in a 

model of locally invasive adenocarcinoma, with the small cohort studied 

suggesting that distant metastasis might occur in a similar manner to low- and 

mid-rectal cancer clinically.  

 

Figure 3.13: Metastatic Characterisation of the AKPT Organoid Transplant Model   

Top – Table showing distribution of local and distant metastasis in the AKPT transplant model for 
both CD1 nude and C57Bl/6J host. Middle – Representative images of lung metastases in both 
C57Bl/6 and CD1 nude mice (x4 magnification). Bottom – Representative images of corresponding 
lung metastases (x20 magnification). Scale bars 100µm (middle images) and 20µm (bottom 
images). Red arrows depict micro-metastatic deposits.  

 

To develop a pre-clinical model suitable for studying the biological mechanisms 

underlying tumour response to radiotherapy, and to investigate novel 

immunotherapy agents, an immunocompetent host is crucial to recapitulate the 

human condition. Therefore, I sought to further develop and characterise the 

AKPT organoid transplant model in C57Bl/6 mice, given that preliminary 

experiments were conducted in very limited cohorts. Following successful 

engraftment in preliminary experiments, subsequent experiments conducted in 
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expanded cohorts demonstrated tumour engraftment in 95% of animals (n=80, 

across 6 independent experiments). Short survival was again demonstrated in 

this model, with a median survival of 34 days observed when animals were 

untreated and aged until clinical endpoint (Figure 3.14).   

 

Figure 3.14: Survival in the Immunocompetent AKPT Organoid Transplant Model    

Survival curve demonstrating time to clinical endpoint in the AKPT rectal organoid transplant 
model.  

 

A more extensive characterisation of metastatic burden was carried out, through 

examination of mesenteric lymph nodes, lungs, liver, pancreas and spleen by 

H+E staining. An overall distant metastasis rate of 18% was observed in this 

model (n=91 total). A similar distribution was seen with metastases observed 

exclusively in the liver and/or lungs (Figure 3.15, middle panel). Although highly 

penetrant metastasis was not observed, this is likely to reflect the short survival 

seen in the model. Mice typically reached clinical endpoint due to primary 

tumour burden, typically displaying signs of weight loss, intestinal obstruction, 

or pelvic swelling secondary to an enlarging tumour mass. Interestingly, distant 

metastases showed high levels of Lgr5 stem cell marker expression, in keeping 

with findings in human CRC noting increased Lgr5 expression at the invasive 

tumour front and in distant metastases, with Lgr5 expression also being 

associated with treatment resistance (Uchida et al, 2012; Hsu et al, 2013).   
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Figure 3.15: Characterisation of Metastasis in the AKPT Organoid Transplant Model.    

Top – Table showing overall rate of distant metastasis (n=91 total). Middle - Graph depicting 
frequency and distribution of metastases. Bottom – representative H+E stain of lung metastasis 
(Left), and corresponding representative Lgr5 stain (x10 magnification). Scale bars 50µm.    

 

3.2.6 Immune Characterisation of the Orthotopic AKPT Rectal Models 

Having developed numerous orthotopic AKPT models of rectal cancer, through 

localised tamoxifen induction and transplant of tumour derived organoids in both 

immunocompetent and immune-deficient hosts, I sought to characterise the 

tumour immune microenvironment of these models. I aimed to identify 

differences which arise according to host immune status, and to determine 

whether tumour induction method influences the tumour microenvironment. It is 

well understood that the immune contexture of the tumour microenvironment is 

complex and heterogenous, and impacts upon responses to therapy; in the 

context of LARC, both increased CD4+ and CD8+ T-cell density and low T-reg cell 

density have been associated with pathological response to CRT (Yasuda et al, 

2010; McCoy et al, 2015; Binnewies et al, 2018). Knowledge of the underlying 
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tumour immune microenvironment might enable prediction of the response to 

radiotherapy and/or immunotherapy in the models. It is known that the adaptive 

immune response and characteristics of tumour infiltrating immune cells are a 

valuable prognostic tool; a high ‘immunoscore’, calculated through the densities 

of cytotoxic and memory T cells at both the invasive margin and tumour core, is 

predictive of improved patient survival (Galon et al, 2006; Mlecnik et al, 2016).  

The concept of immune infiltrated tumours whereby cytotoxic lymphocytes 

(CTLs) are excluded from the tumour core, suggests a mechanism of tumour 

immune escape (Spranger et al, 2016). I aimed to characterise the tumour 

microenvironment in the AKPT models, including tumours generated through 

local tamoxifen induction, and models generated through the injection of AKPT 

tumour derived organoids in both the C57Bl/6 and CD1 nude hosts. 

Immunohistochemistry was used to quantify common immune cell populations 

and to determine their location within tumours, with a combination of digital 

and manual scoring performed to quantify density of immune cells.   

CD3+ staining was used as a pan T-cell marker, with a strikingly high expression 

identified in tumours derived following AKPT organoid transplant in C57Bl/6 

hosts (Figure 3.16, top panel). In the immunocompetent AKPT organoid 

transplant model, CD3+ expressing cells were significantly more abundant when 

compared with both AKPT tumours derived following tamoxifen induction 

(p=0.0079) and following organoid transplant in the immunodeficient CD1 nude 

host (p=0.0357), when the whole tumour area was assessed (Figure 3.16, bottom 

panel). Of note, a small number of CD3+ expressing cells were seen in AKPT 

tumours transplanted in CD1 nude hosts, in contrast with what would be 

expected in a thymic deplete host (Pelleitier et al, 1975). CD1 nude mice possess 

a vestigial thymus which is incapable of producing mature T-cells, however, T-

cell precursors in the bone marrow and immature T-cells express cytoplasmic 

CD3 (van Dongen et al, 1988).    

When regional analysis was performed, it was observed that CD3+ cells are more 

densely clustered at the tumour invasive margin, particularly in the 

immunocompetent transplant model (Figure 3.16, top panel). Across all models, 

lymphocytic infiltration is observed to be spare within the tumour core, and 

suggestive of an immune-excluded phenotype whereby tumoricidal immune cell 

populations are unable to penetrate the tumour core (Figure 3.16, middle 
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panel). The concept of ‘cold tumours,’ characterised by lack of T-cell 

infiltration, is well known to correspond with lack of response to immune 

checkpoint inhibition, and it can be anticipated that these models may represent 

tumours resistant to immunotherapy (Bonaventura et al, 2019).  

 

Figure 3.16: CD3+ Lymphocyte Infiltration in the AKPT Rectal Models    

Top – Representative images of CD3 IHC staining (x10 magnification) in AKPT rectal models at the 
tumour invasive margin. Middle – Representative images of CD3 IHC staining (x10 magnification) 
at the tumour core. Bottom – Bar graph depicting whole tumour scoring of CD3+ lymphocytes. 
Scale bars 50µm. Red arrows depict CD3+ cells. * denotes p value <0.05. ** denotes p value 
<0.01. n=3-5. Mann Whitney U-test.   

 

Having quantified all T-cells within whole tumour sections through CD3 staining, 

I aimed to quantify the presence of cytotoxic T-lymphocytes (CTLs) which are an 

important component of cell-mediated immunity against cancer. IHC was 
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performed to detect CD8+ expressing T-cells in the orthotopic AKPT rectal 

cancer models. Similarly, the majority of CD8+ CTLs were observed at the 

invasive margin of AKPT organoid transplant tumours in C57Bl/6 mice, with these 

cells very rarely detected in the CD1 nude host or in locally induced tumours 

(Figure 3.17, top panel). CD8+ expressing T-cells were seen very sparsely in the 

tumour core of all tumour models (Figure 3.17, middle panel). Due to 

background staining within tumour epithelium, these stains were scored 

manually by microscopy, with significantly elevated numbers seen in C57Bl/6 

transplant tumours when compared with the CD1 nude (p=0.0357) and inducible 

GEMM (p=0.0079), when the whole tumour area was assessed (Figure 3.17, 

bottom panel).  
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Figure 3.17: CD8+ Lymphocyte Infiltration in the AKPT Rectal Models    

Top – Representative images of CD8 IHC staining (x10 magnification) in AKPT rectal models at the 
tumour invasive margin. Middle – Representative images of CD8 IHC staining (x10 magnification) 
in the tumour core. Bottom – Bar graph depicting manual scoring of CD8+ lymphocyte in whole 
tumour sections. 10 representative x20 FOV areas scored per tumour section, with mean values 
plotted as cells/mm2. Scale bars 50µm. Red arrows depict CD8+ cells. * denotes p value <0.05. ** 
denotes p value <0.01. n=3-5. Mann Whitney U-test.   

 

I next sought to characterise the myeloid cell component of the tumour immune 

microenvironment in the AKPT models, and first quantified macrophages through 

F4/80 staining. In all model types, dense macrophage populations were observed 

at the tumour invasive margin (Figure 3.18, top panel). In both organoid 
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transplant models, significant macrophage infiltration was seen in the stromal 

regions of the tumour core, with sparse numbers observed in the tumour stroma 

of locally induced tumours (Figure 3.18, middle panel). Macrophages were 

quantified using digital pathology to calculate the % of whole tumour area 

positively stained for F4/80 (Figure 3.18, bottom panel). When whole tumours 

were analysed, significantly increased macrophage populations were observed in 

organoid transplant tumours in immunocompetent C57Bl/6 mice, when 

compared with the CD1 nude immunodeficient host (p=0.0357) and with 

inducible GEMM tumours (p=0.0079). 

 

Figure 3.18: F4/80+ Macrophage Infiltration in the AKPT Rectal Models    

Top – Representative images of F4/80 IHC staining (x10 magnification) in AKPT rectal models at 
the tumour invasive margin. Middle – Representative images of F4/80 IHC staining (x10 
magnification) at the tumour core. Bottom – Bar graph depicting quantification of F4/80+ 
macrophages as % whole tumour area stained. Scale bars 50µm. Red arrows depict F4/80+ cells. * 
denotes p value <0.05. ** denotes p value <0.01. n=3-5. Mann Whitney U-test.   
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Macrophages have been identified as a potential mechanism of CD8+ CTL 

exclusion from tumour cell regions and prevention of their interaction with 

cancer cells, thus being an important determinant of the ‘immune excluded’ 

phenotype which plays a potential role in resistance to immunotherapy (Beatty 

et al, 2015; Peranzoni et al, 2018). Peranzoni et al show that macrophage 

interaction with CTLs, leads to reduced CD8+ cell motility and migration towards 

tumour cells. Similarly, Beatty et al demonstrate that Ly6C(low) F4/80(+) 

macrophages regulate infiltration of CTLs in a pancreatic ductal adenocarcinoma 

(PDAC) model.  

Next, I assessed the presence of neutrophils within the tumour 

microenvironment using IHC staining for S100A9/Calgranulin B, a protein 

abundantly present in the cytoplasm of neutrophils (Sprenkeler et al, 2022). 

Interestingly, these cells were observed to densely cluster at the invasive 

margins of both the CD1 nude transplant model and inducible GEMM (Figure 

3.19, top panel). Relatively smaller numbers were observed in both regions of 

tumour in the C57Bl/6 immunocompetent AKPT organoid transplant model 

(Figure 19, middle panel). When S100A9 expressing cells were scored across the 

whole tumour area, significantly less S100A9+ve cells were demonstrated in the 

C57Bl/6 transplant model (p=0.0357 versus CD1 nude; p=0.0079 versus inducible 

GEMM) (Figure 3.19, bottom panel). Indeed, S100A9/A8 protein is known to be 

expressed abundantly in both neutrophils and undifferentiated monocytes, with 

expression being lost upon monocyte differentiation and so the higher numbers 

observed in CD1 nude and inducible GEMM tumours may reflect immature 

myeloid lineages (Lagasse et al, 1992). 
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Figure 3.19: S100A9+ve Cell Quantification in the AKPT Rectal Models    

Top – Representative images of S100A9 IHC staining (x10 magnification) in AKPT rectal models at 
the tumour invasive margin. Middle – Representative images of S100A9 IHC staining (x10 
magnification) at the tumour core. Bottom – Bar graph depicting quantification of S100A9+ve 
cells in whole tumour sections. Scale bars 50µm. Red arrows depict S100A9+ cells. * denotes p 
value <0.05. ** denotes p value <0.01. n=3-5. Mann Whitney U-test.   

 

I next aimed to quantify immunosuppressive T-regulatory cells (Tregs), which are 

known to play a role in limiting the activation of aberrant and over-reactive 

lymphocytes, thus preventing auto-immunity under normal physiological 

circumstances (Sakaguchi et al, 2008). However, Tregs can contribute to tumour 

development and progression by inhibiting components of anti-tumour immunity, 

with high levels of infiltration being associated with poor survival (Ohue and 

Nishikawa, 2019). Tregs were identified through IHC staining for FOXP3. Tregs 

are a differentiated T-cell population, and as anticipated were absent from 

tumours transplanted in CD1 nude mice. Populations were observed in the 
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tumour invasive margins in both the inducible GEMM and C57Bl/6 organoid 

transplant models, suggesting a potential mechanism of anti-tumour immunity at 

the invasive front (Figure 3.20, top panel). Significantly higher populations of 

Tregs were observed in the C57Bl/6 organoid transplant model (p=0.0357 versus 

CD1 nude; p=0.0317 versus inducible GEMM) when assessed across whole tumour 

sections (Figure 3.20, bottom panel).    

 

Figure 3.20: Quantification of FOXP3+ Cells in the AKPT Rectal Models    

Top – Representative images of FOXP3 IHC staining (x10 magnification) in AKPT rectal models at 
the tumour invasive margin. Middle – Representative images of FOXP3 IHC staining (x10 
magnification) at the tumour core. Bottom – Bar graph depicting quantification of FOXP3+ cells 
across whole tumour sections. Scale bars 50µm. Red arrows depict FOXP3+ cells. * denotes p 
value <0.05. n=3-5. Mann Whitney U-test.   
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3.2.7 TGF-β Expression in the Orthotopic AKPT Rectal Models 

I next sought to characterise the presence of TGF-β signalling within the AKPT 

tumour models. Under normal conditions, TGF-β is known to maintain tissue 

homeostasis through regulatory functions in cell proliferation, differentiation 

and survival, and prevents tumour progression under normal physiological 

circumstances. However, cancer cells can overcome these suppressive 

influences, and pathological tumour-derived TGF-β signalling can modulate the 

tumour microenvironment to avert immune surveillance and promote tumour 

growth, invasion and metastasis (Massagué, 2008). Tumours with high levels of 

defective TGF-β signalling may be more able to evade immune surveillance and 

create a pro-tumourigenic and pro-metastatic niche.  

TGF-β induces the association of type I and type II TGF-β receptors, which are 

then activated to catalyse the phosphorylation of SMAD protein transcription 

factors including SMAD3, which in turn enter the nucleus to form complexes with 

SMAD4 which then subsequently induce transcriptional effects. IHC was 

therefore performed to detect the presence of phosphorylated SMAD3, to 

determine TGF-β signalling activity within tumours. pSMAD3 was highly 

expressed in both the tumour epithelium and stroma of all three groups analysed 

(Figure 3.21, top panel). Furthermore, quantification reveals that the majority 

of cells within AKPT tumour models express nuclear pSMAD3 thus demonstrating 

high levels of TGF-β signalling in these models (Figure 3.21, bottom panel). AKP 

murine rectal tumour derived organoids (VillinCreER;Apcfl/fl;KrasG12D/+;Trp53fl/fl) 

without TGF-β pathway mutation, and injected at the murine rectum were also 

analysed for comparison; although nuclear pSMAD3 expression appears less 

abundant in AKP organoid tumours, statistical significance was not reached and 

heterogeneity of nuclear pSMAD3 expression was noted upon quantification in 

AKP tumours (Figure 3.21, bottom panel). 
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Figure 3.21: Quantification of Nuclear pSMAD3 Expression in the AKPT Rectal Models    

Top – Representative images of pSMAD3 IHC staining (x10 magnification) in AKPT rectal models 
and AKP rectal organoid transplant model. Middle – Representative images of pSMAD3 IHC 
staining (x20 magnification) to demonstrate staining of both tumour epithelium and stroma. Red 
arrows show pSMAD3 expression in tumour epithelium. Blue arrows show pSMAD3 expression in 
stromal cells. Bottom – Bar graph depicting quantification of nuclear pSMAD3 expressing cells, 
with % of all cells positively stained being assessed. Scale bars 50µm. * denotes p value <0.05. ns 
denotes non-significance p≥0.05. n=3-5. Mann Whitney U-test.   

 

AKPT organoid transplant and locally induced tumour models demonstrated 

highly abnormal and abundant TGF-β signalling, identifying a potential driver of 

the invasive properties displayed by the models. TGF-β expression by stromal 

cells potentially leads to excessive inflammation and promotion of tumour 

progression. Furthermore, TGF-β signalling by tumour epithelial cells is also 

likely to favour tumour progression through suppression of anti-tumour immune 

responses.  
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3.2.8 Transcriptomic Alignment of AKPT Rectal Cancer Models with Molecular 

Subtypes of Human CRC 

I next aimed to characterise rectal tumours derived following AKPT tumour 

derived organoid transplantation into C57Bl/6 immunocompetent hosts, as this 

model will be used throughout subsequent experiments in this thesis. RNA 

sequencing data was analysed from tumour tissue of untreated AKPT tumours 

(n=5) to attempt to align this tumour model with the CMS (Consensus Molecular 

Subtypes) subtypes. The newly developed data analysis platform Molecular 

Subtyping Resource (MouSR) was used for interrogation of RNA sequencing data 

(Ahmaderaghi et al, 2022). Firstly, I conducted 2D Principal Component Analysis 

to assess basic characteristics of the samples and to identify inter-tumour 

heterogeneity (Figure 3.22). Samples are clearly demonstrated to cluster 

unevenly suggesting significant heterogeneity between tumour tissue samples.

 

Figure 3.22: Inter-Tumour Heterogeneity between AKPT Rectal Tumour Samples  

2D Principal Component Analysis (PCA) Plot of Rectal Tumour Samples derived from the 
Orthotopic AKPT Organoid Transplant Model. n=5, each sample plotted. Analysis performed 
through prcomp function in the R stats package, embedded in the MouSR resource 
(https://mousr.qub.ac.uk/). 

 

I next sought to align the AKPT model with human CMS subtypes of CRC. Using 

the MouSR application, CMS classification in murine samples can be conducted 

through conversion of the human CMS template to mouse orthologues. 

Significant alignment with CMS4 is seen in two out of five samples, and 

correspond with the two samples which cluster closely together in 2D PCA 

(Figure 3.23). Alignment to each of the other subtypes is observed in only 

https://mousr.qub.ac.uk/
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individual samples, but in the case of the sample aligning to CMS2 statistical 

significance was not reached (Figure 3.23). This data gives an indication that this 

model may align with CMS4, however, results are likely to be confounded by 

sampling variability with heterogeneity potentially resulting from different 

regions of tumour being sampled. Furthermore, CMS alignment would need to 

conducted on a significantly larger sample size if any conclusions are to be 

drawn about whether the AKPT model conforms reliably to any subtype.  

Similarly, molecular stratification in patients can be significantly confounded by 

stromal-derived intra-tumoural heterogeneity, with variability between sampled 

tumour regions affecting the ability of gene expression signatures to cluster 

samples (Dunne et al, 2016). Evidently, gene expression varies between different 

regions of tumour due to variation in the content of the tumour 

microenvironment, which potentially explains the inability to consistently align 

tumour samples to a particular CMS subtype. The CMS4 subtype is heavily reliant 

upon stromal gene expression, and is thus more susceptible to variation in gene 

expression profiling between tumour regions (Isella et al, 2015). 

 

Figure 3.23: Consensus Molecular Subtyping (CMS) of AKPT Rectal Tumours  

Table showing individual CMS predictions for individual samples, with corresponding p-value. 
n=5. Analysis performed through human CMS template embedded in CMScaller, with conversion 
to mouse orthologues using biomaRT R stats package to remove intersected mouse genes 
embedded in the MouSR resource, and nearest template prediction (NTP) method used to call 
mouse CMS (https://mousr.qub.ac.uk/). 

 

I next aimed to estimate the abundance of various cell populations within the 

tumour micro-environment using RNA sequencing data. Notably, no individual 
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immune or stromal cell populations were universally expressed across tumour 

samples, highlighting the heterogenous nature of tumour tissue analysed (Figure 

3.24). Only two samples were enriched for T-cell populations, with neutrophils 

and macrophage populations also enriched in a limited number of samples.   

 

Figure 3.24: Microenvironment Cell Populations (mMCP) within AKPT Rectal Tumours  

Heatmap to demonstrate estimated immune and stromal cell populations within individual AKPT 
rectal tumour samples. n=5, each sample represents one column of heatmap. Each row 
represents immune or stromal cell type as detailed on y-axis. Legend indicates z-score to 
indicate number of standard deviations above or below the mean. Murine MCP (mMCP) counter R 
package embedded in MouSR application used to perform analysis (https://mousr.qub.ac.uk/). 

 

It is evident that alignment with transcriptomic subtypes of CRC is reliant upon 

consistent tumour biopsy sampling, to avoid intra-tumour variation in gene 

expression and tumour micro-environment composition. Sequencing data in this 

limited sample set suggests that the AKPT organoid transplant model may align 

with CMS4, the poor prognosis mesenchymal subtype, but given the potential for 

sampling variability this data should be interpreted cautiously. Furthermore, the 

inclusion of more tumour samples might enable more reliable alignment of 

transcriptomic features with human subtyping systems. 

 

 

https://mousr.qub.ac.uk/
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3.3 Discussion 

Despite significant advances in genetic engineering strategies over the past few 

decades, and the achievement of advanced pre-clinical models of CRC, relatively 

few orthotopic models of rectal cancer exist in the literature. Previously 

described surgical techniques pose significant limitations with rectal tumours 

arising through the transplantation of commercially available cell lines, which 

have undergone extensive in-vitro selection and immortalisation, and 

furthermore fail to recapitulate the molecular characteristics of human disease. 

Colitis induction methods which result in distal colonic/rectal tumours also pose 

significant limitations, and were primarily developed to model inflammatory 

bowel disease (IBD) and colitis-associated CRC. Agents such as DSS result in 

severe acute colitis in animals, leading to epithelial injury and compromised 

barrier integrity, with a rapid inflammatory response following exposure of 

mucosal and submucosal immune cells to luminal antigens, thus creating a host 

niche which deviates significantly from the conditions under which the majority 

of CRC develops (Wirtz et al, 2017).  

Ganesh et al recently described a murine rectal cancer model derived through 

the instillation of human rectal cancer derived organoids following colitis 

induction, which elegantly recapitulates the histological features and 

progression of human disease, and interestingly mimics the chemotherapy 

response observed in the corresponding patient (Ganesh et al, 2019). The models 

described by Ganesh et al, and recently described colonoscopy-guided organoid 

injection models, have relied upon immunocompromised recipient mice which 

lack several crucial components of the host immune system. However, 

immunocompetent orthotopic rectal cancer models following organoid injection 

post colitis induction have been described in recent literature, which have been 

utilised in pre-clinical treatment studies, and representing a significant advance 

in the modelling of LARC (Varga et al, 2020; Nicolas et al, 2022).  

The aim of this chapter was to address the paucity of orthotopic rectal cancer 

models, through development of reproducible, immunocompetent models which 

recapitulate the human condition. In subsequent chapters in this thesis, I aimed 

to utilise developed models to study the immunological responses to 

radiotherapy, and to test novel radiotherapy-immunotherapy combinations.   
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This chapter successfully describes the development of rectal tumours through 

localised tamoxifen induction in a ligand-dependent site-specific Cre-

recombinase system (VillinCreER). Such models are advantageous as they enable 

mutational combinations of interest to be studied, with site specific control over 

tumour induction. Tumours established in the mucosal layer in keeping with 

human disease, closely recapitulating the histology of human disease. 

Progressive histological changes were demonstrated in these inducible models in 

a manner consistent with the adenoma-carcinoma sequence, with ‘AK’ and ‘AKP’ 

models displaying early neoplastic changes consistent with low-grade dysplasia. 

The induction of localised rectal tumours in both AK 

(VillinCreER:Apcfl/+;KrasG12/D) and AKP (VillinCreER:Apcfl/+;KrasG12/D;p53fl/fl) 

animals with heterozygous Apc deletion might slow tumour latency and prolong 

survival to enable the development of high grade dysplasia and early 

adenocarcinoma. However, it was is evident that in order to model locally 

invasive disease with aggressive histological features, that more complex 

mutational combinations were required. 

More aggressive models of invasive adenocarcinoma were shown with additional 

TGF-β pathway mutations (AKPS and AKPT). Although the AKPS and AKPT models 

successfully recapitulated locally invasive rectal adenocarcinoma, with tumours 

arising from the mucosal layer, they present several limitations in the context of 

pre-clinical treatment studies. The requirement for extensive animal breeding to 

generate experimental subjects and the significant latency period to 

tumourigenesis (≥8 weeks), pose significant limitations on the utility of this 

model in generating sufficient experimental animals to perform adequately 

powered pre-clinical treatment studies.  

To develop a more reproducible, time-efficient and high throughput model, I 

established an organoid transplant model which gives rise to orthotopic rectal 

tumours following colonoscopy guided submucosal injection. A clinically relevant 

mutational burden of interest is expressed by the ‘AKPT’ organoid line used, 

with tumours successfully engrafting in both CD1 nude and C57Bl/6 host 

recipients. Given the successful engraftment in the immunocompetent host, this 

model was characterised further to identify key features of the tumour immune 

microenvironment which correspond with poor prognosis and treatment resistant 

disease. In the C57Bl/6 host, the high engraftment rate observed (95%) coupled 
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with the rapid latency to tumourigenesis (1 week) make this a highly 

reproducible model which is amenable to the rapid generation of experimental 

numbers. 

Furthermore, this chapter sought to characterise the developed AKPT rectal 

cancer models, to determine their relevance to human disease. A distant 

metastasis rate of 18% was found, predominantly to the lungs which is in keeping 

with the pattern of spread observed in mid- and low rectal cancer. Development 

of a metastatic model of LARC was not a key aim of this thesis. To study the 

effects of radiotherapy on the primary tumour and to test novel neo-adjuvant 

treatment strategies in rectal cancer, it is of paramount importance to 

recapitulate locally invasive disease for which such treatment is offered 

clinically. I demonstrated that AKPT organoid transplant tumours were 

representative of locally aggressive disease, with invasive adenocarcinoma and 

abundant stromal infiltration shown. The observation of high tumour stroma 

proportion is associated with poor prognosis in CRC, further suggesting that this 

model recapitulates patients with the poorest outcomes (Park et al, 2014).    

In this chapter, I analysed the tumour microenvironment of the 

immunocompetent AKPT organoid transplant model and compared with the 

corresponding tumours in CD1 nude hosts and those derived following localised 

tamoxifen induction. Vastly increased populations of CD3+ and CD8+ T-cells were 

observed in the immunocompetent transplant model, suggestive of a significant 

adaptive immune response following organoid transplant. These cells were noted 

to be present in higher abundances at the tumour invasive margin, with relative 

exclusion from the tumour core, suggesting that mechanisms of adaptive 

resistance exist within the tumour microenvironment of the AKPT transplant 

model (Ribas, 2015). This was further supported by the presence of macrophages 

at the tumour invasive margin, which are known to affect CTL motility and 

migration. Furthermore, the high expression of TGF-β signalling in this tumour 

model is also suggestive of an immunosuppressive tumour microenvironment. In 

conclusion, although significant immune cell populations exist in the 

immunocompetent AKPT organoid transplant model, it is likely that an ‘immune 

excluded’ phenotype is observed, and that tumours will potentially demonstrate 

treatment resistance.   
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In this chapter, I have described the development and characterisation of a 

novel immunocompetent model of LARC which undergoes distant metastasis in a 

proportion of animals. Characterisation of the AKPT transplant model is highly 

suggestive of aggressive disease with an immunosuppressive tumour 

microenvironment. This model will be used throughout the remainder of this 

thesis, where I aim to study the effects of radiotherapy on the tumour immune 

microenvironment, to identify resistance mechanisms and to subsequently assess 

immunotherapy agents which might augment response to radiotherapy-based 

treatment strategies in LARC. 
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Chapter 4 – Characterising the Effects of Radiotherapy on 

the Tumour Immune Microenvironment in the AKPT Rectal 

Cancer Model 

4.1 Introduction 

4.1.1 Evaluating the Effects of Radiotherapy in Pre-Clinical Models 

Until recently, conventional radiobiology studies in pre-clinical CRC models have 

typically been performed using broad irradiation fields from a fixed source, with 

lead shielding apparatus used to aid beam targeting and to protect non-tumour 

bearing tissue (Dewan et al, 2009; Filatenkov et al, 2015; Dovedi et al, 2017). 

Such approaches lack image guidance and treatment planning capability, with 

limited dosimetry and quality assurance data available (Verhaegen et al, 2011). 

Several novel small animal irradiation platforms have been developed which 

incorporate micro-CT devices, rotating gantries, and treatment planning 

systems, highlighting key technological advances which will improve the 

translational potential of pre-clinical radiobiology studies (Brown et al, 2022).  

Two systems are now widely established worldwide in research laboratories; the 

Small Animal Radiation Research Platform (SARRP; Xstrahl Ltd) and the X-Rad 

small animal radiotherapy system (SmART; Precision X-Ray inc), developed in 

conjunction with John Hopkins University and Princess Margaret Hospital 

respectively (Wong et al, 2008; Clarkson et al, 2011). These systems incorporate 

cone-beam CT imaging and in-built treatment planning systems, to enable 

focused irradiation fields ranging from 0.5 – 10mm in diameter resulting in the 

delivery of clinically accurate radiotherapy. The initial aims of this chapter, 

were to develop an experimental protocol using the SARRP system to deliver 

precise image-guided radiotherapy to the orthotopic AKPT organoid transplant 

model of LARC, described previously in Chapter 3.  

Since its initial description in 2008, the SARRP system has been applied in a 

limited number of studies involving CRC tumour models; for instance, different 

fractionation regimens were delivered using parallel opposed beams in a CT26 

murine colon cancer subcutaneous xenograft model (Grapin et al, 2019). 

Treatment planning in the setting of orthotopic tumour models pose greater 

technical challenges, as tumours are not readily detectable on CT imaging in 
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contrast with clinically and radiologically apparent subcutaneous tumours. 

Furthermore, considerations must be made to limit toxicity to adjacent pelvic 

organs when delivering radiotherapy to tumours situated in the murine rectum, 

and small intestinal damage has been overcome in previous studies by treating 

animals in a head down position (Groselj et al, 2018).  

In a very recent study, the SARRP system was used in the irradiation of an 

orthotopic rectal cancer model, with a radiopaque probe tip placed intra-

luminally at the lower margin of the rectal tumour based on endoscopy 

measurements acquired before treatment (Nicolas et al, 2022). The combination 

of newly developed orthotopic models of LARC, and technological advances to 

allow delivery of precise radiotherapy to these models, provide an exciting 

opportunity to conduct pre-clinical research with greater translational potential.   

Increasing evidence has emerged that radiotherapy does not solely affect tumour 

cells, but also triggers changes within the tumour microenvironment (TME), with 

the resulting biological interactions between the tumour and its surrounding 

stroma being critical in determining success to therapy (Barcellos-Hoff et al, 

2000; Barker et al, 2015). An early pre-clinical study by Barcellos-Hoff et al, 

suggested that radiotherapy can induce changes in the extra-cellular matrix to 

facilitate tumorigenesis, as shown when mammary epithelial cells displayed 

increased neoplastic progression when implanted into irradiated mammary 

stroma.  

The immune reactions within the irradiated TME are complex, and neither 

wholly immunosuppressive nor immunostimulatory. Immunogenic cell death (ICD) 

is known to occur following irradiation, with the generation of damage 

associated molecular patterns (DAMPs) such as calreticulin, HMGB1 and ATP, 

resulting in dendritic cell activation and effective anti-tumour T-cell mediated 

responses (Apetoh et al, 2007; Gupta et al, 2012; Krysko et al, 2012). In 

contrast, radiotherapy is reported to induce immunosuppressive mechanisms 

such as increased infiltration of Tregs and Myeloid Derived Suppressor Cells 

(MDSCs) to the TME, through an increase in tumour derived CCL2 chemokine 

production (Kalbasi et al, 2017; Mondini et al, 2019). The balance between 

immune-stimulatory and immunosuppressive effects is not fully understood, and 

likely varies according to several factors including the underlying TME and 

surrounding host stroma, tumour location and host immune status. In this 
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chapter, following the establishment of an experimental protocol to deliver 

image-guided radiotherapy to orthotopic rectal tumours, I aimed to investigate 

the response of the AKPT model to both single fraction and fractionated 

radiotherapy, to characterise the underlying effects on the TME and determine 

the sensitivity of the model to irradiation. 

To date, the temporal and evolving immune changes in the TME following 

radiotherapy based neo-adjuvant treatment strategies in LARC have not been 

extensively studied. Dynamic changes in peripheral blood markers associated 

with CRT have been demonstrated, with lymphocytes decreasing throughout 

treatment, followed by an increase in both lymphocyte count and the CD8/CD4 

ratio once CRT is completed (Lee et al, 2018). Furthermore, neutrophils and 

monocytes decrease during the first two weeks of CRT, with lower counts 

showing an association with pCR. In the context of rectal tumour tissue, pre-

treatment biopsies with high infiltration of CD3+ and CD8+ lymphocytes, have 

been shown to be associated with downstaging of the tumour following CRT 

(Anitei et al, 2014). A further study analysing both pre-CRT biopsies and surgical 

resection specimens, reveal that both high CD8/FOXP3 intra-epithelial 

lymphocyte ratio before CRT, and high CD8+ stromal lymphocyte density after 

CRT, are associated with favourable outcomes (Shinto et al, 2014).  

Clinical data characterising the effects of radiotherapy on the TME and the 

dynamic changes which occur throughout treatment is lacking in LARC. Owing to 

the relative accessibility of rectal tumours via endoscopy, serial on-treatment 

biopsy sampling is feasible. Additionally, pre-clinical models which accurately 

recapitulate human disease might also be a valuable and complementary tool to 

further study TME changes at specific time-points. In this chapter, I aimed to 

utilise the AKPT model to characterise changes in tumour infiltrating immune 

cells at different time-points following radiotherapy. 

Previous pre-clinical studies show conflicting evidence regarding the differential 

efficacy of single fraction and fractionated radiotherapy. For instance, in the 

subcutaneous murine CT26 colorectal tumour model, high dose single 30Gy 

fraction radiotherapy induced durable tumour remission which was not observed 

with a 3x10Gy fractionated regimen (Filatenkov et al, 2015). However, a 

subsequent study in the same model demonstrated similar primary tumour 

growth delay when a single 7Gy fraction was compared with a 3x4Gy regimen 
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(Dovedi et al, 2017). In a further study using both a breast and CRC 

subcutaneous tumour model, fractionated regimens (3x8Gy and 5x6Gy) showed 

similar efficacy in delaying primary tumour growth when compared with a single 

20Gy fraction (Dewan et al, 2009).  

In addition to providing conflicting conclusions, such pre-clinical radiotherapy 

studies have limited translational potential; heterotopic tumour models fail to 

recapitulate the desired anatomical location, large ablative fractions are not 

used clinically in LARC (out-with palliative intent), and commonly used 

commercial cell lines have limited clinical relevance as previously discussed. A 

further aim of this chapter was to assess whether single fraction and 

fractionated radiotherapy regimens at clinically relevant doses, induce 

differential changes in the TME in the AKPT model. 

 

4.1.2 Experimental Aims 

In Chapter 3, I described the development of an orthotopic organoid transplant 

model of LARC, which recapitulates locally invasive and poor prognosis disease. 

In this chapter, I aimed to establish an experimental protocol for the delivery of 

radiotherapy to the AKPT organoid transplant model of LARC, using newly 

developed technology to enable treatment of pre-clinical tumour models with 

image-guided and precise radiotherapy. The following experimental aims are 

described in this chapter: 

• The development and validation of image-guided radiotherapy in 

orthotopic LARC models. 

• Characterisation of the temporal effects of single fraction radiotherapy on 

the tumour immune microenvironment in the AKPT model. 

• Characterisation of the response of the AKPT model to fractionated 

radiotherapy.  

• Identification of potential resistance mechanisms to radiotherapy in the 

AKPT model. 

• Determining whether the radio-sensitivity of AKPT organoid derived 

tumours is affected by location. 
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4.2 Results 

4.2.1 Orthotopic AKPT Rectal Tumours can be Targeted with Image-Guided 

Radiotherapy 

To develop a protocol for image-guided irradiation, AKPT organoid fragments 

were implanted at the rectal submucosa by colonoscopy guided submucosal 

injection in immunocompetent C57Bl/6 mice. Following confirmation of 

successful tumorigenesis by colonoscopy at 1-week post implantation, animals 

were imaged by plain cone-beam computed tomography (CBCT) scan, which is 

integrated into the Small Animal Radiation Research Platform (SARRP; XStrahl). 

The SARRP allows image-guided radiotherapy to be delivered to small animals in 

the research setting, with in-built CT imaging and treatment planning software 

(Muriplan) enabling the delivery of clinically relevant radiotherapy treatment 

plans (Figure 4.1).  

 

Figure 4.1: Small Animal Radiation Research Platform 

Image of Small Animal Radiation Research Platform cabinet (Left). Image of SARRP system with 
key features indicated. 

 

When imaged by non-contrast cone-beam CT scan, the anal verge was clearly 

detectable on sagittal plane images, but rectal tumours were not readily 

detectable. The presence of intra-luminal gas in the rectum and distal colon 

enabled placement of a beam isocentre at the predicted tumour location (Figure 

4.2, top panel). A 10x10mm square collimator was then applied to ensure 

comprehensive coverage of the tumour location within the pelvis. Subsequently, 

treatment plans were then constructed using integrated Muriplan treatment 

planning software. Initially, rectal tumours were treated with a single static 
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beam of 4Gy with the gantry positioned directly above the animal at 0°. 

Subsequently, a continuous 280° rotating arc beam configuration was used, to 

recapitulate a more clinically relevant treatment configuration and potentially 

minimise irradiation of adjacent organs (Figure 4.2, bottom panel). 

 

 

Figure 4.2: Radiotherapy Treatment Planning on the Small Animal Radiation Research 
Platform 

Top – Plain CT images with 720 projections over 360° of one animal with an orthotopic rectal 
tumour in-situ. Sagittal (left) and coronal (right) plane images shown. Red dots depict beam 
isocentre placed adjacent to rectal gas. Blue lines depict prospective irradiation beam (diameter 
10mm). Bottom – Treatment plans constructed using Muriplan to demonstrate 0° static beam 
configuration (left), and 280° continuous arc beam configuration (right). Blue lines depict 
irradiation beams. Red lines with cross depict start and end positions of irradiation beams 
(right).  

 

I then sought to validate both treatment plans to ensure successful irradiation of 

rectal tumours. Following confirmation on colonoscopy of successful engraftment 

 
  
  
  

 
  

 
  
 
 
 
 

                           

                            

        

 
  

 
  

 
 
  
 
  
 
 



175 
 

of AKPT organoids, rectal tumours were irradiated with a single fraction of 4Gy 

at 2 weeks post-transplant (Figure 4.3, top panel). A dose of 4Gy was used to 

ensure biological effect, whilst maintaining clinical relevance and not causing 

myelosuppressive effects. Tumour tissue was harvested at 3hrs post irradiation 

and IHC staining performed to assess DNA damage through expression of γH2AX, 

which is known to increase immediately after ionising radiation; peak intensity 

has previously been demonstrated at ~1hr post irradiation, with levels gradually 

returning to normal at ~6hrs (Lee et al, 2019). Intense γH2AX staining in 

irradiated tumour tissue at 3hrs post irradiation was demonstrated when 

compared with time-matched untreated controls (Figure 4.3, bottom panel). 

Both tumour epithelial and associated stromal cells strongly expressed γH2AX 

following treatment with both beam configurations.   

 

Figure 4.3: Radiotherapy Treatment Plans were validated through increased DNA Damage 

Top – Schematic depicting experimental timeline for treatment validation. Bottom – γH2AX 
staining for untreated control samples, 4Gy delivered by 0° single beam and 4Gy delivered by 
280° continuous arc beam. Scale bars 100µm (top images) and 50µm (bottom images). 

 

Having validated the experimental approach with treatment planning aided by 

plain CBCT scanning, I sought to utilise different imaging techniques to improve 
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tumour detection. CBCT allows the prospective identification of orthotopic 

rectal tumours based on the identification of anatomical landmarks and prior 

knowledge of tumour location, however, tumours are not overtly visible using 

this imaging modality.  

Rectal tumour bearing mice were imaged by MRI (Magnetic Resonance Imaging); 

with T2-weighted images in fast spin echo sequence (FSE), rectal tumours were 

clear (Figure 4.4, top panel). Tumour bearing mice were also scanned with a 

rectal temperature probe in-situ to confirm location of the rectal lumen, and 

further validate the visibility of tumours using this modality (Figure 4.4, bottom 

panel). Although MRI scanning generates reliable images upon which treatment 

plans could be constructed with greater confidence, there are multiple 

limitations in the experimental setting. Animals must undergo general 

anaesthetic for between 30-60 minutes to obtain images, causing significant 

distress and potential welfare considerations. Furthermore, the time and cost 

implications of performing MRI imaging in each experimental subject, would 

place considerable limitations on the potential cohort sizes which could be 

subjected to treatment experiments if conducted in this manner.  



177 
 

 

Figure 4.4: Visualisation of Orthotopic Rectal Tumours using Magnetic Resonance Imaging 

Top – MRI T2-weighted images with FSE sequence of a rectal tumour bearing animal. Bottom – 
MRI T2-weighted images with FSE sequence of the same animal with a rectal temperature probe 
in-situ. Blue arrows depict rectal tumour.  

 

I then sought to develop a reliable and time-efficient method of tumour 

identification on imaging, by determining whether administration of intra-

peritoneal (i.p.) iodine-based contrast (Omnipaque™) would improve delineation 

of pelvic structures, as this method had previously been shown to be beneficial 

in abdominal tumour bearing mice (Aide et al, 2010). Following optimisation of 

iodine concentration and timings, contrast was administered i.p. (40mg/ml 

iodine) with rectal tumour bearing mice then scanned by plain CBCT at a 10-

minute interval. Good delineation of abdominal organs was observed; however, 
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contrast did not sufficiently reach the pelvis to enable detection of rectal 

tumours (Figure 4.5). 

 

Figure 4.5: Intra-Peritoneal Contrast Enhanced CBCT Imaging fails to detect Rectal Tumours 

CBCT images of rectal tumour bearing mouse at 10 minutes following intra-peritoneal 
administration of 1ml Omnipaque™ at 40mg/ml concentration. Sagittal (left) and coronal (right) 
planes shown. Blue arrow depicts tumour location based on luminal gas, with no migration of 
contrast to the murine pelvis.  

 

Having successfully validated treatment plans based on identification of the 

predicted tumour location, using anatomical landmarks and prior knowledge of 

the location of tumour implantation, this technique will be used in the 

subsequent experiments described throughout this thesis. Acquisition of images, 

treatment planning and delivery can all be consistently administered within 15 

minutes, limiting the adverse impact on animal welfare, and enabling the 

throughput of adequate cohort sizes in treatment studies. 

To ensure accurate dose delivery during the developed treatment plans, 

dosimetry studies were performed. The dose rate of the SARRP was determined 

using an ionisation chamber and squares of radiochromic film were exposed to a 

range of doses up to 120% of the treatment dose to create a calibration curve 

that would allow us to determine the dose delivered to an experimental film. 

This experimental film was placed within a water-based phantom; after 

development, the dose calibration curve created earlier was used to create a 

dose plane from the film scan (Figure 4.6, top panel). Gamma index analysis was 
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then performed to compare the dose distribution generated from the film with 

that on the treatment planning system, to subsequently calculate the local (dose 

at each evaluated point) dose difference (%) and distance to agreement (mm) 

between both plans. The gamma passing rate (%) was calculated as the 

percentage of pixels which met the desired criteria and agreement between 

both plans. A gamma passing rate of 96.5% was achieved with parameters of 

5%/4.5mm.

 

 

Figure 4.6: Validation of Treatment Plans through Dosimetry Studies 

Top – Gamma index analysis for 5Gy delivered with a 280° arc using a 10x10mm collimator, with 
corresponding dose delivery curve. Bottom – Table showing values for the maximum dose 
difference (%), maximum distance to agreement (mm), and gamma passing rate (%) in the 
analysis. Dosimetry studies were performed by Emer Curley (PhD Student, Dr David Lewis Lab)   
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4.2.2 Determining the Effects of Single Fraction Radiotherapy on the Tumour 

Immune Micro-Environment 

I next sought to determine the effect of single fraction radiotherapy on the 

orthotopic AKPT organoid transplant model of LARC, and to assess temporal 

changes arising within the tumour immune micro-environment. Rectal tumours 

were treated with a single 4Gy fraction of radiotherapy at 3-weeks post tumour 

implantation (Figure 4.7, top panel). A dose of 4Gy was used in keeping with 

validation experiments whereby short-term biological effects were 

demonstrated through increased DNA damage, and to closely align with doses 

applied clinically in LARC (5Gy per fraction in SCRT). Tumours were then 

harvested at 3-days or 7-days post irradiation and compared with tumours from 

time-matched untreated controls for each time-point. It was noted that the 3-

day and 7-day time-points were performed as independent experiments, and so 

comparisons between groups must be interpreted cautiously. 

Tumour measurements were performed at the time of sampling to calculate 

tumour volume, and no significant difference was seen between irradiated 

tumours and their corresponding untreated controls (Figure 4.7, bottom panel). 

Two experimental outliers were noted in the 3-day post treatment group, 

contributing to a higher mean tumour volume in this group when compared with 

its corresponding control group; however, this observed difference did not reach 

statistical significance (p=0.0732). Heterogeneity in tumour volume was 

observed between subjects within each experimental group, despite maintaining 

consistent experimental conditions and animals receiving injections derived from 

the same pooled suspension of organoid fragments. However, it was observed 

that some animals may not receive a full 70µl injection of organoid fragments 

into the submucosal layer, due to leakage of the suspension either intra-

luminally or extra-luminally at the time of injection.    
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Figure 4.7: Single Fraction Radiotherapy fails to Reduce Tumour Volume 

Top – Schematic depicting experimental protocol for delivery of single-fraction radiotherapy and 
time-point sampling. Bottom – Graph demonstrating tumour volume at 3-day and 7-day time-
points for irradiated tumours and corresponding control groups. Each data point plotted. Error 
bars show mean and SEM. n=5-7 per group. Mann-Whitney U-test. ns denotes non-significance 
(p=≥0.05). 3-day and 7-day time-points performed as independent experiments. 

 

Systemic blood counts were then analysed from animals at both 3-day and 7-day 

time-points post irradiation. No systemic response was seen following single 

fraction radiotherapy, with no significant change in any immune cell population 

observed at either time-point when compared with their corresponding time-

matched control groups (Figure 4.8). Overall circulating white cell counts (WCC), 

as well as individual counts for lymphocytes, neutrophils and monocytes, were 

not altered following treatment with single fraction radiotherapy at both 3-days 

and 7-days.   



182 
 

 

Figure 4.8: Changes in Systemic Blood Counts were not observed following Single Fraction 
Radiotherapy  

Top – Bar graphs showing systemic blood counts for WCC and lymphocytes measured as 103 

cells/µl (K/µl). Bottom – Bar graphs showing systemic blood counts for neutrophils and 
monocytes as K/µL. Each data point plotted. Error bars show mean and SEM. n=5-6 per group. 
Mann-Whitney U-test. ns denotes non-significance (p=≥0.05). 3-day and 7-day time-points 
performed as independent experiments. 

 

Rectal tumours were then analysed by H+E staining to assess for histological 

evidence of tumour regression. Normal tumour epithelium was observed in 

tumour samples from both irradiated and control groups at both the 3-day and 7-

day time-points, with no evidence of tumour regression noted (Figure 4.9). 

Furthermore, tumour stroma was also noted to contain immune cell infiltrate in 

all groups irrespective of treatment.  
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Figure 4.9: Effect of Single Fraction Radiotherapy on Tumour Histology  

Top – Representative H+E stains for AKPT rectal tumours at 3-days post single fraction irradiation 
with corresponding time-matched control. Bottom – Representative H+E stains for AKPT rectal 
tumours at 7-days post single fraction irradiation with corresponding time-matched control. 
Scale bars = 50µm. Red arrows depict tumour epithelium. Blue arrows depict immune infiltrated 
stromal compartment.  

 

IHC was then performed to assess whether changes in tumour immune cell 

infiltrate were observed at the 3-day and 7-day time-points following single-

fraction radiotherapy. All T-cells were identified through CD3 staining. At the 3-

day time-point, a decrease in mean cell density of CD3+ lymphocyte infiltration 

was observed following irradiation; however, this did not reach statistical 

significance (p=0.1000) (Figure 4.10, bottom panel). When the 7-day time-point 

was analysed, a significant change in CD3+ cell infiltration was not seen upon 

quantification. As in previous model characterisation described in Chapter 3, 

CD3+ve cells were noted to cluster more densely at the tumour invasive margin 

than in the tumour core. 
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Figure 4.10: Effect of Single Fraction Radiotherapy on CD3+ Lymphocyte Infiltration  

Top – Representative CD3 IHC stains for AKPT rectal tumours at 3-days post single fraction 
irradiation with corresponding time-matched control. Middle – Representative CD3 IHC stains for 
AKPT rectal tumours at 7-days post single fraction irradiation with corresponding time-matched 
control. Bottom panel – Bar graph showing CD3+ cell quantification by cells/mm2. Error bars 
show mean and SEM, with each data point plotted. Mann-Whitney U-test. Group sizes n=3-5. ns 
denotes non-significance (p≥0.05). Scale bars 50µm. Red arrows depict positively stained cells at 
the tumour invasive margin. Blue arrows depict positively stained cells within the tumour core.   

 

CD8 staining was performed to detect cytotoxic T-lymphocytes, with a non-

significant decrease in mean cell density observed at 3-days following irradiation 

(p=0.1000). Cytotoxic T-lymphocytes were predominantly noted at the tumour 

invasive margin in both groups, with only sparse infiltration seen within the 

tumour core (Figure 4.11, top and middle panels). However, irrespective of 

whether tumours were irradiated, a lower mean cell density was observed 

between the 3-day and 7-day groups, and likely reflects each time-point being 

performed as independent experiments, making it difficult to draw definitive 

conclusions from this data (Figure 4.11, bottom panel).  
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Figure 4.11: Effect of Single Fraction Radiotherapy on CD8+ Lymphocyte Infiltration 

Top – Representative CD8+ IHC stains for AKPT rectal tumours at 3-days post single fraction 
irradiation with corresponding time-matched control. Middle – Representative CD8+ IHC stains for 
AKPT rectal tumours at 7-days post single fraction irradiation with corresponding time-matched 
control. Bottom panel – Bar graph showing CD8+ve cell quantification as cells/mm2. Error bars 
show mean and SEM, with each data point plotted. Mann-Whitney U-test. Group sizes n=3-5. ns 
denotes non-significance (p≥0.05). Scale bars 50µm. Red arrows depict positively stained cells at 
the tumour invasive margin.   

 

I next quantified changes in tumour neutrophil infiltration following single-

fraction irradiation, through S100A9 IHC staining (Figure 4.12, top panel). An 

increase in mean cell density of S100A9 positive cells was observed at 3-days 

post irradiation when compared with its corresponding control group (Figure 

4.12, bottom panel). However, this difference did not reach statistical 

significance (p=0.7000). Each of the 3-day cohorts contains one experimental 

outlier, and coupled with the small cohort size (n=3), it was not possible to 

conclude that increased neutrophil infiltration was observed at 3-days post 

irradiation.   
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Figure 4.12: Effect of Single Fraction Radiotherapy on S100A9+ Neutrophil Infiltration 

Top – Representative S100A9+ IHC stains for AKPT rectal tumours at 3-days post single fraction 
irradiation with corresponding time-matched control. Middle – Representative S100A9+ IHC stains 
for AKPT rectal tumours at 7-days post single fraction irradiation with corresponding time-
matched control. Bottom panel – Bar graph showing S100A9+ cell quantification as cells/mm2. 
Error bars show mean and SEM, with each data point plotted. Mann-Whitney U-test. Group sizes 
n=3-5. ns denotes non-significance (p≥0.05). Scale bars 50µm. Red arrows depict positively 
stained cells at the tumour invasive margin. Blue arrows depict positively stained cells within the 
tumour core. 

 

Macrophage infiltration was then quantified using F4/80 IHC staining for both 3-

day and 7-day time-points (Figure 4.13, top and middle panels). Similar to IHC 

performed to detect CD8+ lymphocytes, a significant variability was observed 

between the two experimental batches, with a lower density of macrophages 

seen in the 3-day time-point group irrespective of treatment, which can be 

appreciated both on microscopy images and upon quantification (Figure 4.13). 

Macrophages were noted to be densely clustered at the tumour invasive margin, 

with more sparsely concentrated populations seen in the stromal compartment 

and within the tumour core. A statistically significant decrease in macrophage 

density was observed following single-fraction radiotherapy at the 7-day time-
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point when quantified as % of tumour area positively stained for F4/80 

(p=0.0317), however, given the variability noted between untreated tumours 

according to experimental batch, this change again must be interpreted 

cautiously. 

 

 
 
 
Figure 4.13: Effect of Single Fraction Radiotherapy on F4/80+ Macrophage Infiltration 
 
Top – Representative F4/80 IHC stains for AKPT rectal tumours at 3-days post single fraction 
irradiation with corresponding time-matched control. Middle – Representative F4/80 IHC stains 
for AKPT rectal tumours at 7-days post single fraction irradiation with corresponding time-
matched control. Bottom panel – Bar graph showing F4/80+ cell quantification as % of tumour 
area positively stained. Error bars show mean and SEM, with each data point plotted. Group sizes 
n=3-5. Mann-Whitney U-test. *denotes p-value <0.05. ns denotes non-significance (p≥0.05). Scale 
bars 50µm. Red arrows depict positively stained cells at tumour invasive margin. Blue arrows 
depict positively stained cells within the tumour core.   

 

I then assessed nuclear pSMAD3 expression using IHC, to determine whether 

differences in TGF-β signalling were observed following single-fraction 

radiotherapy at both time-points (Figure 4.14, top and middle panels). 

Irrespective of treatment, a high proportion of both tumour epithelium and 

stromal cells expressed pSMAD3, highlighting that TGF-β signalling is abundantly 
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activated in this tumour model. An increase in nuclear pSMAD3 expression across 

all cell types was observed following single-fraction radiotherapy at the 7-day 

time-point upon quantification (p=0.0317), suggesting that irradiation potentially 

results in further upregulation of TGF-β signalling in this model (Figure 4.414, 

bottom panel).  

 

 
 

Figure 4.14: Effect of Single Fraction Radiotherapy on TGF-β Signalling  

Top – Representative nuclear pSMAD3 IHC stains for AKPT rectal tumours at 3-days post single 
fraction irradiation with corresponding time-matched control. Middle – Representative pSMAD3+ 
IHC stains for AKPT rectal tumours at 7-days post single fraction irradiation with corresponding 
time-matched control. Bottom panel – Bar graph showing pSMAD3+ cell quantification as % of 
positively staining cells. All cell types within tumour sections were included in analysis. Error 
bars show mean and SEM, with each data point plotted. Group sizes n=3-5. Mann-Whitney U-test. 
*denotes p-value <0.05. ns denotes non-significance (p≥0.05). Scale bars 50µm. Red arrows 
depict positively staining epithelial cells. Blue arrows depict positively staining stromal cells.   

 

In addition to IHC, a piece of tumour core tissue was harvested from several 

animals in each experimental group for flow cytometry, along with tumour 

draining lymph nodes (obtained from the colonic mesentery) and circulating 

blood. Overall leucocyte counts were determined by gating all live cells 
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expressing the common leucocyte antigen CD45. In tumour tissue, no significant 

changes in overall leucocytes were observed at either time-point following 

irradiation (Figure 4.15, top panel). The presence of one experimental outlier in 

both the 3-day post-irradiation and 3-day control groups, coupled with low 

experimental numbers (n=3 per group), made it difficult to draw conclusions 

regarding tumour infiltration of leucocytes post-irradiation. However, data 

suggests that no clear difference in overall leucocyte infiltration occurred in 

AKPT tumours following single-fraction radiotherapy at 3-days and 7-days. 

Expanded cohorts performed in a single experimental batch would potentially 

overcome the effects of experimental outliers, and improve the likelihood of 

generating statistically significant results upon which to draw robust conclusions. 

Heterogeneity was noted to exist between tumours within the same 

experimental groups, and furthermore, intra-tumoral heterogeneity was also 

likely to be present, whereby different immune contextures exist within the 

same tumour, with results being influenced by the tumour region sampled.  

Similarly, in circulating blood no differences in CD45 expressing cells were 

observed following irradiation at either time-point (Figure 4.15, top panel). 

Interestingly, in tumour draining lymph nodes, an increase in CD45 expressing 

cells was observed at 7-days post irradiation when compared with corresponding 

controls (mean treated = 4.53x105 cells/mg versus untreated = 2.97x105 

cells/mg) (Figure 4.15, bottom panel). Although this increase in leucocytes 

failed to reach statistical significance (p=0.2000), results suggested that 

irradiation may induce a systemic inflammatory response in this tumour model, 

with accumulation of immune cells in local lymph nodes which subsequently fail 

to infiltrate tumours.   
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Figure 4.15: Quantification of Leucocytes by Flow Cytometry Following Single Fraction 
Radiotherapy 

Top – Bar graphs showing quantification of CD45+ cells in tumour tissue (left) and circulating 
blood (right) measured as cells/mg and cells/µl respectively. Bottom – Bar graph showing 
quantification of CD45+ cells in tumour draining lymph nodes as cells/mg. Error bars show mean 
and SEM, with each data point plotted. n=3 per group. Mann Whitney U-test. ns denotes non-
significance (p=≥0.05). 
 
 

Using flow cytometry, the proportion and overall number of specific immune cell 

populations within tumour tissue were quantified. All CD45 expressing cells were 

gated for the CD19 antigen to differentiate B-cells, with CD19-ve cells then 

selected for expression of the CD3 antigen to identify all T-lymphocytes. CD19-

ve, CD3-ve cells were gated to select for myeloid cell populations; subsequently, 

high expression of Ly6G was used to identify neutrophils. CD3-ve, CD19-ve, 

Ly6G-ve myeloid cells were gated for siglec-F expression to identify eosinophils. 

Subsequently, CD3-ve, CD19-ve, Ly6G-ve, siglec-F-ve cells were gated for either 

CD11b+ve, F4/80+ve, CD64+ve expression to identify macrophages, or MHC-

II+ve, CD11c+ve expression to identify dendritic cells.   

Again, changes in proportion and number of individual immune cell populations 

were difficult to interpret due to small group numbers (n=3 per condition), and 

due to variability within each experimental group. T-lymphocytes made up 5-15% 
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of the overall leucocyte populations in the majority of tumours, and a trend 

towards decreased T-cells following irradiation was observed at the 3-day time-

point post irradiation, as quantified by % of all CD45+ve cells and by overall cell 

numbers (Figure 4.16, top panel). An obvious increase in neutrophils as a 

proportion of the overall leucocyte population was observed following 

radiotherapy at both time-points; however, this change was not reflected in 

overall neutrophil counts (Figure 4.16, upper middle panel). A clear decrease in 

both proportion and number of macrophages was observed at 7-days post 

radiotherapy when compared with the corresponding control group, however, 

this observation did not reach statistical significance (Figure 4.16, lower middle 

panel). A decrease in dendritic cells was observed at the 7-day time-point 

following irradiation, which failed to reach statistical significance (Figure 4.16, 

bottom panel). This data failed to demonstrate an obvious influx of any 

individual immune cell population to the TME following single fraction 

radiotherapy, however, conclusions should be made cautiously as experimental 

group numbers were low and subject to considerable variability within each 

group.  
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Figure 4.16: Quantification of Tumour Immune Cell Populations by Flow Cytometry  

Top – Bar graphs showing T-cell quantification by flow cytometry following single fraction 
radiotherapy at 3-day and 7-day timepoints, quantified as % of all CD45+ve cells (left) and as 
cells/mg of tumour tissue (right). Upper middle – Bar graphs depicting neutrophil quantification. 
Lower middle – Bar graphs depicting macrophage quantification. Lower – Bar graphs depicting 
dendritic cell quantification. Error bars show mean and SEM, with each data point plotted. n=3 
per group. Mann-Whitney U-test. ns denotes non-significance (p≥0.05).  

 

Neutrophils identified from sorted tumour cells and circulating blood, were then 

analysed to identify phenotypic subtypes. CD101 is a negative co-stimulatory 

molecule expressed on subsets of lymphoid and myeloid cells, with CD101+ve 

cells known to reflect neutrophil maturity (Evrard et al, 2018). The majority of 

neutrophils in both circulating blood and in tumours across all experimental 

groups were found to express CD101 (Figure 4.17, top panel). In addition, 
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quantification of Ly6G expression can also reliably characterise neutrophil 

maturity with Ly6Gint neutrophils regarded as ‘immature’ with reduced migratory 

and regulatory capacity, and Ly6GHi neutrophils classified as ‘mature’ (Mackey et 

al, 2019). The majority of both blood and tumour neutrophils express high levels 

of Ly6G, confirming the predominance of a neutrophil mature phenotype within 

tumour and blood cells irrespective of experimental group (Figure 4.17, middle 

panel). CXC chemokine receptor 2 (CXCR2) is known to regulate neutrophil 

migration from bone marrow to blood, and subsequently promotes the migration 

of neutrophils to tumour sites (Han et al, 2019). A high proportion of neutrophils 

in the circulating blood expressed CXCR2+ve irrespective of treatment group, 

suggesting a migratory capability in the majority of circulating neutrophils 

(Figure 4.417, bottom panel). A low proportion of neutrophils in the tumour 

expressed CXCR2 irrespective of experimental group, likely reflecting rapid 

internalisation of the CXCR2 receptor following activation (Nasser et al, 2007).  
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Figure 4.17: Flow Cytometry Characterisation of Neutrophil Phenotypes in Blood and Tumour  

Top – Bar graphs showing CD101 expression on tumour (left) and blood neutrophils (right) by flow 
cytometry following single fraction radiotherapy at 3-day and 7-day timepoints, quantified by % 
of neutrophils. Middle – Bar graphs showing proportion of Ly6GHi expression on neutrophils. Lower 
– Bar graphs showing CXCR2 expression on neutrophils. Error bars show mean and SEM, with each 
data point plotted. n=3 per group.   

 

Subtyping of CD3+ve T-lymphocytes within tumour tissue was then carried out, 

using CD4 and CD8 expression to identify T-helper cells and cytotoxic T-

lymphocytes respectively. The majority of CD3+ve T-cells were identified as CD4 

expressing, indicating that a high proportion of T-lymphocytes can be 

categorised as T-helper cells (Figure 4.18). A smaller proportion of T-

lymphocytes were shown to be cytotoxic T-cells (CD4-ve, CD8+ve). A small but 

statistically insignificant decrease in the proportion of cytotoxic T-lymphocytes 

was observed at 3-days following irradiation, consistent with data seen from IHC 

(Figure 4.18).  
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Figure 4.18: Tumour T-cell Compartment Phenotyping by Flow Cytometry  

Top – Bar graphs showing expression of CD4+ve T-helper cells (left) and CD8+ve cytotoxic T-
lymphocytes as % of CD3+ expressing T-cells. Error bars show mean and SEM, with each data 
point plotted. n=3 per group. Mann-Whitney U-test. ns denotes non-significance (p≥0.05).  

 

Finally, inhibitory PD-1 receptor expression which is known to be suggestive of T-

cell exhaustion and reduced effector function, was characterised by flow 

cytometry on all CD3+ve T-cells to determine whether radiation upregulates 

expression (Wherry et al, 2015). No significant change was identified following 

radiotherapy when compared with corresponding control groups at both 3-day 

and 7-day time-points (Figure 4.19, top panel). Expression of CD69, a marker of 

early lymphocyte activation was also quantified in all CD3+ve T-cells, with no 

significant change in expression observed following radiotherapy at both time-

points studied (Figure 4.19, bottom panel).  
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Figure 4.19: Quantification of PD-1 Receptor and CD69 Expression on T-Lymphocytes  

Top – Bar graph showing expression of PD-1 receptor on CD3+ve lymphocytes as % of all CD3+ve 
T-lymphocytes. Bottom – Bar graph showing expression of CD69 on CD3+ve T-lymphocytes. Error 
bars show mean and SEM, with each data point plotted. n=3 per group. Mann Whitney U-test. ns 
denotes non-significance (p=≥0.05). 

 

4.2.3 The Effects of Fractionated Radiotherapy on the Tumour Immune 

Micro-Environment of AKPT Rectal Tumours  

Single fraction radiotherapy failed to elicit a reduction in tumour volume or any 

definitive changes in the tumour immune microenvironment of the orthotopic 

AKPT organoid transplant model of LARC. Therefore, I next sought to determine 

whether fractionated radiotherapy would induce any clinical, histological or 

immunological response. Fractionated radiotherapy regimens were designed to 

mimic SCRT which consists of 5 x 5Gy on consecutive days, and is a standard of 

care regimen used clinically in LARC. To account for potential differences in 

tissue responsiveness and tolerability between mice and humans, three 

preliminary regimens were adopted to recapitulate SCRT (5 x 5Gy; 5 x 3Gy; 3 x 

5Gy). Furthermore, fractions were delivered on alternate days to ensure animals 

recovered sufficiently between fractions and their associated anaesthetic (Figure 

4.20, top panel).  

Following treatment at 3-weeks post tumour implantation, animals were aged 

until clinical endpoint (>10% weight loss, visible tumour burden or deteriorating 
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body condition) and then sampled. Fractionated radiotherapy failed to decrease 

tumour burden when compared with an unirradiated control group which 

underwent sham radiotherapy (Figure 4.20, middle panel). Conversely, reduced 

tumour volume was observed in the untreated group, which likely reflected the 

short survival seen in this small cohort. Aside from one subject in the 3 x 5Gy 

cohort, a marked extension in survival was not observed following fractionated 

radiotherapy. A statistically significant extension in survival was observed 

(p=0.0389) when the 5 x 3Gy group was compared with the untreated cohort. 

However, considering each treatment cohort consisted of low numbers (n=3), it 

was not possible to conclude that fractionated radiotherapy extended survival in 

the AKPT model, and expanded cohorts were subsequently studied to assess this. 

Serial colonoscopy images demonstrated that intra-luminal tumour burden failed 

to regress despite treatment with fractionated radiotherapy (Figure 4.20, 

bottom panel). 
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Figure 4.20: Development of Short-Course Fractionated Radiotherapy Regimens  

Top – Schematic demonstrating the experimental timeline for delivery of fractionated 
radiotherapy regimens. Middle – Bar graph showing tumour volumes for each treatment group 
from tumours sampled at clinical endpoint (left). Survival curve demonstrating survival post 
treatment commencement for fractionated radiotherapy (right). Bottom – Representative 
colonoscopy images of an AKPT tumour pre-treatment and 1-week post fractionated 
radiotherapy. Error bars show mean and SEM, with each data point plotted. n=2-3 per group. 
Mann-Whitney U-test (bar graph). Log-rank Mantel-Cox test (survival curve). ns denotes non-
significance (p-value ≥0.05). * denotes p-value <0.05.  

 

As no clear therapeutic efficacy was demonstrated with any fractionated 

radiotherapy regimen, the 3 x 5Gy regimen was utilised in further experiments 

to minimise the number of treatment sessions and exposure to anaesthetic which 

animals were subjected to. When a larger cohort of animals were treated at an 

earlier timepoint (2-weeks post tumour implantation) when tumour burden was 

less established, a small extension in survival was observed when compared with 

a sham radiotherapy control group. However, this extension did not reach 

statistical significance (p=0.2752) (Figure 4.21, bottom panel). Furthermore, no 
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change in tumour volume was observed between groups (Figure 4.21, bottom 

panel).   

 

Figure 4.21: Improved Survival and Tumour Volume Reduction was not demonstrated 
following Fractionated Radiotherapy   

Top – Schematic demonstrating the experimental timeline for delivery of 3x5Gy fractionated 
radiotherapy. Bottom – Survival curve showing post-transplant survival compared with sham 
radiotherapy (left). Bar graph showing tumour volumes for each treatment group at clinical 
endpoint (right). Error bars show mean and SEM, each data point plotted. n=7 fractionated 
radiotherapy group, n=11 sham radiotherapy group. Log-rank Mantel-Cox test (survival curve). 
Mann-Whitney U-test (bar graph). ns denotes non-significance (p-value ≥0.05).  

 

Systemic blood was analysed from animals at clinical endpoint following 

fractionated radiotherapy (all regimens described) and compared with age-

matched untreated controls, to determine changes in circulating immune cell 

populations (Figure 4.22). A significant increase in systemic white cell counts 

were seen following fractionated radiotherapy (p=0.0041). Furthermore, a 

significant increase in lymphocyte counts were observed in the fractionated 

radiotherapy group (p=0.0346), whilst non-significant elevations in neutrophil, 

monocyte and eosinophil counts were seen. The observed changes are suggestive 

that fractionated radiotherapy induced a durable systemic inflammatory 

response, which was not observed at short-time intervals (3- and 7-days) 

following single fraction radiotherapy. 
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Figure 4.22: Fractionated Radiotherapy affects Circulating Blood Markers  

Top – Bar graphs showing white cell, neutrophil and lymphocyte counts following fractionated 
radiotherapy, compared with age-matched controls. Bottom – Bar graphs showing monocyte and 
eosinophil counts. All cell types measured as 103 cells per µl (K/µl). Error bars show mean and 
SEM, with each data point plotted. n=7-11 per group. Mann-Whitney U-test. ns denotes non-
significance (p-value ≥0.05). * denotes p-value <0.05. ** denotes p-value <0.01. 

 

In the absence of tumour volume reduction, H+E stains were analysed to assess 

histological changes associated with radiation (Figure 4.23, top panel). 

Numerous tumour regression grading (TRG) systems exist in clinical practice to 

assess therapeutic response to radiotherapy and CRT, including the modified 

Dworak and the American Joint Committee on Cancer (AJCC) systems (Dworak et 

al, 1997; Kim et al, 2016). Such classification systems classify the degree of 

tumour regression by assessing the proportion of tumour occupied by fibrosis 

relative to viable tumour cells. However, significant areas of fibrosis were not 

observed in post fractionated radiotherapy samples, and so this measure was not 

used as a surrogate marker for therapy response (Figure 4.23). 



201 
 

High grade inflammatory cell response, particularly at the invasive margin is 

associated with improved survival outcomes in CRC patients (Klintrup et al, 

2005). Several clinical studies show that an improved recurrence free survival 

rate is associated with both increased inflammatory cells within fibrotic stroma, 

and the presence of surface ulceration (Shia et al, 2004; Nagtegaal et al 2001). 

On assessing H+E sections, areas of immune cell infiltrate and acute necrosis 

were observed following fractionated radiotherapy, suggesting some tumour 

regions undergo an inflammatory reaction following fractionated radiotherapy 

(Figure 4.23, top panel).  

Presence of mucin pools lacking neoplastic epithelium, is regarded as a feature 

of treatment response, but is not associated with improved recurrence free 

survival in rectal cancer patients who have undergone neo-adjuvant therapy 

(Shia et al, 2011). Areas of mucin pooling were observed in AKPT tumours 

treated with fractionated radiotherapy which were not obvious upon analysis of 

tumour sections from untreated controls (Figure 4.23, top panel). In order to 

quantify these changes, tumour tissue was stained using the Alcian 

Blue/periodic-acid Schiff (AB/PAS) sequence to assess mucin secretion by 

adenocarcinoma cells. A significant increase in AB/PAS staining was observed in 

post-fractionated radiotherapy tumour samples, when quantified as % of tumour 

area positively stained (p=0.0159) (Figure 4.23, lower panel). Areas of mucin 

pooling were observed in only some regions of irradiated tumours, suggesting 

that expulsion of mucin from tumour cells occurred in isolated tumour regions 

with some tumour areas being less affected by irradiation. Although tumour 

volume regression and clear survival extension were not observed following 

fractionated radiotherapy in the AKPT model, histological changes were 

demonstrated to suggest that tumours undergo a more subtle response to 

therapy.  
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Figure 4.23: Histological Changes are seen following Fractionated Radiotherapy   

Top – Representative H+E staining of untreated and post fractionated radiotherapy AKPT rectal 
tumour samples. Middle – Representative AB/PAS staining from the corresponding AKPT tumours. 
Bottom - Bar graph showing AB/PAS quantification as % of tumour area stained. Error bars show 
mean and SEM, with each data point plotted. n=5 per group. Mann-Whitney U-test. * denotes p-
value <0.05. Scale bars 50µm. Red arrows depict areas of mucin pooling. Blue arrows indicate 
acute necrosis/inflammatory infiltrate. 
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Immunohistochemistry was then performed to assess whether changes in 

infiltration of common immune cell groups could be observed following 

fractionated radiotherapy, with tumour samples from clinical endpoint analysed. 

Clusters of T-lymphocytes (CD3+ve cells) and cytotoxic T-lymphocytes (CD8+ve 

cells) were observed at the invasive margins of both untreated AKPT tumours 

and at clinical endpoint following treatment with fractionated radiotherapy 

(Figure 4.24, top and middle panels). Less abundant and patchy infiltration of 

CD3+ve and CD8+ve lymphocytes were observed within the tumour core of both 

treated and control tumour samples. Upon quantification, no significant changes 

in lymphocyte infiltration were observed following treatment with fractionated 

radiotherapy (Figure 4.24, lower panel).  

 

Figure 4.24: Tumour Infiltrating Lymphocytes are unchanged Following Fractionated 
Radiotherapy    

Top – Representative CD3 staining in untreated and post fractionated radiotherapy AKPT rectal 
tumours. Middle – Representative CD8 staining. Lower – Bar graphs showing expression of CD3 
and CD8 as cells per mm2. Error bars show mean and SEM, with each data point plotted. n=3 per 
group. Mann-Whitney U-test. ns denotes non-significance (p-value ≥0.05). Scale bars = 50µm. Red 
arrows depict positively stained cells.  
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S100A9 expression was quantified to assess for changes in tumour infiltrating 

neutrophils, with no significant change between groups observed (Figure 4.25, 

top panel). Furthermore, no significant effect on macrophage populations were 

observed following fractionated radiotherapy through quantification of F4/80 

expression, although an apparent increase in mean % of area staining positively 

for F4/80 was seen in the fractionated radiotherapy group (Figure 4.25, middle 

panel). For both S100A9 expressing neutrophils and F4/80+ve macrophages, 

populations appeared to be more evenly distributed throughout tumours, with 

myeloid cells infiltrating the tumour core irrespective of treatment with 

fractionated radiotherapy.  

 

Figure 4.25: Changes in Tumour Infiltrating Myeloid Cells were not observed following 
Fractionated Radiotherapy    

Top – Representative S100A9 staining in untreated and post fractionated radiotherapy AKPT 
rectal tumour samples. Middle – Representative F4/80 staining. Lower – Bar graphs showing 
S100A9 and F4/80 quantification, as cells per mm2 and % of tumour area positively stained 
respectively. Error bars show mean and SEM, with each data point plotted. n=3-5 per group. 
Mann-Whitney U-test. ns denotes non-significance (p-value ≥0.05). Scale bars = 50µm. Red 
arrows depict positively stained cells. 
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Despite the observation of small regions of necrosis on H+E sections following 

fractionated radiotherapy, IHC data suggests that fractionated radiotherapy 

failed to induce a clear change in immune cell infiltrate when whole tumours 

were assessed at clinical endpoint. To identify potential mechanisms of 

treatment resistance and drivers of an immunosuppressive tumour 

microenvironment, TGF-β signalling was assessed through pSMAD3 staining of 

post fractionated radiotherapy tumour samples. Having previously shown 

abundant levels of TGF-β signalling in the AKPT organoid transplant model, 

extensive pSMAD3 expression was observed in tumour epithelial cells at clinical 

endpoint following fractionated radiotherapy (Figure 4.26, top panel). Upon 

quantification, no significant change in expression was observed following 

treatment, with the TGF-β signalling pathway known to be highly activated at 

baseline in this model (Figure 4.26, lower panel).   

 

Figure 4.26: Changes in TGF-β Signalling Following Fractionated Radiotherapy are not 
observed   

Top – Representative pSMAD3 staining in untreated and post fractionated radiotherapy AKPT 
rectal tumour samples. Lower - Bar graphs quantifying pSMAD3 staining by % of pSMAD3 
expressing cells and by positively stained cells/mm2. Error bars show mean and SEM, with each 
data point plotted. n=3 per group. Mann-Whitney U-test. ns denotes non-significance (p-value 
≥0.05). Scale bars = 50µm. Red arrows depict pSMAD3 expressing epithelial cells. Blue arrows 
depict pSMAD3 expressing stromal cells.  
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Multiplex IHC was performed to characterise the spatial relationships between 

different immune cell populations in both untreated and post-fractionated 

radiotherapy samples from tumours at clinical endpoint. CD4+ve T-helper cells, 

CD8+ve CTLs, CD68+ve macrophages, Ly6G expressing neutrophils, and Treg cells 

(FOXP3 expression) were included in the panel. Images show a predominance of 

myeloid cells (CD68 and Ly6G) at the tumour edge of untreated samples, with an 

infiltration of CD4+ve and CD8+ve lymphocytes seen in this area following 

fractionated radiotherapy (Figure 4.27, top panel). When the tumour core was 

examined, sparse immune infiltrate was observed in untreated samples with 

scattered populations of lymphocyte and myeloid cells seen. In contrast, 

following fractionated radiotherapy the tumour core appeared to be infiltrated 

with CD68 expressing macrophages (Figure 4.27, middle panel). No statistically 

significant difference in any of the noted immune cell markers was noted, 

however, only a small number of samples (n=3 per group) were analysed (Figure 

4.27, bottom panel).  
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Figure 4.27: Multiplex IHC demonstrates a Radioresistant Tumour Immune Microenvironment    

Top – Representative multiplex IHC images for untreated and irradiated tumour edges. Bottom – 
Representative multiplex IHC images for untreated and irradiated tumour core. Lower - Bar 
graphs quantifying immune markers as % of positively expressing cells. Scale bars 100µm. n=3 per 
group. Bars show mean and SEM, with each data point plotted. Mann-Whitney U-test. p-values 
stated. Legend to depict immune cell marker staining by fluorophore colour. Multiplex staining 
and analysis performed by Dr Eoghan Mulholland (University of Oxford). 

 

In the limited number of samples analysed, data was suggestive of a tumour 

immune microenvironment which demonstrates resistance to fractionated 

radiotherapy in the orthotopic AKPT rectal cancer model. Systemic blood 

analysis showed clear increases in overall leucocyte, lymphocyte and neutrophil 

counts following fractionated radiotherapy, however, no significant change in 
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any immune cell population was observed on IHC following treatment. No 

benefit in survival or tumour burden were observed upon treatment with 3 x 5Gy 

in expanded cohorts. F4/80 staining and multiplex IHC were suggestive that 

macrophages may infiltrate the tumour core following fractionated 

radiotherapy, however, higher numbers and repeat experiments would be 

required to substantiate this conclusion. 

 

4.2.4 Transcriptomic Changes following Radiotherapy in the AKPT Model 

I next performed bulk RNA sequencing on AKPT rectal tumour samples treated 

with both single-fraction and fractionated radiotherapy. Tumours treated with a 

single 4Gy fraction and sampled at 3-day, 7-day and 14-day time-points, were 

analysed as described previously. Tumours subjected to fractionated 

radiotherapy (5 x 5Gy, 5 x 3Gy or 3 x 5Gy) were sampled at clinical endpoint, 

with a cohort of untreated clinical endpoint samples included as a control group.  

Principal Component Analysis (PCA) was performed for all samples, to detect the 

degree of similarity in gene expression values between samples and groups 

(Figure 4.28). In PCA, the dimensionality of a large data set is reduced by 

transforming a large set of variables into a smaller set, whilst still consisting of 

most of the information within the original data. Linear combinations of the 

original data are used to define a new set of variables (principal components), 

which enables the visualisation of closely correlated samples by the degree of 

clustering, and also allowing identification of outliers. Within PCA, axes are 

ranked in order of importance, with differences in dimension 1 (x-axis) being 

more important than differences in dimension 2 (y-axis). No obvious patterns of 

clustering were observed upon PCA, illustrating that these samples exhibit a 

significant degree of molecular heterogeneity.  
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Figure 4.28: 2D Principal Component Analysis of AKPT Rectal Tumour Samples Post 
Radiotherapy     

2D PCA generated from RNA sequencing data of AKPT rectal tumours (untreated, post single 4Gy 
fraction at 3-day, 7-day and 14-day time-points, and post fractionated radiotherapy). Each data 
point plotted, with sample groups indicated by key. Dimension 1 plotted on x-axis, dimension 2 
on y-axis. n=3-7 per group. Data analysis performed by Dr Kathryn Gilroy (CRUK Beatson 
Institute).   

 

Gene-set variation analysis (GSVA) was conducted to determine expression of 

hallmark gene-sets of interest across each experimental group. Hallmark gene-

sets of interest included those associated with the immune response, including 

interferon-alpha (IFN-α), interferon gamma (IFN-γ), interleukin-6 mediated janus 

kinase/signal transducer and activator of transcription 3 signalling (IL-6 

JAK/STAT3) and inflammatory response. An up-regulation in IFN-γ, IFN-α, IL-6 

JAK/STAT3 signalling and inflammatory response was observed at short time-

points post single fraction radiotherapy (3-days and 7-days), with this response 

not observed at the 14-day time-point and in tumours analysed at clinical 

endpoint following fractionated radiotherapy (Figure 29). Up-regulation in 

expression of the TGF-β hallmark gene-set was observed at all time-points 

studied following single fraction radiotherapy and following fractionated 

radiotherapy, when compared with untreated control group samples (Figure 

4.29).  
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Figure 4.29: Upregulation of Hallmark Gene-sets is observed following Radiotherapy     

Heatmap demonstrating hallmark gene-sets with significant up-regulation shown in red, and 
significant down regulation in blue. Each individual sample plotted along bottom x-axis. Each 
hallmark gene-set described on right y-axis. n=3-7 per group. Data analysis performed by Dr 
Kathryn Gilroy (CRUK Beatson Institute).    

 

Following the observation of up-regulation of the TGF-β hallmark gene-set in all 

treatment groups, individual genes were then analysed for significant up-

regulation in expression with comparison made from each individual treatment 

groups with the untreated control cohort. No individual genes were found to 

display differentially altered expression (defined as adjusted p value < 0.05 and 

log2 fold change >1), when compared with the untreated control cohort. When 

mean expression of individual genes were displayed as a heatmap, no obvious 

pattern of upregulation in SMAD protein (Smad1, 3, 6 or 7) or TGF-β receptor 

(Tgfbr1) related genes were observed in any treatment group.  
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Figure 4.30: No Significantly Up-regulated Genes are Demonstrated in the TGF-β Hallmark 
Gene-Set  
 
Heatmap demonstrating normalised transcript reads for individual genes within the TGF-β 
hallmark gene-set. Each individual sample plotted along upper x-axis. Individual genes shown on 
left y-axis. Key shows individual treatment groups. z-score indicating up-regulation in gene 
expression plotted in red with down-regulation plotted in blue, with numerical value 
representing number of standard deviations away from the mean expression of all samples 
plotted. n=3-7 per group. Data analysis performed by Dr Kathryn Gilroy (CRUK Beatson Institute).    

 

Individual treatment groups were then compared with untreated control 

samples, to identify significant changes when differential gene expression was 

performed across all genes and then within gene-sets of interest. Following 

fractionated radiotherapy, many genes were significantly up- or down-regulated 

when compared with untreated controls, showing that fractionated radiotherapy 

induced durable transcriptomic changes in the AKPT rectal tumour model (Figure 

4.31).  
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Figure 4.31: Altered Expression of Genes was Demonstrated Following Fractionated 

Radiotherapy  

 

Volcano plot demonstrating differential expression across all genes when post fractionated 
radiotherapy tumours were compared with untreated controls. Significant gene changes plotted 
in green with label. x-axis shows log2 fold change, with >1 depicting significantly up-regulated 
genes, and <1 depicting significantly down-regulated genes. y-axis shows transformed p-value (-
log10 of p-value), with p<0.05 depicting significance. Non-significantly altered genes plotted as 
grey dots. Data analysis performed by Dr Kathryn Gilroy (CRUK Beatson Institute). 

 

Differential gene expression analysis was then performed for hallmark gene-sets 

associated with immune response and inflammation (IFN-γ, IFN-α, IL-6 

JAK/STAT3 signalling and inflammatory response). Upon probing for specific 

genes of interest demonstrating differential expression following fractionated 

radiotherapy, up-regulation of the Ptgs2 (Prostaglandin-endoperoxide synthase 

2) gene within the interferon-γ hallmark gene-set was noted to be up-regulated 

following fractionated radiotherapy (Figure 4.32). 
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Figure 4.32: Upregulation of Ptgs2 is Demonstrated Following Fractionated Radiotherapy 

 

Volcano plot demonstrating differential expression of individual genes within the INF-γ hallmark 
gene-set. Significant gene changes plotted in green with only IFN-γ associated genes labelled. x-
axis shows log2 fold change, with >1 depicting significantly up-regulated genes, and <1 depicting 
significantly down-regulated genes. y-axis shows transformed p-value (-log10 of p-value), with 
p<0.05 depicting significance. Non-significantly altered genes plotted as grey dots. Data analysis 
performed by Dr Kathryn Gilroy (CRUK Beatson Institute). 
 

 

When differential expression of individual genes within the IFN-γ hallmark gene-

set was plotted for the single fraction time-point treatment groups, the Ptgs2 

gene was noted to be upregulated at both the 3-day and 7-day time-points post 

single fraction radiotherapy (Figure 4.33, upper and lower panels respectively). 

Prostaglandin-endoperoxide synthase 2 (Ptsg2), also known as cyclooxygenase 2 

(COX-2), is involved in the conversion of arachidonic acid to various 

prostaglandins, and is a key mediator of inflammation and known to be 

upregulated in response to cytokines (Portanova et al, 1996). The COX-2 derived 

prostaglandin PGE2 is known to promote tumour growth, through activating 

signalling pathways involved with cell proliferation, migration, apoptosis and 

angiogenesis, and by suppressing immune responses (Wang and Dubois, 2006).  
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Figure 4.33: Ptgs2 is Upregulated Following Single Fraction Radiotherapy 

 

Volcano plots demonstrating differential expression of individual genes with INF-γ hallmark gene-
set. Top – demonstrates 3-day timepoint group post single fraction radiotherapy. Bottom – 
demonstrates 7-day timepoint group following single fraction radiotherapy. Significant gene 
changes plotted in green with only IFN-γ associated genes labelled. x-axis shows log2 fold 
change, with >1 depicting significantly up-regulated genes, and <1 depicting significantly down-
regulated genes. y-axis shows transformed p-value (-log10 of p-value), with p<0.05 depicting 
significance. Non-significantly altered genes plotted as grey dots. Data analysis performed by Dr 
Kathryn Gilroy (CRUK Beatson Institute). 
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4.2.5 AKPT Organoids Demonstrate Responsiveness to Irradiation In-vitro 

Having demonstrated resistance to radiotherapy in the orthotopic AKPT organoid 

transplant model of rectal cancer, I sought to determine whether AKPT 

organoids would demonstrate responsiveness to irradiation in-vitro, in the 

absence of a host immune system. AKPT organoids were cultured, dissociated 

into single cells, then seeded in 2D conditions to allow serial imaging of organoid 

growth. At 3-days post seeding, organoids were treated with a single fraction of 

radiotherapy at a range of doses (0, 2, 4, 6, 8 and 10Gy) (Figure 4.34, top 

panel). Furthermore, media was treated with increasing concentrations of 5-FU 

chemotherapy (or dimethyl sulfoxide (DMSO) as vehicle), a known radio-

sensitising agent given in standard of care CRT in rectal cancer.  

At 72 hours post irradiation, cell viability was assessed using WST-1 assay, which 

measures mitochondrial dehydrogenase activity through quantification of 

formazan dye formed by viable cells. Data for % of cell viability was normalised 

to the readouts obtained for wells treated with 0Gy irradiation and DMSO 

vehicle. An increasing response was seen following radiotherapy, with 19.9% cell 

viability observed in the 10Gy plus DMSO treatment condition at 72 hours (Figure 

4.34, bottom panel). In the absence of irradiation, AKPT organoids responded 

similarly to escalating concentrations of 5-FU, with the 0Gy plus 50µM 5-FU 

treatment condition demonstrating 20.5% cell viability (Figure 4.34, bottom 

panel). This data demonstrates that maximal therapeutic effect in-vitro was 

achieved with fractions of 8-10Gy, with no synergistic effect demonstrated 

following the addition of 5-FU. However, in the absence of irradiation, this 

maximal therapeutic effect was also achieved with the maximal concentration of 

5-FU (50µM) studied. In the absence of a host stroma and infiltrating immune 

cells, AKPT organoids demonstrated increasing sensitivity to both irradiation and 

5-FU chemotherapy in-vitro.  
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Figure 4.34: AKPT Organoids Demonstrate Sensitivity to Irradiation and 5-FU In-Vitro 

 

Top – Schematic showing experimental timeline for seeding of AKPT single cells and treatment 
in-vitro. Bottom – Dose response curve demonstrating % cell viability as normalised to 0Gy and 
DMSO-treated media. Treatment with escalating dose of radiotherapy (0Gy, 2Gy, 4Gy, 6Gy, 8Gy 
and 10Gy), and media treated with escalating concentrations of 5-FU (DMSO, 0.5µM, 1µM, 5µM, 
10µM and 50µM). y-axis shows % cell viability. x-axis shows 5-FU concentration converted to 
logarithmic form. 5 replicates per experimental condition. Experiment performed on two 
occasions, with second dataset presented.  
 

In addition, immediately following initiation of treatment, growth of established 

organoids were monitored through serial imaging (8 hourly intervals) using an 

Incucyte® imaging system. When analysing organoids treated with radiotherapy 

and DMSO-treated media, longitudinal continuous growth of organoids can be 

seen following 0Gy and with lower 2Gy or 4Gy fractions of radiotherapy (Figure 

4.35). At the higher 8Gy and 10Gy radiotherapy fractions, limited organoid 

growth was detected upon serial imaging, with evidence of organoid rupture 

demonstrated at 48-72 hours (Figure 4.35).   
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Figure 4.35: AKPT Organoids Demonstrate Sensitivity to Irradiation In-Vitro 

 

Representative serial images of organoids treated with escalating fractions of radiotherapy (with 
DMSO vehicle treated media) at baseline, 24hrs, 48hrs and 72hrs. Images obtained from incucyte. 
Blue arrows depict healthy and expanding organoids. Red arrows depict ruptured organoids.  

 

Cell confluence was then assessed using Incucyte® images, to determine the % of 

area per well occupied by single cells and organoids. Serial values were then 

plotted to determine whether escalating doses of radiotherapy (with DMSO 

treated media) resulted in less cell growth over time (Figure 4.36). Different 

starting % cell confluences were observed between different treatment groups, 

with subsequent gradients of cell growth appearing to be similar over 72 hours 

post irradiation. The lower % of cell confluence seen in the higher radiotherapy 

fraction groups (6Gy, 8Gy and 10Gy) at 72 hours, when compared with smaller 

fractions, likely reflects the lower starting cell confluence and so limited 

conclusions can be drawn regarding the effect of escalating radiation dose upon 

cell and organoid growth when measured in this manner. 
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Figure 4.36: AKPT Cell and Organoids Growth is Slowed with Escalating Irradiation  

 

Graph to show serial growth of AKPT cells and organoids over time, demonstrated as % 
confluence of imaged wells. Data points plotted at 8 hourly time intervals for each radiotherapy 
fraction. Each data point represents the mean value of 5 experimental replicates.   

 

4.2.6 The AKPT Subcutaneous Xenograft Model Demonstrates Responsiveness 

to Fractionated Radiotherapy 

I then sought to determine whether AKPT organoid derived tumours would be 

more responsive in-vivo when injected subcutaneously at the flank region, to 

assess whether changes in tumour infiltrating immune cells differ according to 

tumour site. AKPT organoid fragments were injected unilaterally in the 

subcutaneous flank region of immunocompetent C57Bl/6 mice, and were treated 

with a 3 x 6Gy fractionated radiotherapy regimen at 2 weeks post tumour 

implantation (Figure 4.37, top panel). Mice were sampled at clinical endpoint, 

defined as tumour diameter ≥15mm in one dimension, deteriorating body 

condition, or the presence of skin ulceration. An extension in survival was 

observed in the cohort subjected to fractionated radiotherapy, however, this did 

not reach statistical significance (p=0.1163) (Figure 4.37, middle panel).  

Serial tumour measurements were carried out 3 times weekly (Mon/Wed/Fri), by 

measuring maximum diameter and the corresponding perpendicular width; these 

values were then used to calculate estimated tumour volume and to chart 

tumour growth (Figure 4.37, bottom panel). A transient tumour volume reduction 

was observed in several treated tumours at 10-14 days post commencement of 

treatment, whereas all untreated subjects displayed continuous tumour growth 

(Figure 4.37, bottom panel). Irradiated tumours (n=2) which did not exhibit 

transient tumour volume regression had reached clinical endpoint prior to 10 
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days post treatment initiation, as a result of skin ulceration or maximal tumour 

diameter being reached. 

  

 
Figure 4.37: AKPT Subcutaneous Xenografts Demonstrate Transient Response to Fractionated 
Radiotherapy 
 
Top – Schematic demonstrating experimental timeline for irradiation of AKPT subcutaneous 
xenografts. Middle – Survival curve demonstrating survival of irradiated and untreated tumours. 
Bottom – Graph showing serial tumour volume measurements demonstrating tumour growth or 
regression. Dotted line indicates treatment start. Log Rank Mantel-Cox test. ns denotes non-
significance (p≥0.05). n=5 per group. 

 

Histological analysis of subcutaneous AKPT tumours following fractionated 

radiotherapy by H+E staining, revealed a reduction in tumour epithelium when 

compared with the control cohort, and most notably in animals which had 

undergone a transient tumour volume reduction (Figure 4.38). Although large 

tumour volumes were observed at clinical endpoint following fractionated 

radiotherapy, significant areas of fibrosis and regression were seen within 

tumours (Figure 4.38, top panel). Dense populations of immune cells were 

observed at the tumour invasive edge and throughout the stromal compartment 
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in both untreated and irradiated tumour samples (Figure 4.38, bottom panel). 

However, immune cell populations appear to be relatively sparse in the regions 

of treated tumours which had undergone regression and replaced by fibrosis.   

 

 
Figure 4.38: AKPT Subcutaneous Xenografts Demonstrate Histological Evidence of Tumour 
Regression Following Fractionated Radiotherapy 
 
Top – Representative H+E stains (x4) from untreated and post fractionated radiotherapy AKPT 
subcutaneous xenograft tumours. Bottom – Corresponding H+Es at higher magnification (x10). 
Red arrows depict tumour epithelium. Blue arrows depict areas of immune/inflammatory 
infiltrate. Yellow arrows depict areas of tumour regression/fibrosis. Scale bars = 100µm and 
50µm.  

 

As a surrogate marker of tumour response, I quantified mucin pooling in tumours 

through AB/PAS staining. Large areas of mucin pooling were noted in tumours at 

clinical endpoint following radiotherapy (Figure 4.39, top and middle panels). 

Quantification revealed a significantly increased level of AB/PAS staining 

following fractionated radiotherapy when measured by % of tumour area 

positively stained (p=0.0079), further demonstrating that subcutaneous tumours 

underwent irradiation induced histological changes (Figure 4.39, bottom panel). 
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Figure 4.39: AKPT Subcutaneous Xenografts Demonstrate Increased Mucin Pooling Following 
Fractionated Radiotherapy 
 
Top - Representative AB/PAS stains (x4) from untreated and post fractionated radiotherapy AKPT 
subcutaneous xenograft tumours. Middle – Corresponding AB/PAS stains at higher magnification 
(x10). Bottom – Bar graph demonstrating % tumour area stained for AB/PAS in untreated and post 
fractionated radiotherapy samples. n=5 per group. Error bars show mean and SEM. Each data 
point plotted. Mann-Whitney U-test. **denotes p-value ≤0.01. Scale bars 100µm and 50µm. Red 
arrows depict regions staining positively for mucin. 

 

I next analysed common immune cell markers to assess changes in immune 

infiltrate in AKPT subcutaneous xenograft tumours following treatment with 

fractionated radiotherapy at clinical endpoint. T-lymphocyte populations were 

assessed by staining for CD3, CD8 and FOXP3 T-regulatory cells. In both 

untreated and post irradiated tumours, abundant populations of both CD3+ 

lymphocytes and CD8+ cytotoxic T-lymphocytes were observed at the tumour 

invasive margin with these cells less densely populated in the stromal 

compartment within the tumour core (Figure 4.40, top and upper middle 

panels). FOXP3+ T-regulatory cells were seen in low densities at the tumour 
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invasive margin in both untreated and treated tumours, and were relatively 

absent from the tumour core (Figure 4.40, lower middle panel). Upon 

quantification, significantly lower populations of CD3+, CD8+ and FOXP3+ cells 

were seen following fractionated radiotherapy, likely reflecting the relative 

absence of lymphocytic infiltrate from regions of irradiated tumour which had 

undergone regression and replacement by fibrotic tissue (Figure 4.40, bottom 

panel).   
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Figure 4.40: Overall Lymphocytic Infiltrate in AKPT Subcutaneous Xenograft Tumours is 
decreased following Fractionated Radiotherapy 

Top - Representative CD3 stains (x10) from untreated and post fractionated radiotherapy AKPT 
subcutaneous xenograft tumours. Top middle – Representative CD8 stains (x10) from the 
corresponding tumour. Bottom middle – Representative FOXP3 stains (x10) from the 
corresponding tumour. Bottom - Bar graphs depicting CD3, CD8 and FOXP3 quantification as 
cells/mm2. Error bars show mean and SEM. Each data point plotted. n=5 per group. Mann-
Whitney U-test. *denotes p-value ≤0.05. **denotes p-value ≤0.01. Scale bars 50µm. Red arrows 
depict positively staining cells. Blue arrows depict regions with absence of immune cell of 
interest.  

 

I next analysed infiltrating myeloid cell populations, firstly through staining for 

S100A9 expression to detect neutrophils. S100A9 positive neutrophil cell 

populations were seen at the tumour invasive margin in both untreated and 
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irradiated tumour samples, while relatively sparse numbers were seen in the 

tumour core (Figure 4.41, top panel). Neutrophil populations were observed in 

regions of treated tumours which had undergone regression, likely reflecting 

recruitment to these areas with subsequent phagocytosis of tumour cells. This 

observation is likely to reflect the significantly higher number of S100A9 

expressing cells seen in tumours post fractionated radiotherapy (Figure 4.41, 

bottom panel). Dense regions of macrophage infiltration in the tumour invasive 

margins were detected through F4/80 staining (Figure 4.41, middle panel), with 

significant populations maintained in the stromal compartment throughout the 

tumour core in both untreated and irradiated tumours, with no significant 

differences observed upon quantification (Figure 4.41, bottom panel). 
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Figure 4.41: Neutrophil Infiltration is increased in the AKPT Subcutaneous Xenograft Model 
Following Fractionated Radiotherapy 
 
Top – Representative S100A9 staining (x10) from untreated and treated AKPT subcutaneous 
xenograft tumours. Middle – Representative F4/80 staining (x10) from corresponding tumours. 
Bottom – Bar graphs depicting S100A9 and F4/80 quantification, as cells/mm2 or % area positively 
stained respectively. Error bars show mean and SEM. Each data point plotted. n=5 per group. 
Mann-Whitney U-test. *denotes p-value ≤0.05. ns denotes no-significance. Scale bars 50µm. Red 
arrows depict positively staining cells. Blue arrows depict S100A9 positive cells within regions of 
tumour regression.  

 

Data from serial tumour volume calculations, tumour histology and immune cell 

quantification suggest that AKPT tumours were more sensitive to radiotherapy 

when implanted at the heterotopic subcutaneous flank region when compared 

with the orthotopic rectal location. It must be noted that subcutaneous tumours 

were subjected to slightly higher radiotherapy fractions (3 x 6Gy), which may 

account for the transient clinical response described. However, AKPT rectal 

tumours subjected to 3 x 6Gy fractionated radiotherapy failed to demonstrate 

survival extension or tumour volume reduction (data not presented). 
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Nonetheless, a potential difference in tumour immune micro-environment 

between the subcutaneous flank and rectal locations is highlighted, with the 

microbiome potentially creating a more immunosuppressive tumour milieu. 

 

4.3 Discussion 

4.3.1 Targeting Orthotopic Rectal Cancer Models with Radiotherapy 

This chapter has described the development of an experimental protocol for the 

delivery of image-guided precision radiotherapy to the orthotopic AKPT organoid 

transplant model of LARC, representing a significant advancement in the ability 

to conduct clinically translatable pre-clinical irradiation studies. The successful 

delivery of image-guided radiotherapy to orthotopic pre-clinical models of rectal 

cancer has only recently been described in the literature, with Nicolas and 

colleagues describing the delivery of a 5 x 2Gy fractionated radiotherapy 

regimen using a SARRP (Nicolas et al, 2022). The approach described in this 

chapter was validated through the demonstration of DNA damage induction at 3 

hours post irradiation, as shown by increased expression of γH2AX on IHC (Figure 

4.3). Repeated experiments have demonstrated the reproducibility of the 

irradiation protocol described, with increased γH2AX expression consistently 

shown at short time-points (3-6 hours).  

Despite a failure to visualise rectal tumours during treatment planning, it was 

evident that non-contrast CBCT image acquisition enabled identification of the 

tumour location in relation to anatomical landmarks (anal margin and distal 

colonic gas). In developing a protocol for irradiating pre-clinical rectal tumours, 

it was evident that improving tumour detection through MRI would result in a 

significantly increased experimental time of ~60 minutes per treatment, 

compared with ~15 minutes when CBCT is used for planning. Contrast agents 

delivered as a rectal enema is a strategy employed clinically to evaluate rectal 

tumours, and might prove to be a time efficient method of improving tumour 

detection in the pre-clinical setting, and could potentially be employed to 

further refine irradiation protocols (Murai et al, 2022). Having demonstrated 

successful tumour targeting, it remains unlikely that improved tumour detection 

through refined imaging protocols would alter experimental outputs. However, 

improved tumour detection might enable radiotherapy to be administered with a 
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smaller beam diameter to minimise normal tissue effects, and could be a useful 

tool to monitor tumour response to treatment.  

A large increase in the number of published studies reporting the use of small 

animal irradiators has been observed over the past 10 years, with the majority 

consisting of biology contributions which evaluate either tumour or normal tissue 

responses to irradiation (Brown et al, 2022). Technological advances in image-

guided small animal irradiation, which have undergone rigorous dosimetric 

evaluation, highlight exciting opportunities within the laboratory to conduct pre-

clinical irradiation studies with greater potential to support translation to the 

clinical setting (Ghita et al, 2017). Although the ability to replicate modern 

clinical radiotherapy systems in the laboratory has recently been realised, it is 

crucial that pre-clinical irradiation studies in CRC also progress beyond 

heterotopic xenograft models which continue to be reported in the literature 

(Grapin et al, 2019). The delivery of image-guided radiotherapy to orthotopic 

models of rectal cancer has only recently been described, and the results 

presented in this thesis so far highlight the recent advances made in both 

accurate modelling of LARC, and in the ability to deliver radiotherapy to small 

animals in a manner which closely mimics the clinical scenario.        

 

4.3.2 The AKPT Orthotopic Rectal Cancer Model Demonstrates Resistance to 

Radiotherapy 

In this chapter, I then utilised the developed model of LARC and irradiation 

protocol to evaluate tumour responses to a single 4Gy fraction of radiotherapy, 

with analyses performed at 3-days and 7-days post treatment. At these short-

term time-points, tumour volume reduction and histological tumour regression 

were not observed at this dose (Figures 4.7 and 4.9). Pre-clinical reports of 

tumour remission following single fraction radiotherapy have been described in 

CRC models, however, these involve ablative fractions as high as 30Gy, with 

intense CD8+ T-cell infiltrate demonstrated within the TME (Filatkenov et al, 

2015). Although stereotactic ablative radiotherapy (SABR) has shown clinical 

efficacy in multiple solid cancers with oligometastatic disease, including CRC 

with lung metastases, the use of fractions >5Gy has not been routinely used in 

the treatment of primary LARC (Olson et al, 2020; Nicosia et al 2022). With this 
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rationale, I sought to evaluate the effects of clinically relevant radiotherapy 

fractions on the TME, with the aim of identifying immunological changes with 

the potential to be augmented pharmacologically in combination with 

irradiation.   

Upon analysis of the tumour immune microenvironment following single fraction 

radiotherapy, IHC and flow cytometry both demonstrated an observed reduction 

in T-cell infiltration in AKPT tumours at 3-days post irradiation, with no changes 

being observed at the 7-day time-point (Figures 4.10 and 4.16). Studies from 

both murine blood and tissue show that T-cells demonstrate a relatively radio-

sensitive phenotype, and so the observation of a transient decline in T-cell 

populations in the AKPT model is consistent with previously published data 

(Heylmann et al, 2014). An increase in leucocytes was observed in tumour 

draining lymph nodes at 7-days post irradiation, suggesting that a local 

inflammatory response was induced following a single 4Gy fraction (Figure 4.16). 

However, definitive conclusions cannot be drawn from these observations due to 

the low cohort numbers included in each analysis (n=3-5). Furthermore, 

different TME compositions were seen in the 3-day and 7-day control cohorts, 

with much lower densities of CD8+ve CTLs and F4/80+ve macrophages noted in 

the 3-day group; as each time-points were performed as independent 

experiments, this highlights that significant heterogeneity in TME composition 

existed between individual experimental batches. Repeating this experiment 

with larger cohorts performed at the same time, might help to confirm the 

observation that irradiation transiently decreases populations of infiltrating 

lymphocytes. T-cell immune responses are likely to develop at 7-days following 

RT owing to initial radio-sensitivity, with earlier time-points likely to detect 

innate immune cell responses; more extensive time-course analyses such as 1-

day, 3-days, 7-days and 10-days would help to characterise the timeline of T-cell 

mediated immune responses to RT.  

When AKPT rectal tumours were treated with fractionated radiotherapy 

regimens mimicking SCRT, therapy resistance was again demonstrated with no 

tumour volume reduction or survival extension demonstrated (Figure 4.21). 

However, evidence of histological change was demonstrated through the 

presence of mucin pooling and patches of acute necrosis in clinical endpoint 

tumours (Figure 4.23). In the absence of a clinical response assessed through 
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gross parameters, I adopted a surrogate marker of histological response, with 

fractionated radiotherapy being associated with a significant increase in mucin 

pooling when quantified by AB/PAS staining (Figure 4.23). The presence of 

‘acellular’ mucin in patient tumours following neo-adjuvant radiotherapy is a 

recognised phenomenon and typically correlates with ‘good response,’ however, 

reports in the literature conflict as to whether the presence of mucin pooling is 

associated with improved patient outcome (Shia et al, 2011; Kang et al, 2016; 

Reynolds et al, 2018). As a surrogate marker solely to detect histological 

response, quantification of mucin pooling was utilised as a simple method to 

demonstrate the biological effect of fractionated radiotherapy in the absence of 

obvious changes in tumour volume. In the clinical setting, change in tumour cell 

density (TCD) between pre-treatment biopsies and surgical resection specimens 

has shown correlation with response to neo-adjuvant therapy, with decreased 

TCD associated with good responses; quantification of the proportion of tumour 

occupied by epithelium represents an alternative means to assess histological 

response (Wilkins et al, 2021).     

Although a small number of tumours were analysed to assess changes in TME 

following fractionated radiotherapy in clinical endpoint tumours, no obvious 

changes in common immune cell populations were detected (Figures 4.24 and 

4.25). Several clinical studies have shown that CD3+ve and CD8+ve cell densities 

are increased in surgical resection specimens of patients who have received CRT, 

when compared with pre-treatment biopsies (Shinto et al 2014; Teng et al, 

2015). In the pre-clinical setting, Frey and colleagues describe the irradiation of 

CT26 colon cancer subcutaneous xenografts with 2 x 5Gy, resulting in delayed 

tumour growth (Frey et al, 2017). Interestingly, this study describes a time-

course analysis of immune infiltrate, with animals sacrificed for flow cytometry 

analysis at daily intervals for a 14-day time course post irradiation. A transient 

increase in macrophages (CD11b+ve, F4/80+ve) and antigen presenting cells 

(MHCII+ve) was observed between 5-10 days, with an increase in CD8+ve cells 

observed between 7-9 days. This data highlights that any changes in immune cell 

infiltrate in the AKPT rectal model are unlikely to be observed at clinical 

endpoint. A further experiment to analyse tumours subjected to fractionated 

radiotherapy and sampled at planned time-points (e.g., 7 days post irradiation), 
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would help to inform upon any transient changes in immune cell infiltrate in the 

AKPT model. 

 

4.3.3 Potential Resistance Mechanisms in the AKPT Model 

High levels of TGF-β signalling were demonstrated in the AKPT model, with no 

change in pSMAD3 expression seen following fractionated radiotherapy (Figure 

4.26). It is known that many solid cancers can evade normal growth regulation 

and increase TGF-β production, in turn suppressing immune surveillance and 

contributing to a pro-tumourigenic micro-environment (Saunier and Akhurst, 

2006). Pre-clinical studies have shown a potential role for TGF-β blocking agents 

in combination with radiotherapy, with tumour growth delay and reduced 

metastases observed in breast cancer models (Biswas et al, 2007; Bouquet et al, 

2011). Bulk transcriptomic data in treated AKPT tumour samples indicated an 

upregulation of the TGF-β hallmark gene-set, following both single fraction and 

fractionated radiotherapy; however, no individual TGF-β related genes were 

found to be upregulated when individual treatment groups were compared with 

control samples. Nonetheless, abundant TGF-β signalling in the AKPT model 

which is further up-regulated following irradiation, represents a potential 

mechanism of treatment resistance in the model which merits further 

investigation with pharmacological inhibition. 

Despite failing to observe changes in immune infiltrate following fractionated 

radiotherapy in tumours sampled at clinical endpoint, transcriptomic analysis 

through bulk RNA sequencing of tumour samples treated with a single 4Gy 

fraction of radiotherapy, showed up-regulation of immune and inflammation 

related signalling pathways. Up-regulation of hallmark gene-sets associated with 

interferon-α, interferon-γ, inflammation, IL-6 JAK/STAT3 signalling, epithelial-

mesenchymal transition and TNF-α signalling via NF-κB were demonstrated at 3-

days and 7-days post single fraction radiotherapy, but not at a later time-point 

or at clinical endpoint following fractionated regimens (Figure 4.29). These 

observations correlate with the transient changes in immune cell composition 

demonstrated by Frey and colleagues at 5-10 days post irradiation. Furthermore, 

Dovedi et al show in the CT26 murine CRC subcutaneous xenograft model, that 

fractionated radiotherapy with 5 x 2Gy results in a transient up-regulation of PD-



231 
 

L1 expression on tumour cells driven by IFN-γ secretion by CD8+ve T-cells 

(Dovedi et al, 2014).  

The JAK/STAT3 pathway has several inter-cellular signalling functions between 

tumour cells and the immune micro-environment, with activation being reported 

to be pro-tumourigenic with a role in mediating resistance to therapy and to 

irradiation (Sabaawy et al, 2021). The JAK/STAT3 pathway is known to be 

associated with colorectal cancer, both through independent effects on risk and 

through the modifying effect by lifestyle factors such as smoking (Slattery et al, 

2013). The inflammatory response induced by irradiation (and other cytotoxic 

agents) leads to activation of STAT3, with the resulting up-regulation of 

chemokines and cytokines promoting therapy resistance (Spitzner et al, 2014). 

Furthermore, PD-L1 is known to be a STAT3 target gene with PD-L1 up-regulation 

being associated with STAT3 activation in other cancers (Song et al, 2018). This 

observation highlights JAK/STAT signalling as a potential mechanism of 

resistance to radiotherapy in the AKPT model, and a further potential treatment 

target. 

Interferon-γ signalling was also up-regulated at short time-points following 

radiotherapy in the AKPT model, and is a known potent activator of JAK/STAT 

signalling (Ivashkiv, 2018). When the IFN-γ hallmark gene-set was analysed, up-

regulation of the Ptgs2 gene was identified at the 3-day and 7-day time-points, 

as well as in tumours subjected to fractionated radiotherapy (Figures 4.32 and 

4.433). The Ptgs2 gene is synonymous with COX2, one of two prostaglandin 

endoperoxide synthases (COX1 and COX2), enzymes which convert arachidonic 

acid into prostaglandins. COX1 is expressed constitutively, however, COX2 is 

induced by cytokines during inflammation with its activation resulting in 

production of prostaglandin E2 (PGE2) which acts on numerous cell signalling 

pathways potentiating tumour progression, including tumour cell proliferation, 

apoptosis, invasion, angiogenesis and immunosuppression (Wang and Dubois, 

2006).  

PTGS2 upregulation is common in CRC and some evidence exists to suggest 

association with PTGS2 expression and increased risk of tumour recurrence and 

worse CRC specific survival, though it is unclear whether an independent 

association with prognosis exists (Eberhart et al, 1994; Kunzmann et al, 2013). 

Early evidence in FAP patients and in ApcΔ716, Ptgs2 knock-out mice, suggest that 
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COX-2 plays a key role in CRC tumourigenesis with both gene knockdown or 

pharmacological inhibition of COX-2 reducing polyp numbers in both humans and 

mice (Giardiello FM et al, 1993; Oshima M et al, 1996). Randomised controlled 

trial data has provided strong evidence that selective COX-2 inhibition with 

celecoxib reduces colorectal adenoma recurrence in patients who have had 

previous adenoma removal, however cardiovascular events preclude routine use 

of this agent (Bertagnolli et al, 2006). Furthermore, RCT data shows that long-

term aspirin use (>2 years) results in a long-term reduction in CRC incidence in 

Lynch syndrome patients, and current NICE guidelines recommends consideration 

of aspirin in these patients (Burn et al, 2020). Pre-clinical data has shown a 

radio-sensitising effect of celecoxib in both cell lines and in-vivo models, further 

demonstrating COX-2 inhibition as a potential target in the AKPT rectal cancer 

model (Yang et al, 2014; Xu et al, 2017). 

 

4.3.4 Radiosensitivity is Determined by Location in the AKPT Organoid 

Transplant Model of Rectal Cancer 

In-vitro data highlights a dose dependent response to irradiation when AKPT 

organoids were seeded as single cells in 2-D, with a marked reduction in cell 

viability when 8Gy and 10Gy fractions were administered in the absence of 5-FU 

(Figure 4.34). Although in-vitro culture conditions fail to replicate the orthotopic 

in-vivo setting, with a lack of infiltrating immune cells and TME, data suggests 

that greater sensitivity to irradiation might be realised at higher fractions in the 

orthotopic setting. Further experiments with a higher dose per fraction or 

increased fraction number, might elicit a clinical response in the AKPT orthotopic 

rectal cancer model. However, in the context of this thesis, I aimed to develop a 

fractionated regimen which mimicked clinical treatment and did not induce a 

complete tumour response, such that pharmacological agents could be 

administered in combination with radiotherapy to develop novel strategies. 

When transplanted in the subcutaneous flank region, AKPT organoid derived 

tumours demonstrated a transient tumour volume reduction following 

fractionated radiotherapy, with increased mucin pooling observed following 

treatment (Figures 4.37 and 4.39). Significant changes in immune infiltrate were 

observed; decreased lymphocyte density likely reflected the increased areas of 
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tumour epithelium replaced by fibrosis, with increased neutrophil populations in 

treated tumours resulting from infiltration to areas of tumour regression. The 

clinical responses and associated changes in immune infiltrate demonstrated in 

the heterotopic model at clinical endpoint, were not observed following 

orthotopic injection, suggesting a more immunosuppressive tumour 

microenvironment at the rectal location. Transcriptomic analysis of 

subcutaneous tumours might elicit differential expression of immune response 

pathways when compared with rectal tumours, and microenvironment cell 

population counter (MCP) methods might quantify tissue infiltrating immune and 

stromal cells more accurately.  

Subcutaneous tumour models in immunocompromised hosts have been used 

extensively in the literature to evaluate novel therapeutic strategies involving 

radiotherapy, potentially leading to incorrect conclusions upon which to base 

clinical translation. Pre-clinical evaluation of radiotherapy-based treatment 

strategies should be performed in a microenvironment which closely 

recapitulates the physiological conditions of human disease, thus should 

comprise an intact host immune system, tumour stroma and relevant 

surrounding normal tissue. Differences in tumour model responsiveness 

according to location has been reported previously; Tran Chau et al show that 

Lewis lung carcinoma (LL2) subcutaneous tumours respond to the DNA damage 

response inhibitor Olaparib plus ionising irradiation, whereas a very narrow 

therapeutic window is observed in the LL2 lung orthotopic model with minimal 

additional anti-tumour effect seen compared with radiotherapy alone (Tran Chau 

et al, 2020).  

Studies in a pre-clinical melanoma model, with tumours induced at either the 

subcutaneous or lung location, showed that different TAM subsets were resident 

in tumours growing at the different environments, with Ly6CHigh monocytes 

recruited through the CCL2-CCR2 axis being crucial for response to 

immunotherapy in skin tumours, whereas lung tumours required colony 

stimulating factor 2 (CSF2) dependent macrophages to enable immunotherapy 

(Lehmann et al, 2017). Zhao et al directly compared CT26 and MC38 murine 

colon cancer cell lines transplanted at both the subcutaneous and colonic 

locations, with significantly different immune compositions and response to 

immune checkpoint blockade demonstrated (Zhao et al, 2017). In the orthotopic 
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model, increased tumour infiltrating T-cells and expression of inflammatory 

cytokines were observed, alongside decreased MDSC infiltration and an improved 

response to immunotherapy. Although this conflicts with data presented in this 

chapter, whereby the orthotopic location demonstrated greater treatment 

resistance, the study highlights that identical cell-lines are likely to result in 

significantly different tumours and therapy response depending upon location. 

Although previous literature reports on the efficacy of fractionated radiotherapy 

and immunotherapy combinations in subcutaneous models of CRC, as discussed 

previously in this thesis, translation of such promising results are unlikely to 

achieve translation to the clinical setting. Future research and pre-clinical 

development of radiotherapy-based treatment combinations must utilise 

orthotopic treatment resistant models, reflective of the challenges faced in the 

clinical scenario whereby patients with poorest prognosis demonstrate a complex 

TME with numerous potential resistance mechanisms. The remainder of this 

thesis will use the orthotopic organoid transplant model AKPT model of LARC, 

along with the developed irradiation protocols described, to assess radiotherapy 

– immunotherapy combinations which might overcome the therapy resistance 

which has been demonstrated when irradiation alone is delivered to the AKPT 

model of LARC.           
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Chapter 5: Evaluating Radiotherapy – Immunotherapy 

Combinations in the Orthotopic AKPT Transplant Model of 

Locally Advanced Rectal Cancer 

5.1 Introduction 

5.1.1 Targeting TGF-β Signalling in Pre-Clinical Cancer Models 

TGF-β signalling in the tumour micro-environment (TME) has been associated 

with poor prognosis, and is one of the processes enriched in poor prognosis 

molecular subtypes of CRC, particularly CMS4 (De Sousa E Melo et al, 2013; 

Marisa et al, 2013; Sadanandam et al, 2013; Calon et al, 2015). Gene signatures 

upregulated by TGF-β in stromal cells have been shown to be associated with 

cancer recurrence and metastasis in cohorts of CRC patients (Calon et al, 2012). 

The TGF-β stromal gene response signature associated with CRC recurrence, 

included several genes associated with bone metastasis in breast cancer such as 

IL-11 and JAG1, highlighting TGF-β signalling as a promising therapeutic target in 

advanced CRC (Kang et al, 2003; Sethi et al, 2011).  

TGF-β signalling and its effects on the immune system have been described 

previously in sections 1.2.4 and 1.2.5 of this thesis. TGF-β signalling normally 

slows proliferation of epithelial CRC cells and does not trigger epithelial-

mesenchymal transition; however, some tumours evade the normal physiological 

actions of TGF-β signalling through reduced sensitivity and acquired resistance 

to its normal growth inhibitory mechanisms (Shi et al, 2020). This can occur 

through mutations to inactivate TGF-β receptors or SMAD signal transducers, or 

through loss of downstream gene responses. Dysfunction of the TGF-β cytokine 

can contribute to tumour progression through loss of growth inhibitory control, 

increasing metastatic potential, and through evasion of immune surveillance. 

Meanwhile, in CAFs, TGF-β boosts tumour initiating capacity with a resulting 

increase in metastatic potential and the enabling of treatment resistance.  

The role of TGF-β inhibition in overcoming the immune evasion induced by 

tumour secreted TGF-β has been shown in pre-clinical CRC models. Quadruple 

mutant murine tumour derived organoids (Apcfl/fl; KrasLSL-G12D/+; Tgfbr2fl/fl; 

Trp53fl/fl; Lgr5eGFP-creERT2) harbouring Apc, Kras, Trp53 and Tgfbr2 mutations in 

ISCs, demonstrated invasive colonic tumours and liver metastases (in 40% of 
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engrafted tumours) when implanted in the caecal wall. Primary tumours showed 

increased TGF-β activity and T-cell exclusion, with cancer-associated fibroblasts 

(CAFs) being the most prominent source of TGF-β (Tauriello et al, 2018). When 

tumour derived organoids were injected into the portal circulation, treatment 

with galunisertib (a small molecule inhibitor of TGFBRI) led to a marked 

decrease in metastatic burden. In the CT-26 subcutaneous flank injection model 

of CRC, treatment with galunisertib led to a reduction in mean tumour volume 

when compared with controls, with this effect being dependent upon the 

presence of CD8+ T-cells (Holmgaard et al, 2018).  

Data from pre-clinical models is suggestive of an enhanced role for TGF-β 

inhibition when administered in combination with PD-1/PD-L1 axis inhibition. 

Resistance to immune checkpoint inhibition has been attributed to several 

factors; in a large cohort of metastatic urothelial cancer patients, response to 

anti PD-L1 (atezolizumab) was associated with an increased presence of a CD8+ 

effector T-cell phenotype and high tumour mutational burden, while lack of 

response was associated with TGF-β signalling in CAFs (Mariathasan et al, 2018). 

Mariathasan et al then demonstrated significant tumour reduction in both the 

EMT6 mammary cancer and MC38 CRC models when TGF-β inhibition was 

administered in combination with anti PD-L1 therapy, with limited tumour 

response seen when TGF-β inhibition or PD-L1 inhibition were administered as 

monotherapy. This effect was shown to be CD8+ T-cell dependent, with 

increased abundance of TILs seen, an increased CD8+ T-cell effector gene 

signature, and a greater distribution of TILs towards the tumour centre.  

Although Tauriello et al showed reduced liver metastases following treatment 

with TGF-β inhibition, few complete remissions were observed and treatment 

resistance was associated with T-cell surface expression of PD-1 and the 

recruitment of stromal PD-L1+ cells to metastatic tissue (Tauriello et al, 2018). 

Dual therapy in this model with the addition of an anti PD-L1 monoclonal 

antibody produced a pronounced immune response with increased GzmB 

production in CTLs and the eradication of most metastases. In the CT-26 CRC 

heterotopic transplant model described by Holmgaard et al, enhanced anti-

tumour activity was demonstrated with the combination of anti-PD-L1 therapy 

and galunisertib, with 9/14 animals showing complete response and all 

exhibiting a marked reduction in tumour volume (Holmgaard et al, 2018). 
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Translational studies and pre-clinical data highlight a potential therapeutic role 

for TGF-β inhibition; however, it is likely that significant clinical benefit can 

only be achieved through further evaluation of combination therapies.   

 

5.1.2 Therapeutic Strategies to Target TGF-β Signalling 

Molecular targeting of the TGF-β pathway is based on the premise that TGF-β 

has strong immunosuppressive effects on tumours, and that blockade of TGF-β 

might restore the cytotoxic effects of the immune system. Several strategies 

have been described to target the TGF-β signalling pathway pharmacologically 

(Huang et al, 2021). The pathway can be inhibited at the translational level 

using anti-sense oligonucleotides (ASOs), which act as artificial short single 

strand RNAs which are complementary to chosen segments of TGF-β mRNA and 

result in mRNA degradation. Some limitations exist with this approach, including 

unpredictable RNA-binding affinity, technically challenging sequence design, and 

difficulty in delivering large molecules which are impermeable to the plasma 

membrane (Teicher, 2020).  

Another strategy employed is TGF-β ligand traps using monoclonal neutralizing 

antibodies, which act through inhibiting the binding of the TGF-β ligand to 

TGFBRII. Fresolimumab (GC1008) acts as a pan-specific monoclonal antibody 

which binds to all three TGF-β isoforms, reducing their biological activity. 

Fresolimumab has been used clinically in early phase 1 trials in advanced 

malignant melanoma and renal cell carcinoma (Morris et al, 2014).  

A more attractive approach has been small molecule inhibitors of TGF-β receptor 

kinase, owing to economic advantages, ease of production and ability to 

administer orally (Teicher, 2020). TGF-β receptor kinase inhibitors are ATP 

mimetics which specifically inhibit R-SMAD phosphorylation through potent 

binding to the kinase domain of the TGF-β receptor ATP binding sites. Such small 

molecule inhibitors effectively decrease TGF-β responsiveness; however, 

evidence suggests that in the long-term cancer cells acquire resistance to 

monotherapy, suggesting that TGF-β inhibition should be administered in 

combination with other therapeutic agents (Connelly et al, 2011).  
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5.1.3 Targeting TGF-β Signalling in Combination with Radiotherapy 

Radiotherapy has been shown both clinically and in pre-clinical models to have 

the potential to induce an anti-tumour immune response in the irradiated 

tumour (Formenti and Demaria, 2005). Despite this, cancer cells and the TME 

can promote mechanisms which impede anti-tumour immunity such as 

exhaustion of CD8+ T lymphocytes and NK cells (Mortezaee and Najafi, 2021). 

The activation of TGF-β has also been suggested as a potential mechanism by 

which radiotherapy can impede the generation of tumour antigen specific 

immune responses. ROS induced by radiotherapy have previously been shown to 

result in the release of active TGF-β from its inactive form whereby it is bound 

to a latency-associated peptide complex (Barcellos-Hoff et al, 1994). Activated 

TGF-β has been shown to reduce the radiosensitivity of cancer cells through 

activation of DNA damage response mechanisms (Bouquet et al, 2011; Barcellos-

Hoff et al, 2014). 

Evidence from pre-clinical studies has suggested a potential role for TGF-β 

inhibition in combination with fractionated radiotherapy as described previously 

in this thesis (Young et al, 2014; Vanpouille-Box et al, 2015; Gunderson et al, 

2020). In these studies, combination therapy is associated with increased CD3+, 

CD4+ and CD8+ T-cell density, up regulation of gene signatures associated with 

IFN-γ signalling, and increased production of chemokines and cytokines 

associated with CTL recruitment.  

Focal irradiation has been combined with TGF-β inhibition in a small clinical 

trial, with acceptable toxicity and tolerance to therapy observed. Metastatic 

breast cancer patients with at least three distant metastatic lesions, and 

refractory to at least one form of systemic therapy, were treated with 

fractionated radiotherapy (3 x 7.5Gy) to one metastatic lesion in combination 

with fresolimumab, a human monoclonal antibody which neutralises all three 

TGF-β isoforms (Formenti et al, 2018). Although limited clinical and abscopal 

responses were seen, extended survival was seen in the group treated with the 

higher dose of fresolimumab (1mg/kg versus 10mg/kg), with the higher dose 

group having a median survival of 16.0 months, compared with 7.6 months in the 

lower dose group. The higher dose was also associated with a favourable 

increase in memory CD8+ T-cells, as well as an increase in T reg cells.  
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Although promising therapeutic effects have been demonstrated in heterotopic 

tumour models following treatment with TGF-β inhibition and fractionated 

radiotherapy, further pre-clinical studies should aim to assess treatment 

combinations in more clinically relevant orthotopic models, to better understand 

the immunological effects of this treatment combination and to optimise 

treatment scheduling.  

 

5.1.4 Targeting the PD-1 Immune Checkpoint in Cancer  

It is well established that the PD-1/PD-L1 immune checkpoint pathway can have 

suppressive effects on anti-tumour immunity (Zou et al, 2016). PD-L1+ tumour 

cells and APCs engage with the PD-1 receptor on T-cells to induce T-cell 

apoptosis, functional exhaustion, anergy and release of immunosuppressive 

cytokines such as IL-10. PD-1/PD-L1 blockade has resulted in clinical benefit in 

several malignancies including Hodgkin’s Lymphoma, renal cell carcinoma, 

NSCLC and advanced melanoma (Ansell et al, 2015; Brahmer et al, 2012; Hamid 

et al, 2013). In CRC, a limited clinical benefit has been observed in patients with 

progressive metastatic carcinoma, with poor response seen in patients with 

pMMR status (Le et al, 2015).  

The higher somatic mutation and tumour neo-antigen burden seen in dMMR 

tumours are recognised by the patient’s immune system, with blockade of the 

PD-1/PD-L1 pathway enabling an immune response which results in tumour cell 

destruction (Segal et al, 2008). It is hypothesised that ‘immunogenic’ tumours 

respond more readily to immune-checkpoint blockade, owing to high levels of 

CD8+ T-cells, high tumour neo-antigen burden and PD-L1 expression, as well as 

low levels of immunosuppressive T regs and MDSCs. It is thought that pre-

treatment PD-L1 expression on tumour cells reflects an immune-activated 

tumour microenvironment, and has been shown to be a potential predictive 

biomarker for response to PD-1 pathway inhibition (Taube et al, 2014). In the 

context of CRC, it has previously been shown that in the dMMR subset which is 

predictive for response to immune checkpoint blockade, that tumours are 

characterised by high Th1 T-cell and CD8+ T-cell infiltration, with high PD-L1 

and PD-1 expression also observed (Llosa et al, 2019; Le et al, 2015).  
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However, the promising results and responses observed in clinical practice are 

only seen in select patient cohorts with favourable immune characteristics, and 

most patients undergoing treatment with immune checkpoint inhibition fail to 

respond (Haslam and Prasad, 2019; Cercek et al, 2022). It is likely that 

immunotherapy must be administered in combination with other therapeutic 

agents, including chemotherapy and radiotherapy, in order to achieve synergistic 

effects and improve clinical efficacy (Pardoll and Drake, 2012).      

 

5.1.5 Targeting the PD-1 Immune Checkpoint in Combination with 

Radiotherapy in Pre-Clinical Models 

It is known that radiotherapy can induce numerous adaptive immune responses 

including the priming of T-cells in tumour draining lymph nodes, induction of 

type 1 IFN-γ, modulation of suppressive T regs, and differentiation of pro-

inflammatory M1 macrophages (Lee et al, 2009; Wei et al, 2013; Klug et al, 

2013). However, tumours often fail to respond to radiotherapy and local relapses 

often occur following initial response, with persistence of cytokines induced by 

radiation having a potential role in promoting carcinogenesis such as TGF-β, EGF 

and fibroblast growth factor (Barcellos-Hoff et al, 2005).  

Pre-clinical data has supported the concept that radiotherapy can 

simultaneously induce a local tumour inflammatory response with the infiltration 

of tumour antigen specific T-cells, as well as inducing PD-L1 expression in the 

tumour microenvironment which might suppress anti-tumour immunity (Deng et 

al, 2014). Deng et al demonstrated with flow cytometry that PD-L1 expression 

was significantly increased in tumour cells and DCs at 3-days post 12Gy single 

fraction radiotherapy. In both the TUBO mammary tumour and MC38 CRC flank 

injection models in BALB/c mice described by Deng et al, tumour growth was 

slowed slightly with 12Gy radiotherapy alone; however, control of tumour 

growth was achieved with radiotherapy and anti PD-L1 antibody treatment. 

Antibody depletion demonstrated that the benefit of combination therapy in this 

model was dependent upon CD8+ T-cell activation, an effect which has a 

negative impact upon the accumulation of TNF induced MDSC accumulation.  

In a bilateral B16-F10 subcutaneous flank injection model of metastatic 

melanoma treated concurrently with 20Gy radiotherapy and CTLA-4 inhibition, 
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only 17% of mice showed response to dual therapy with responses being CD8+ T-

cell dependent (Twyman-Saint Victor et al, 2015). Twyman-Saint Victor et al 

derived cell lines from resistant murine B16-F10 tumours to identify that a lack 

of increase in the CD8/Treg ratio was strongly associated with treatment 

resistance; furthermore, transcriptomic profiling revealed that PD-L1 gene 

expression was strongly upregulated in resistant tumours. Tumour response was 

significantly increased to 80% in this model with the addition of PD-L1 inhibition. 

This study suggested that irradiation improves the T-cell repertoire and diversity 

of clonotypes, that CTLA-4 inhibition functions to reduce T reg cells, and that 

PD-1 axis inhibition overcomes treatment resistance which is conferred by PD-L1 

upregulation and its role in T-cell exhaustion.  

The role of irradiation in upregulating PD-L1 expression on tumour cells to drive 

resistance to radiotherapy was also demonstrated in the context of low-dose 

fractionated radiotherapy in the CT-26 subcutaneous flank injection model of 

CRC (Dovedi et al, 2014). Dovedi et al also demonstrated through co-culture of 

CD8+ T-cells with CT-26 tumour cells, that tumour cell up-regulation of PD-L1 

was dependent upon IFN-γ secreting CD8+ T-cells. In this study, combined 

therapy with fractionated radiotherapy and PD-1/PD-L1 blockade led to 

significant reduction in tumour volume and survival extension when compared 

with fractionated radiotherapy alone.   

Limited benefits have been observed in the clinical setting to date with 

radiotherapy and immunotherapy combinations, with favourable responses 

typically seen in immunogenic subtypes such as CRC with deficient MMR status. 

However, numerous pre-clinical studies have described promising results with 

combinations of radiotherapy, and inhibition of PD-1/PD-L1, CTLA-4 and TGF-β. 

The majority of pre-clinical studies discussed describe heterotopic transplant 

models using immortalised commercial cell lines which fail to recapitulate the 

heterogeneity of human disease and the inherent molecular complexity of 

tumours which confer treatment resistance. In order to improve the translational 

potential of pre-clinical studies it is imperative that more sophisticated models 

which represent the anatomical, histological and molecular features of human 

disease are utilised. The AKPT orthotopic transplant model of LARC more closely 

reflects histologically aggressive rectal cancer with resistance to radiotherapy 

alone, and this chapter aims to assess fractionated radiotherapy in combination 
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with TGF-β inhibition or PD-1 inhibition to determine whether the model 

responds to combination therapy and to demonstrate the feasibility of testing 

fractionated radiotherapy in combination with immunotherapy in orthotopic 

models of LARC.   

   

5.1.6. Experimental Aims 

In Chapter 4, the orthotopic AKPT model of LARC demonstrated resistance to 

both single fraction and fractionated radiotherapy. I next sought to evaluate the 

effects of immunotherapy agents in combination with fractionated radiotherapy, 

to determine whether response to fractionated radiotherapy can be augmented. 

The following experimental aims are addressed in this results chapter: 

• Demonstrate the feasibility of administering immunotherapy in 

combination with fractionated radiotherapy in the AKPT model. 

• Evaluating the effects of TGF-β inhibition in combination with 

fractionated radiotherapy 

• Evaluating the effects of PD-1 inhibition in combination with fractionated 

radiotherapy 

• Assessing the changes in tumour immune microenvironment following 

treatment with PD-1 inhibition and fractionated radiotherapy 
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5.2 Results 

5.2.1. TGF-β Inhibition in Combination with Fractionated Radiotherapy 

Initially, I sought to investigate whether pharmacological inhibition of TGF-β 

signalling in combination with fractionated radiotherapy would induce TME 

changes or tumour volume reduction in the orthotopic AKPT tumour derived 

organoid transplant model of LARC. Immunocompetent C57Bl/6 mice were 

injected with AKPT organoid fragments at the rectal location, with 

tumorigenesis confirmed by colonoscopy at 1-week post implantation. Animals 

were then treated with an activin receptor like kinase 5 inhibitor (ALK5 

inhibitor), which inhibits TGF-β type 1 receptor kinase activity. ALK5 inhibition 

was then commenced three days prior to the delivery of fractionated 

radiotherapy (3 x 5Gy on alternate days), with drug treatment continued until 

experimental endpoint (Figure 5.1, top panel). Animals were sacrificed at 2-

weeks post radiotherapy initiation to assess tolerability of the treatment 

combination and to identify short-term markers of treatment response. ALK5 

inhibitor was selected to specifically inhibit the effects of active TGF-β on the 

TGF-β transmembrane receptor complex, and subsequently inhibit the 

phosphorylation of the pSMAD2/3 complex and the resulting transcription of 

TGF-β responsive genes (Higashiyama et al, 2007). Following treatment with 

fractionated radiotherapy and ALK5 inhibition, no reduction in tumour volume 

was observed at the 2-week time-point when compared with fractionated 

radiotherapy alone and age-matched untreated controls (Figure 5.1, bottom 

panel). 
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Figure 5.1: Fractionated Radiotherapy in Combination with ALK5 Inhibition Fails to Induce 
Tumour Volume Reduction at the 2-week Time-point.  

Top – Schematic depicting the experimental timeline for fractionated radiotherapy treatment in 
combination with ALK5 inhibition. Bottom – Bar graph showing tumour volumes for each 
treatment group (mm3) when sampled at 2-weeks post initiation of fractionated radiotherapy. 
Error bars show mean and SEM, with each data point plotted. Group sizes n=4-5. Mann-Whitney 
U-test. ns denotes non-significance (p≥0.05).  

 

H+E staining of sampled rectal tumours was performed to determine whether 

histological changes were apparent at the 2-week timepoint following treatment 

with fractionated radiotherapy and ALK5 inhibition. Across all experimental 

groups, isolated tumour regions with absent tumour epithelium were observed, 

with no obvious features of tumour regression seen following fractionated 

radiotherapy and ALK5 inhibition (Figure 5.2). As previously demonstrated in 

AKPT rectal tumours, the stromal compartment was densely occupied by immune 

infiltrate with no clear differences seen following fractionated radiotherapy and 

ALK5 inhibition.   
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Figure 5.2: Histological Evidence of Tumour Regression is not observed at a 2-week 
Timepoint 

Representative H+E images of tumours from each treatment group at 2-weeks post RT initiation. 
Top panel represents x4 magnification, bottom panel represents x10 magnification. Red arrows 
depict tumour epithelium. Blue arrows depict tumour stroma. Yellow arrows depict regions of 
absent tumour epithelium. Scale bars = 100µm and 50µm.  

 

In the absence of tumour regression on H+E staining following combination 

treatment, I then sought to determine whether differences in tumour cell 

apoptosis were observed at 2-weeks post initiation of radiotherapy. IHC staining 

of tumour samples for cleaved caspase 3 was performed (Figure 5.3, top panel). 

It was hypothesised that treatment with fractionated radiotherapy would result 

in increased tumour cell apoptosis when compared with untreated controls, and 

that addition of ALK5 inhibition to fractionated radiotherapy would result in a 

further increase in the expression of apoptosis markers. A low percentage of 

apoptotic cells were present across all experimental groups, with no increase in 

tumour cell apoptosis observed following treatment with fractionated 

radiotherapy, or fractionated radiotherapy in combination with ALK5 inhibition 

at the 2-week time-point (Figure 5.3, bottom panel).  
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Figure 5.3: Increased Apoptosis is not Observed Following Treatment with Fractionated 
Radiotherapy and ALK5 Inhibition 

Top – Cleaved Caspase 3 IHC staining for each treatment group (x10 magnification). Bottom – Bar 
graph showing quantification of cleaved caspase 3 by % cells positively stained. Red arrows cells 
positively staining for cleaved caspase 3. Error bars show mean and SEM, with each data point 
plotted. Group sizes n=4. Mann-Whitney U-test. ns denotes non-significance (p≥0.05). Scale bars 
= 50µm. 

 

I next analysed cell proliferation in AKPT rectal tumours following treatment 

with fractionated radiotherapy and ALK5 inhibition through IHC staining for 5’-

bromo-2’doxyuridine (BrdU), to determine whether this treatment combination 

impacted tumour cell proliferation (Figure 5.4, top panel). BrdU is incorporated 

into cells during the S-phase and serves as a marker for DNA replication and 

actively proliferating cells. It was hypothesised that treatment would have a 

deleterious effect on tumour cell proliferation, when compared with untreated 

age-matched tumours. No significant effect on tumour cell proliferation was 

observed in either treatment group when compared with untreated controls 

(Figure 5.4, bottom panel).    
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Figure 5.4: Tumour Cell Proliferation is not Affected by Fractionated Radiotherapy and ALK5 
Inhibition 

Top – BrdU IHC for each treatment group (x10 magnification). Bottom – Bar graph showing 
quantification of BrdU by % cells positively stained. Red arrows depict cells positively staining for 
BrdU. Blue arrows depict tumour regions with absence of proliferating cells. Error bars show 
mean and SEM, with each data point plotted. Group sizes n=4. Mann-Whitney U-test. ns denotes 
non-significance (p≥0.05). Scale bars = 50µm. 

 

At the short-term time-point of 2-weeks post initiation of fractionated 

radiotherapy, no significant clinical benefit was observed when tumour volume 

was used as a treatment outcome measure. When tumour histology was assessed 

using H+E staining, no obvious tumour regression was observed in either 

treatment group when compared with time-matched controls. Furthermore, 

treatment with fractionated radiotherapy and ALK5 inhibition failed to induce 

any demonstrable intrinsic effects on tumour cells, with no significant change in 

the proportion of apoptotic or proliferating cells observed between experimental 

cohorts.   

The negative findings from tumour analysis at 2-weeks post-treatment suggest 

that the AKPT rectal tumour model is resistant to treatment with fractionated 

radiotherapy in combination with ALK5 inhibition. Furthermore, the absence of 

effect on tumour volume, tumour cell apoptosis and proliferation at the 2-week 

time-point post-treatment, suggest that this pharmacological approach to 
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targeting TGF-β signalling may be ineffective. Therefore, I sought to determine 

whether the TGF-β signalling pathway is adequately targeted with ALK5 

inhibition in the AKPT rectal tumour model. ALK5 inhibition should inhibit the 

effects of active TGF-β on TGF-β receptor 1 situated on the cell membrane, with 

subsequent inactivation of SMAD2/3 protein complex phosphorylation. IHC 

staining to assess nuclear pSMAD3 expression was performed, with high levels of 

expression observed in all cell types within AKPT rectal tumours across all 

treatment groups at the 2-week time-point (Figure 5.5). Although a trend 

towards increased pSMAD3 expression is observed when sham irradiated control 

tumours were compared with fractionated radiotherapy plus ALK5 inhibition, this 

did not achieve statistical significance (p=0.0714) (Figure 5.5, bottom panel). 

  

Figure 5.5: Nuclear pSMAD3 Expression is not Affected by Fractionated Radiotherapy and 
ALK5 Inhibition 

Top – pSMAD3 IHC staining for each experimental group (x4 magnification). Middle – pSMAD3 IHC 
staining for each experimental group (x10 magnification). Bottom – Bar graph showing 
quantification of nuclear pSMAD3 by % cells positively stained. Red arrows depict positively 
staining epithelial cells. Blue arrows depict positively staining stromal cells. Error bars show 
mean and SEM, with each data point plotted. Group sizes n=4. Mann-Whitney U-test. ns denotes 
non-significance (p≥0.05). Scale bars = 100µm and 50µm. 
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To further substantiate the lack of TGF-β signalling pathway inhibition in the 

AKPT rectal tumour model following treatment, I assessed expression of 

downstream effector genes which are known to be regulated by TGF-β. Insulin-

like growth factor binding protein 7 (IGFBP7) is known to be upregulated in the 

presence of TGF-β, so tumours were stained with this marker to determine 

whether expression decreases following treatment with fractionated 

radiotherapy and ALK5 inhibition (Jin et al, 2020). Similarly, high expression of 

Caldesmon 1 (CALD1) is associated with TGF-β signalling, with up-regulation of 

CALD1 being associated with the CMS4 group of CRC patients (Zheng et al, 2021). 

I assessed whether expression of these markers was impacted by treatment with 

fractionated radiotherapy in combination with ALK5 inhibition (Figure 5.6). 

Similar levels of CALD1 and IGFBP7 expression were observed across all 

experimental groups, with no significant differences seen when % of positive 

cells were quantified (Figure 5.6, bottom panel). 
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Figure 5.6: TGF-β Signalling Pathway Effectors are not Down-Regulated Following 
Fractionated Radiotherapy and ALK5 Inhibition  

Top – CALD1 immunohistochemistry staining for each treatment group (x10 magnification). 
Middle – IGFBP7 immunohistochemistry staining for each treatment group (x10 magnification). 
Bottom - Bar graphs showing quantification of CALD1 and IGFBP7 expression by % cells positively 
stained. Red arrows depict tumour epithelium. Blue arrows depict stromal compartment. Error 
bars show mean and SEM, with each data point plotted. Group sizes n=4-5. Mann-Whitney U-test. 
ns denotes non-significance (p≥0.05). Scale bars = 50µm. 

 

To further assess the TGF-β signalling pathway in response to ALK5 inhibition in 

the AKPT rectal cancer model, IHC was performed to quantify nuclear SMAD2, 

the first SMAD protein which undergoes phosphorylation following TGFBR1 

activation (Figure 5.7). IHC images show high expression of nuclear SMAD2 in the 

tumour epithelial cells within each treatment group, with no obvious effect on 

SMAD2 expression following treatment with Alk5 inhibition demonstrated. Upon 

quantification, there appears to be a small decrease in the % of all cells 

positively staining for nuclear SMAD2 following treatment with ALK5 inhibition 

and/or fractionated radiotherapy; however, this did not reach statistical 

significance and quantification of phosphorylated SMAD2 would have been more 
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informative in detecting any TGFBR mediated effects on SMAD signalling. The 

lack of effect on the SMAD signalling cascade and on expression of downstream 

effector targets, suggests that the AKPT model is resistant to TGF-β inhibition 

using the ALK5 inhibitor. 

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: SMAD2 phosphorylation is not Significantly Decreased Following Fractionated 
Radiotherapy and ALK5 Inhibition  

Top – SMAD2 immunohistochemistry staining for each treatment group (as labelled) with x4 
magnification (left images) and x10 magnification (right images). Bottom - Bar graph showing 
quantification of nuclear SMAD2 expression by % cells positively stained, with all cell types 
analysed. Red arrows depict positively staining tumour epithelial cells. Error bars show mean and 
SEM, with each data point plotted. Group sizes n=3. Mann-Whitney U-test. ns denotes non-
significance (p≥0.05). Scale bars = 100µm and 50µm. 
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To further investigate the effects of fractionated radiotherapy in combination 

with ALK5 inhibition, ageing cohorts were established. Immunocompetent 

C57Bl/6 mice were injected with AKPT organoid fragments then treated with 

fractionated radiotherapy (3 x 5Gy on alternate days) at 2-weeks post-

implantation with ALK5 inhibition administered 3 days prior to radiotherapy 

commencing (Figure 5.8, top panel). ALK5 inhibition was continued until animals 

reached clinical endpoint. Treatment with ALK5 inhibitor with or without 

fractionated radiotherapy failed to improve survival of animals when compared 

with a control cohort treated with sham radiotherapy and vehicle (Figure 5.8, 

middle panel). When tumour volume was calculated using tumour measurements 

recorded at clinical endpoint, no significant difference was observed between 

treatment groups (Figure 5.8, bottom panel). Results from these ageing cohorts 

are suggestive that treatment with fractionated radiotherapy in combination 

with ALK5 inhibitor does not result in clinical benefit in the AKPT rectal cancer 

model, with survival benefit and tumour volume reduction not observed.  
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Figure 5.8: Fractionated Radiotherapy and ALK5 Inhibition Fails to Improve Survival or 
Tumour Burden 

Top – Schematic depicting experimental timeline for treatment with fractionated radiotherapy in 
combination with ALK5 inhibition. Middle – Survival curve demonstrating post-transplant survival 
in each treatment group, with each subject plotted. Bottom - Bar graph showing tumour volumes 
(mm3) at clinical endpoint in each treatment group. Error bars show mean and SEM, with each 
data point plotted. Group sizes n=5-11. Mann-Whitney U-test (tumour volume), Log Rank Mantel-
Cox test (survival). ns denotes non-significance (p≥0.05).  
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5.2.2 Evaluating the Clinical Response to Fractionated Radiotherapy and PD-1 

Inhibition 

I next aimed to assess PD-1 inhibition in combination with fractionated 

radiotherapy, to determine whether this treatment combination would result in 

survival extension and tumour regression in the orthotopic AKPT tumour derived 

organoid transplant model of LARC. C57Bl/6 immunocompetent mice were 

injected with AKPT organoid fragments at the rectal location under colonoscopy 

guidance, with tumour engraftment confirmed at one week post implantation by 

colonoscopy. PD-1 inhibition was then administered at 1.5 weeks post tumour 

implantation with fractionated radiotherapy (3 x 5Gy on alternate days) 

commenced 3 days later (Figure 5.9, top panel). PD-1 inhibition was 

administered twice weekly by intra-peritoneal injection, and continued until 

clinical endpoint. Animals were euthanised at clinical endpoint (deteriorating 

body condition, ≥10% weight loss, visible tumour burden), with tumour 

dimensions recorded at sampling to enable calculation of tumour volume. No 

statistically significant difference in tumour volume was observed between any 

of the treatment groups at clinical endpoint (Figure 5.9, bottom panel).  
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Figure 5.9: Fractionated Radiotherapy and PD-1 Inhibition Fails to Reduce Tumour Volume 

Top – Schematic depicting experimental timeline for treatment with fractionated radiotherapy in 
combination with PD-1 inhibition. Bottom - Bar graph showing tumour volumes (mm3) at clinical 
endpoint in each treatment group. Error bars show mean and SEM, with each data point plotted. 
Group sizes n=6-11. Mann-Whitney U-test (tumour volume). ns denotes non-significance (p≥0.05).  

 

Following treatment with fractionated radiotherapy and PD-1 inhibition, one 

experimental subject showed complete response to treatment, with no tumour 

evident at 12-weeks post tumour implantation on colonoscopy visualisation 

(Figure 5.10, top panel). A significant extension in survival was demonstrated 

following fractionated radiotherapy and PD-1 inhibition, when compared with 

radiotherapy and PD-1 isotype (p=0.0252) and when compared with the control 

group (p=0.0127). Although a trend towards increased survival was demonstrated 

when the radiotherapy plus PD-1 inhibition group was compared with PD-1 

inhibition alone, statistical significance was not achieved (p=0.0792).  
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Figure 5.10: Fractionated Radiotherapy and PD-1 Inhibition Improves Survival 

Top – Colonoscopy images demonstrating a complete tumour response to fractionated 
radiotherapy and PD-1 inhibition, with images showing tumour at 1-week post implantation (Left) 
followed by complete tumour response at 12 weeks (Right). Bottom – Survival curve 
demonstrating post-transplant survival in each treatment group, with each subject plotted. 
Censor point denotes subject with complete tumour response. Group sizes n=7-11. Log Rank 
Mantel-Cox test. ns denotes non-significance (p≥0.05). * denotes p-value <0.05.  

 

Histological features were then analysed through H+E staining of tumours 

sampled at clinical endpoint following treatment. Tumours from the control 

group displayed similar histological features to previous experiments, with 

tumour invasion through the muscularis propria and densely infiltrated stromal 

compartments observed (Figure 5.11, top panel). No obvious histological changes 

were demonstrated in tumours following treatment with PD-1 inhibition alone, 

with the tumour core regions demonstrating infiltration of immune cells (Figure 

5.11, top middle panel). In tumours treated with fractionated radiotherapy or 

with fractionated radiotherapy and PD-1 inhibition, regions of tumour regression 

are demonstrated within the tumour cores with tumour epithelium occasionally 

being replaced by fibrosis (Figure 5.11, lower middle and bottom panels).     
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Figure 5.11: Fractionated Radiotherapy and PD-1 Inhibition Induces Histological Changes 

Top – Representative H+E images (x4 and x10) of AKPT rectal tumours treated with sham 
radiotherapy, vehicle and PD-1 isotype. Top middle – Representative H+E images (x4 and x10) of 
AKPT rectal tumours treated with PD-1 inhibition. Bottom middle – Representative H+E images 
(x4 and x10) of AKPT rectal tumours treated with fractionated radiotherapy. Bottom – 
Representative H+E images (x4 and x10) of AKPT rectal tumours treated with fractionated 
radiotherapy and PD-1 inhibition. Red arrows depict tumour epithelium. Blue arrows depict 
tumour stroma. Yellow arrows depict regions of fibrosis. Scale bars = 100µm (left images) and 
50µm (right images). 

 

Histological changes associated with treatment were then assessed further 

through special staining for the AB/PAS sequence to quantify mucin pooling 
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(Figure 5.12, top and middle panels). Across all treatment groups only small 

regions of AB/PAS positivity were observed, with no significant difference in 

percentage of area positively stained observed between groups (Figure 5.12, 

bottom panel). Interestingly, in the regions of tumour demonstrating fibrosis 

following treatment with fractionated radiotherapy or fractionated radiotherapy 

plus PD-1 inhibition, there is complete absence of mucin pooling, suggesting that 

mucin pooling may not be a useful surrogate measure of tumour response at 

clinical endpoint.    
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Figure 5.12: Increased Mucin Pooling is not Demonstrated Following Fractionated 
Radiotherapy and PD-1 Inhibition  

Top – Representative AB/PAS special stain images (x4) of AKPT rectal tumours treated with sham 
radiotherapy, vehicle and PD-1 isotype (left), and PD-1 inhibition (right). Middle – Representative 
AB/PAS special stain images (x4) of AKPT rectal tumours treated with fractionated radiotherapy 
(left) and fractionated radiotherapy plus PD-1 inhibition (right). Bottom - Bar graph showing % of 
area positively stained for AB/PAS in each treatment group. Error bars show mean and SEM, with 
each data point plotted. Group sizes n=5. Mann-Whitney U-test. ns denotes non-significance 
(p≥0.05). Scale bars = 100µm. 

 

5.2.3 Assessing the Immune Response to Fractionated Radiotherapy and PD1 

Inhibition 

Following the absence of immune cell changes demonstrated in the tumour 

micro-environment following treatment with fractionated radiotherapy alone in 

previous experiments undertaken in the AKPT rectal transplant model, I next 

sought to determine whether the addition of PD-1 inhibition would induce 
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immunological changes in the TME. Similarly to previous experiments, IHC 

staining for the pan T-cell marker CD3 revealed abundant lymphocyte clustering 

at the tumour invasive margins with a relative paucity of CD3+ cells in the 

tumour core of control group samples. CD3+ T-cell quantification (cells per mm2) 

revealed a trend towards increased CD3+ T-cell densities in both the PD-1 

inhibition alone and fractionated radiotherapy plus PD1 inhibition groups, when 

compared with both control and fractionated radiotherapy groups (Figure 5.13, 

bottom panel). However, no statistically significant differences in CD3+ T-

lymphocyte density were observed between any treatment groups.  

Interestingly, it was observed that tumours treated with PD-1 inhibition (with or 

without fractionated radiotherapy) displayed more CD3+ cells within the tumour 

core, suggesting that PD-1 inhibition might enable the migration of effector T-

cells into the tumour core (Figure 5.13, top and middle panels). Quantification 

of CD3+ T-cell density within the whole tumour may not accurately quantify the 

intra-tumoral immune response following fractionated radiotherapy and PD-1 

inhibition; areas of fibrosis which display absent immune cell infiltrate are 

observed following combination treatment, and so effects on CD3+ T-cell 

infiltration may be under-estimated (Figure 5.11).     
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Figure 5.13: Increased CD3+ Lymphocyte Density is not Demonstrated Following Fractionated 
Radiotherapy and PD-1 Inhibition  

Top – Representative CD3+ IHC images (x10) of AKPT rectal tumours from each treatment group 
(left column). Representative CD3+ IHC images (x20) of invasive margin region from AKPT rectal 
tumours (middle column). Representative CD3+ IHC images (x20) of tumour core region from 
AKPT rectal tumours (right column). Bottom - Bar graph showing quantification of CD3+ 
lymphocytes (cells/mm2) for whole tumour area. Error bars show mean and SEM, with each data 
point plotted. Group sizes n=5 scored per group. Mann-Whitney U-test. ns denotes non-
significance (p≥0.05). Red arrows depict invasive margin. Blue arrows depict tumour core. Scale 
bars = 50µm and 20µm. 

 

 
 
 
  
 
 

 
 
 
  
 
 
  
   
 
 

 
 

 
 
  

 
 

                                



262 
 

To further investigate changes in T-cell populations following treatment with 

fractionated radiotherapy and PD-1 inhibition, IHC was performed on tumour 

samples to identify T-helper cells through CD4+ marker staining (Figure 5.14, top 

and middle panels). Similarly, dense CD4+ T-cell clustering was observed at the 

tumour invasive margin in all experimental groups. A trend towards increased 

CD4+ T-cell density across whole tumour sections was observed following 

treatment with PD-1 inhibition or fractionated radiotherapy plus PD-1 inhibition, 

when compared with the control and fractionated radiotherapy groups (Figure 

5.14, bottom panel). A statistically significant difference was observed in CD4+ 

T-cell density between the control and fractionated radiotherapy plus PD-1 

inhibition groups (p=0.0159), further suggesting that PD-1 inhibition enhances T-

cell infiltration in this model. The previous observation that more abundant 

CD3+ lymphocytes are seen in the tumour core following PD-1 inhibition with or 

without fractionated radiotherapy, was not observed for CD4+ lymphocytes.  
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Figure 5.14: Increased CD4+ Lymphocyte Density is Demonstrated Following Fractionated 
Radiotherapy and PD-1 Inhibition  

Top – Representative CD4+ IHC images (x10) of AKPT rectal tumours from each treatment group 
(left column). Representative CD4+ IHC images (x20) of invasive margin region from AKPT rectal 
tumours (middle column). Representative CD4+ IHC images (x20) of tumour core region from 
AKPT rectal tumours (right column). Bottom - Bar graph showing quantification of CD4+ 
lymphocytes (cells/mm2) for whole tumour area. Error bars show mean and SEM, with each data 
point plotted. Group sizes n=5 scored per group. Mann-Whitney U-test. ns denotes non-
significance (p≥0.05). * denotes statistical significance (p<0.05). Red arrows depict invasive 
margin. Blue arrows depict tumour core. Scale bars = 50µm and 20µm. 
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IHC staining was performed for the CD8 marker to analyse whether treatment 

with fractionated radiotherapy and PD-1 inhibition induced changes in cytotoxic 

T-lymphocytes. Abundant CD8+ T-cells were observed at the tumour invasive 

margin in all experimental groups, with increased CD8+ T-cell numbers in the 

tumour core of the PD-1 inhibition and fractionated radiotherapy plus PD-1 

inhibition groups being observed on IHC (Figure 5.15, top and middle panels). A 

wide heterogeneity in CD8+ T-cell density was observed in the PD-1 inhibition 

group, making it difficult to interpret whether PD-1 inhibition affects CD8+ T-

cell infiltration in this experimental group, suggesting some AKPT tumours may 

be resistant to treatment with PD-1 inhibition. Although a difference in CD8+ T-

cell density between the fractionated radiotherapy and fractionated 

radiotherapy plus PD-1 inhibition groups was noted, this did not reach statistical 

significance (p=0.0556) (Figure 5.15, bottom panel). The trend towards 

increased CD8+ T-cell infiltration in PD-1 treated groups, as well as higher 

densities being observed within the tumour core, is seen in other pre-clinical 

studies where it is suggested that PD-1 inhibition enhances T-cell migration 

through increased expression of IFN-γ and CXCL10 which improves T-cell 

migration to tumour sites (Peng et al, 2012).     
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Figure 5.15: Increased CD8+ Lymphocyte Density is not Demonstrated Following Fractionated 
Radiotherapy and PD-1 Inhibition  

Top – Representative CD8+ IHC images (x10) of AKPT rectal tumours from each treatment group 
(left column). Representative CD8+ IHC images (x20) of invasive margin region from AKPT rectal 
tumours (middle column). Representative CD8+ IHC images (x20) of tumour core region from 
AKPT rectal tumours (right column). Bottom - Bar graph showing quantification of CD8+ 
lymphocytes (cells/mm2) for whole tumour area. Error bars show mean and SEM, with each data 
point plotted. Group sizes n=5 scored per group. Mann-Whitney U-test. ns denotes non-
significance (p≥0.05). Red arrows depict positive cells at the invasive margin. Blue arrows depict 
positive cells within the tumour core. Scale bars = 50µm and 20µm. 
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I then analysed the effects of fractionated radiotherapy and PD-1 inhibition on 

FOXP3+ T regulatory cell infiltration, given their known role in tumour 

development through the inhibition of anti-tumour immunity (Zhulai and Oleinik, 

2021). Conflicting evidence exists for the role of PD-1 inhibition in the function 

of T regs, with some pre-clinical studies showing that PD-1 blockade promotes 

the proliferation and immunosuppressive function of T regs, while other studies 

suggest PD-1 inhibition might induce terminal differentiation and apoptosis of T 

regs (Kamada et al, 2019; Asano et al, 2017). IHC staining for the FOXP3 marker 

was used to determine whether treatment with PD-1 inhibition, fractionated 

radiotherapy or fractionated radiotherapy and PD-1 inhibition induced any 

changes in T reg populations within AKPT tumours (Figure 5.16).  

Similarly to other immune cells, T reg cells were predominantly observed at the 

tumour invasive margins in all treatment groups, with a paucity of T reg cells 

within the tumour core (Figure 5.16, top and middle panels). Interestingly, a 

significant increase (p=0.0317) in T reg cell density in the whole tumour was 

observed when fractionated radiotherapy and PD-1 inhibition was compared with 

fractionated radiotherapy alone, suggesting a role for this treatment 

combination in enhancing T reg cell infiltration (Figure 5.16, bottom panel). 

However, no significant difference was observed when any treatment group was 

compared with the control group, with fractionated radiotherapy alone not 

being shown to induce T reg infiltration.  

This finding conflicts with data from the B16-OVA melanoma flank injection 

model described by Sharabi et al, whereby single fraction stereotactic 12Gy 

irradiation resulted in increased T reg infiltration, with this effect being 

abrogated following the addition of PD-1 inhibition (Sharabi et al, 2015). 

However, it was noted in untreated B16-OVA tumours that immune infiltrate was 

sparse with absence of CD4 and CD8+ T-cells, highlighting that different 

underlying TME immune compositions will result in a heterogeneity of response 

to treatment across different pre-clinical tumour models.   
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Figure 5.16: Increased FOXP3+ T regulatory Cell Density is Demonstrated when PD-1 
Inhibition is administered in Combination with Fractionated Radiotherapy   

Top – Representative FOXP3+ IHC images (x10) of AKPT rectal tumours from each treatment 
group (left column). Representative FOXP3+ IHC images (x20) of invasive margin region from 
AKPT rectal tumours (middle column). Representative FOXP3+ IHC images (x20) of tumour core 
region from AKPT rectal tumours (right column). Bottom - Bar graph showing quantification of 
FOXP3+ Treg cells (cells/mm2) for whole tumour area. Error bars show mean and SEM, with each 
data point plotted. Group sizes n=5 scored per group. Mann-Whitney U-test. ns denotes non-
significance (p≥0.05). *denotes p-value <0.05. Red arrows depict positive cells. Scale bars = 
50µm and 20µm. 
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I next analysed the effects of fractionated radiotherapy and PD-1 inhibition on 

macrophage infiltration by performing IHC staining for the F4/80 marker on 

tumour samples at clinical endpoint. Similarly to lymphoid cell infiltrate, 

macrophages are observed to cluster densely at the tumour invasive margin 

(Figure 5.17, top and middle panels). A decrease in macrophage cell density 

(calculated as % of total tumour area positively stained) was observed following 

treatment with fractionated radiotherapy alone when compared with the control 

group, however, statistical significance was not reached (p=0.0952) (Figure 5.17, 

bottom panel). When PD-1 inhibition alone was compared with the fractionated 

radiotherapy group, a significant increase in macrophage infiltration was 

observed in the PD-1 inhibition group (p=0.0317), however, no significant change 

in macrophage density was observed in the fractionated radiotherapy plus PD-1 

inhibition group (Figure 5.17, bottom panel).  

Macrophages are a potential therapeutic target in cancer therapy, and they are 

known to have effects in mediating tumour cytotoxicity and phagocytosis of 

tumour cells (Mantovani et al, 2022). Immunosuppressive tumour associated 

macrophages have high expression of immune checkpoint molecules including 

PD-1, and may therefore contribute to inducing T-cell exhaustion. High 

macrophage infiltration at the tumour invasive margin has been shown to be 

associated with improved survival in colonic (but not rectal) cancers, with in-

vivo experiments suggesting that macrophage contact with tumour cells 

influences the balance between the pro- and anti-tumorigenic effects of 

macrophages (Forsell et al, 2007). Interestingly, using the MC38 colon cancer 

cell line, a recent study by Tang et al suggested that PD-L1 expression on tumour 

cells is not essential for the response to PD-L1 blockade (Tang et al, 2018). Using 

CRISPR/Cas9 technology, knockout tumour cells lacking PD-L1 were generated 

which responded similarly to PD-L1 blockade when compared with wild type 

cells; levels of PD-L1 expression on myeloid cells including macrophages were 

similar between tumours, suggesting that myeloid cells may have a role in 

mediating the response to immune checkpoint blockade through the regulation 

of T-cell function. Further analysis would have to be performed in the AKPT 

model to determine the phenotypic characteristics of the macrophage 

populations seen, and whether immune checkpoint blockade induces anti-tumour 

effects in macrophage populations.   
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Figure 5.17: Increased F4/80+ Macrophage Density is not Demonstrated when PD-1 Inhibition 
is administered in Combination with Fractionated Radiotherapy   

Top – Representative F4/80+ IHC images (x10) of AKPT rectal tumours from each treatment group 
(left column). Representative F4/80+ IHC images (x20) of invasive margin region from AKPT 
rectal tumours (middle column). Representative F4/80+ IHC images (x20) of tumour core region 
from AKPT rectal tumours (right column). Bottom - Bar graph showing quantification of F4/80+ 
Macrophages (% of area positively stained) for whole tumour area. Error bars show mean and 
SEM, with each data point plotted. Group sizes n=5 scored per group. Mann-Whitney U-test. ns 
denotes non-significance (p≥0.05). *denotes p-value <0.05. Red arrows depict positive cells at 
invasive margin. Blue arrows depict positive cells within the tumour core. Scale bars = 50µm and 
20µm. 
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Neutrophil infiltration following fractionated radiotherapy and PD-1 inhibition 

through IHC staining for S100A8 was performed. A trend towards increased 

neutrophils following fractionated radiotherapy or fractionated radiotherapy 

plus PD-1 inhibition was observed when compared with the control group or PD-1 

inhibition alone, although statistical significance was not reached (Figure 5.18, 

bottom panel). Across all treatment groups, neutrophils do not appear to cluster 

more densely at the tumour invasive margin (Figure 5.18, top and middle 

panels). In the tumours which have undergone fractionated radiotherapy, 

abundant neutrophils appear to be present in regions with absent tumour 

epithelium and cellular debris, suggesting that neutrophils may undergo 

trafficking into discrete tumour regions following radiotherapy with resulting 

phagocytosis of tumour epithelium (Figure 5.18, top and bottom panels).  

Although no statistically significant difference in neutrophil density was 

observed following treatment, a trend towards increased neutrophil infiltration 

was noted following fractionated radiotherapy with or without PD-1 inhibition. 

These findings conflict with results in the literature, with Deng et al 

demonstrating in the TUBO breast tumour model that irradiation and anti-PD-L1 

therapy led to a significant reduction in MDSCs in the tumour microenvironment 

(Deng et al, 2014). However, other studies suggest that radiotherapy induces 

neutrophil infiltration with a peak being observed at 24 hours post radiotherapy 

as demonstrated by Liu et al in a Lewis lung carcinoma tumour bearing 

immunocompetent model following 3 x 8Gy fractions (Liu et al, 2021). The 

heterogenous responses of neutrophils following radiotherapy-based treatment 

regimens likely reflects underlying differences in the tumour micro-environment 

across model systems, and highlights the importance of understanding the range 

of neutrophil phenotypes and subtypes which exist.    
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Figure 5.18: Changes in S100A8 Expressing Neutrophil Infiltration is not Demonstrated 
Following Treatment with Fractionated Radiotherapy and PD-1 Inhibition   

Top – Representative S100A8 IHC images (x10) of AKPT rectal tumours from each treatment 
group (left column). Representative S100A8+ IHC images (x20) of invasive margin region from 
AKPT rectal tumours (middle column). Representative S100A8+ IHC images (x20) of tumour core 
region from AKPT rectal tumours (right column). Bottom - Bar graph showing quantification of 
S100A+ Neutrophils (cells/mm2) for whole tumour area. Error bars show mean and SEM, with 
each data point plotted. Group sizes n=5 scored per group. Mann-Whitney U-test. ns denotes 
non-significance (p≥0.05). Red arrows depict positive cells at invasive margin. Blue arrows depict 
positive cells within the tumour core. Scale bars = 50µm and 20µm. 
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I next attempted to assess whether treatment with radiotherapy and/or PD-1 

inhibition in this model had any effect on PD-L1 expression within tumour tissue. 

Previous studies in human rectal cancer tissue suggests that neo-adjuvant 

radiotherapy-based treatment regimens leads to an up-regulation of PD-L1 

expression, with the suggestion that high tumour PD-L1 expression is associated 

with better response to immune checkpoint inhibition (Hecht et al, 2016; 

Boustani J et al, 2020). Tumour tissue from clinical endpoint underwent 

RNAscope to detect the presence of PD-L1 expression (Figure 5.19). No 

statistically significant changes in PD-L1 expression were observed between any 

treatment group when tumour sections were analysed. Two tumours analysed in 

the fractionated radiotherapy plus PD-1 inhibition group appear to demonstrate 

higher PD-L1 expression, suggesting a potential heterogeneity of response to this 

treatment combination. 
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Figure 5.19: Changes in PD-L1 Expression are not Demonstrated Following Treatment with 
Fractionated Radiotherapy and PD-1 Inhibition   

Top – Representative S100A8 IHC images (x10) of AKPT rectal tumours from each treatment 
group (left column). Representative S100A8+ IHC images (x20) of invasive margin region from 
AKPT rectal tumours (middle column). Representative S100A8+ IHC images (x20) of tumour core 
region from AKPT rectal tumours (right column). Bottom - Bar graph showing quantification of 
S100A+ Neutrophils (cells/mm2) for whole tumour area. Error bars show mean and SEM, with 
each data point plotted. Group sizes n=5 scored per group. Mann-Whitney U-test. ns denotes 
non-significance (p≥0.05). Red arrows depict positive cells at invasive margin. Blue arrows depict 
positive cells within the tumour core. Scale bars = 50µm and 20µm. 
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IHC and RNAscope failed to demonstrate any clear changes in the tumour 

immune microenvironment when analysed at clinical endpoint. Tumour tissue 

sampled from the tumour core at clinical endpoint in these treatment cohorts 

were also analysed using bulk RNA sequencing. The untreated control, 

fractionated radiotherapy alone, and fractionated radiotherapy plus PD-1 

inhibition groups were compared to identify transcriptomic changes associated 

with treatment. Principal Component Analysis revealed inter-tumoral 

heterogeneity, with variation in gene expression demonstrated within each 

treatment group (Figure 5.20). However, within each treatment group a 

proportion of samples (n=2-3) appeared to cluster closely, suggesting that a 

proportion of tumours within each group responded similarly. 

 

Figure 5.20: 2D Principal Component Analysis Reveals Inter-Tumoral Heterogeneity of 
Transcriptomic Change following Treatment  

2D PCA generated from RNA sequencing data of AKPT rectal tumours (control, fractionated 
radiotherapy, fractionated radiotherapy plus PD-1 inhibition). Each data point plotted, with 
sample groups indicated by key. Dimension 1 plotted on x-axis, dimension 2 on y-axis. n=4-5 per 
group. Data analysis performed by Lily Hillson (Institute of Cancer Sciences, University of 
Glasgow).   

 

Gene-set enrichment analysis was then performed to conduct pair-wise 

comparisons between control, fractionated radiotherapy, and fractionated 

radiotherapy plus PD-1 inhibition groups (Figure 5.21). The Molecular Signatures 

Database (MSigDB), a resource with thousands of annotated gene-sets was used 
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to identify altered expression of hallmark gene signatures associated with 

inflammation and infective processes. When fractionated radiotherapy was 

compared with control group samples, significant up-regulation in gene 

expression signatures for IFN-α, IFN-γ, IL-6 JAK-STAT3 signalling, inflammatory 

response and TNF-α signalling were observed. Interestingly, when fractionated 

radiotherapy alone was compared with fractionated radiotherapy plus PD-1 

inhibition a further up-regulation in these gene expression signatures were 

observed.  

IL-6/JAK/STAT3 signalling pathway activation is associated with promotion of 

tumour cell activation, invasiveness, and metastasis, with negative regulatory 

effects on effector T cells (Johnson et al, 2018). Similarly, activation of TNF-α 

signalling via NF-κβ is associated with the upregulation of pro-inflammatory gene 

expression (Slattery et al, 2018). Although, potential activation of 

immunosuppressive pathways were identified following treatment with 

fractionated radiotherapy with or without PD-1 inhibition, the activation of IFN-γ 

signalling represents a potential driver of anti-tumour immunity. Tumour 

infiltrating CD8+ cells are known to produce IFN-γ with subsequent anti-tumour 

effects, and so the increase in IFN-γ signalling demonstrated following the 

addition of PD-1 inhibition to fractionated radiotherapy may explain the 

improved survival benefit seen in the AKPT model (Du et al, 2021).    
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Figure 5.21: Gene Set Enrichment Analysis Reveals Up-Regulation of Hallmark Genesets 
associated with Inflammation and Immune Related Signalling Pathways  

Gene Set Enrichment Analysis performed using MSigDB (Molecular Signatures Database) to 
identify positively enriched hallmark genesets. Top panel – Graph showing control versus 
fractionated radiotherapy alone. Middle panel – Graph showing control versus fractionated 
radiotherapy plus PD-1 inhibition. Bottom panel – Graph showing fractionated radiotherapy alone 
versus fractionated radiotherapy plus PD-1 inhibition. X-axis depicts enrichment score value. Y-
axis depicts hallmark geneset. n=4-5 per group. Data analysis performed by Lily Hillson (Institute 
of Cancer Sciences, University of Glasgow).   
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Microenvironment Cell Population (MCP) counter analysis was then performed to 

identify significant up-regulation of genes associated with individual immune cell 

populations (Figure 5.22). Significant heterogeneity was observed between 

samples within each treatment group. However, up-regulation of both T-cells 

and CD8+ cells were noted in the majority of tumours within the fractionated 

radiotherapy plus PD-1 inhibition group (Figure 5.22). Interestingly, neutrophils, 

fibroblasts and monocytes were up-regulated in some of the tumours treated 

with fractionated radiotherapy plus PD-1 inhibition. Although heterogeneity was 

observed between tumours, gene expression data from tumour samples at 

clinical endpoint does reveal that some tumours undergo changes in the tumour 

immune microenvironment following treatment with fractionated radiotherapy 

and PD-1 inhibition.

 

Figure 5.22: Microenvironment Cell Population Counter Reveals Increased T-Cell Populations 
Following Fractionated Radiotherapy and PD-1 Inhibition  

Heatmap to demonstrate estimated immune and stromal cell populations within individual AKPT 
rectal tumour samples (control, fractionated radiotherapy, fractionated radiotherapy plus PD-1 
inhibition). n=4-5, each sample represents one column of heatmap. Each row represents immune 
or stromal cell type as detailed on y-axis. Legend indicates z-score to indicate number of 
standard deviations above or below the mean. Murine MCP (mMCP) counter R package used to 
perform analysis. Data analysis performed by Lily Hillson (Institute of Cancer Sciences, University 
of Glasgow).  
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5.3. Discussion 

5.3.1 The AKPT Model of LARC Fails to Respond to Fractionated Radiotherapy 

and TGF-β Inhibition  

This thesis has demonstrated that the AKPT organoid transplant model is 

resistant to regimens of fractionated radiotherapy which mimic SCPRT given in 

the clinical setting (5 x 5Gy), with no improvement in survival or tumour volume 

seen following treatment. The responses to fractionated radiotherapy alone in 

recent published studies using CRC models are heterogenous; in the CT-26 

bilateral flank transplant model a small proportion of tumours (2/7) completely 

responded to 3 x 4Gy, with the remainder showing a transient reduction in 

tumour volume (Dovedi et al, 2014). However, in the MC38 heterotopic CRC 

model, no tumour regression or survival benefit was observed following a 3 x 8Gy 

regimen (Rodriguez-Ruiz et al, 2019). Pre-clinical studies consistently 

demonstrate improved clinical effects when fractionated radiotherapy is 

administered in combination with immunotherapy agents, suggesting that 

combination therapy might be required to achieve treatment response in the 

AKPT model. 

The AKPT model demonstrates abundant TGF-β expression and so I hypothesised 

that fractionated radiotherapy in combination with TGF-β inhibition would result 

in tumour regression and improved survival. It is known that irradiation can 

upregulate TGF-β signalling by releasing TGF-β from its latent isoform, with 

radiotherapy also inducing EMT which can increase the stemness of cancer cells 

and promote radio-resistance (Farhood et al, 2020; Zhong et al, 2019). By 

reducing the inhibitory effects of the pleiotropic TGF-β cytokine on CD4+ and 

CD8+ effector T-cell activation, I anticipated that reduced TGF-β signalling 

would enable fractionated radiotherapy to induce tumour antigen specific 

immune responses. In an ageing experiment, treatment with fractionated 

radiotherapy and TGF-β inhibition failed to improve survival or tumour burden 

(Figure 5.8), demonstrating resistance to this treatment combination. 

Furthermore, IHC analysis of apoptosis and proliferation markers at a 2-week 

time-point showed no effect on tumour cell survival following combination 

therapy (Figures 5.1, 5.3 and 5.4).  
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Previous clinical studies have suggested that TGF-β activated stroma plays a key 

role in treatment resistance, with lack of response to PD-1/PD-L1 blockade being 

associated with a fibroblast-specific TGF-β gene expression signature 

(Mariathasan et al, 2018). In metastatic urothelial cancers, Mariathasan et al 

showed that ‘immune excluded’ tumours, where T-cells are located within peri-

tumoral desmoplastic stroma, were associated with lack of response to immune 

checkpoint blockade which also correlated with upregulated TGF-β associated 

gene expression in CAFs. Other pan-cancer analyses have linked upregulation of 

extra-cellular matrix genes and activated TGF-β signalling in fibroblasts with a 

lack of response to immunotherapy in immunologically active tumours, signifying 

a role for CAF associated TGF-β signalling in tumour immune evasion 

(Chakravarthy et al, 2018).  

It remains unclear in the AKPT tumour model whether tumour cells, stromal cells 

or CAFs mediate TGF-β signalling in the model. TGF-β is known to be a potent 

mediator of EMT which is a crucial driver of tumour cell dissemination (Brunen 

et al, 2013). TGF-β plays an important role in the development of fibrosis, by 

up-regulating many extra cellular matrix (ECM) proteins and inducing the 

conversion of resident fibroblasts into myofibroblasts with the overall effect of 

distorting the ECM (Nakatsukasa et al, 1990; Hecker et al 2009; Caja et al, 

2018). The ECM subsequently becomes stiffer following a desmoplastic stromal 

response, with CAFs being shown to secrete matrix proteins, with the resulting 

modification of the ECM conferring a more aggressive tumour phenotype (Deville 

and Cordes, 2019). CAF associated TGF-β signalling is known to enhance ECM 

remodelling, thus favouring tumour cell invasion through an increasingly 

permeable basement membrane (Broders-Bondon et al, 2018). In the 

experiments described, TGF-β inhibition was commenced at 10- or 17-days post 

tumour implantation in the AKPT model, with radiotherapy commenced 3-days 

later; it is likely that significant ECM modification has taken place by this time, 

with an aggressive tumour phenotype and extensive proliferation and 

dissemination of cancer stem cells already being displayed.  

Furthermore, it has been proposed that radiotherapy impedes CAF mobility by 

increasing expression of integrins, which mediate attachments between cancer 

cells, stromal cells and the surrounding ECM (Barker et al, 2015). Pre-clinical 

studies have implicated β1-integrin expression with pronounced desmoplastic 
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reactions which facilitate CAF survival and promote radio-resistance (Park et al, 

2008). Pre-clinical in-vitro studies have shown heterogeneity in tumour cell 

morphology and motility, with both single cell and collective movement of 

tumour cells possible; inhibition of TGF-β signalling prevents cells from moving 

singly in-vivo, however doesn’t prevent the collective motility of cells which 

remain capable of lymphatic invasion (Giampieri et al, 2009). It remains possible 

that initiation of TGF-β inhibition was too late in these experiments, with 

formation of fibrotic networks which impede tissue penetration of immune cells 

already being established by the time therapy was commenced. Further work 

could be done in this model to characterise whether resistance to radiotherapy 

is driven by CAF associated TGF-β; isolation of fibroblasts from tumour samples 

would enable in-vitro studies, whilst single cell sequencing would enable specific 

gene expression patterns from individual cell types to be analysed (Wu et al, 

2021).   

With an aggressive tumour phenotype already existing at 10-14 days post 

implantation, it is likely that pre-existing therapy resistance contributes to the 

lack of response in the AKPT model (Friedman, 2016). Resistance to TGF-β 

inhibition may result from pre-existing or rapidly acquired mutations which alter 

the active domain of the target protein to prevent binding of the drug (Schmitt 

et al, 2016). Furthermore, the AKPT organoid suspensions utilised in experiments 

are likely to contain a high density of cancer stem cells (CSCs) with malignant 

potential; following multiple in-vitro passages, the most aggressive and 

treatment resistant sub-clones are likely to have been selected (Nowell, 1976). 

The organoids used in these experiments have survived extensive in-vitro 

selection, and likely represent selected cancer stem cell sub-clones with 

treatment resistant characteristics (Clevers, 2011). The AKPT organoid line has 

shown several key hallmarks of cancer, including the ability to evade apoptosis, 

limitless replicative potential and the ability for tissue invasion and metastasis 

(Hanahan and Weinberg, 2000).     

TGF-β signalling has been recognised as a significant determining factor 

contributing to the lack of response to PD-1/PD-L1 inhibition (Ganesh and 

Massagué, 2018). In a the MC38 heterotopic transplant model of CRC, 

combination therapy with a TGFBR1 kinase inhibitor (LY364947) and anti-PDL1 

monoclonal antibody, demonstrated improved overall long-term survival when 
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compared with PD-1/PD-L1 axis blockade alone (Sow et al, 2019). The improved 

effects were found to correlate with increased influx of CD3+ lymphocytes 

following combination therapy, which was largely the result of increased CD8+ 

influx. These results were seen in the immunogenic MC38 cell line, and were not 

replicated in the less immunogenic KPC1 model of pancreatic cancer highlighting 

that a heterogeneity of response to therapy will be observed based upon the 

underlying TME.  

It is possible that alternative pharmacological approaches to TGF-β inhibition 

might prove more effective. The ALK5 inhibitor used in this thesis acts by 

binding to the TGF-β receptor kinase domain to decrease tumour responsiveness 

to TGF-β. TGF-β ligand trapping agents may offer more clinical benefit, which 

act by mimicking the extra cellular ligand binding domain of TGFBRII, and 

competitively binding TGF-β ligands with high affinity, reducing levels of latent 

TGF-β ligand in the TME and reducing SMAD2/SMAD3 signalling (Kim et al, 2021). 

The bifunctional agent bintrafusp alfa consists of an IgG1 anti-PDL1 antibody 

fused to two TGFBRII molecules, thus targeting both the immunosuppressive PD-

1/PD-L1 axis and ‘trapping’ TGF-β in the TME (Lind et al, 2020). MC7824, a novel 

bifunctional checkpoint inhibitor which comprises of the extracellular domain of 

TGFBRII linked to human anti-PD-L1, was studied in the MC38 CRC subcutaneous 

flank injection model; decreased tumour burden, improved overall survival and 

30% overall cure rate were seen following treatment which was dependent upon 

enhanced CD8+ and NK cell activity (Knudson et al, 2018). This study highlights 

the potential benefits of TGF-β ligand trapping agents to decrease TGF-β 

induced signalling in the TME, and furthermore suggests that dual targeting 

agents may be more efficacious in promoting CD8+ anti-tumour responses.   

 

5.3.2 The AKPT Model of LARC Demonstrates Heterogenous Response to 

Fractionated Radiotherapy and PD-1 Inhibition  

When the AKPT model of LARC was treated with fractionated radiotherapy and 

PD-1 inhibition, a significant improvement in survival was demonstrated when 

compared with radiotherapy alone and with the control group (Figure 5.10). 

Although extension of median survival was observed (60 days vs 33 days; 

radiotherapy plus PD1 versus control), tumour control was only achieved in a 
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minority of animals (1/7) with only one subject achieving complete tumour 

response, and no significant reduction in tumour volume at clinical endpoint 

being observed between groups (Figure 5.9). This differs from the results 

published by Dovedi et al, whereby tumour control was achieved in the majority 

receiving radiotherapy and PD-1 inhibition or radiotherapy and PD-L1 inhibition 

(80% and 66% respectively) (Dovedi et al, 2014). In a study of both the TUBO 

mammary and MC38 colon cancer subcutaneous flank transplant models, tumour 

control was achieved in all experimental subjects as demonstrated by serial 

tumour volume measurements following a 12Gy single fraction of radiotherapy 

and PD-1 inhibition (Deng et al, 2014). Contrasting results were observed in 

another study using the MC38 colon cancer subcutaneous flank injection model 

to study fractionated radiotherapy (3 x 8Gy) in combination with immunotherapy 

agents; despite demonstrating a significant delay in tumour growth with 

fractionated radiotherapy and anti-PD-1 therapy, complete cure and survival 

extension was not demonstrated (Rodriguez-Ruiz et al, 2016).  

In the AKPT orthotopic model of LARC, it has been challenging to assess tumour 

response to therapy. In subcutaneous flank injection models previously 

published, researchers have been able to monitor tumour volume changes with 

regular calliper measurements. However, orthotopic rectal tumours are not 

easily amenable to frequent tumour measurements due to the invasiveness of 

repeated colonoscopy procedures. Furthermore, although regular calculation of 

tumour growth might be possible through measuring the luminal percentage 

occupied by tumour, this method is potentially inaccurate and would fail to 

account for extra-luminal tumour growth. As demonstrated in Chapter 4, CT 

based imaging would be inadequate to accurately measure rectal tumours; 

although we have demonstrated that MRI would enable accurate tumour 

measurements, this modality poses unrealistic time and cost burdens, as well as 

being potentially detrimental to animal welfare owing to prolonged anaesthesia. 

The treatment combination experiments described in this thesis have significant 

limitations, as analysis has all been performed at clinical endpoint so any 

transient reduction in tumour volume, or dynamic changes in the tumour 

immune microenvironment will not have been appreciated.  

Although the orthotopic AKPT model of LARC recapitulates the heterogeneity of 

response seen in clinical practice, this finding is challenging to explain given the 
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control of potential experimental variables. Consistency was maintained as best 

as possible for experimental conditions including in-vitro culture technique, 

organoid passage number and transplantation technique. However, this 

experiment was performed in batches with subjects distributed evenly amongst 

groups, with experimental numbers per batch being limited by the time required 

to perform a single irradiation treatment (~15 mins per treatment). 

Consequently, tumour characteristics may vary between batches due to different 

organoid vials being used for individual batches, variation of experimental 

conditions during harvesting and injection sessions, and potential differences 

between commercially purchased cohorts of host C57Bl/6 recipients.   

Other immune checkpoint inhibitors have been studied in pre-clinical models of 

CRC. In the CT-26 subcutaneous transplant model of CRC, a complete response 

to the immune checkpoint agent CTLA-4 followed by single fraction 20Gy 

irradiation was observed in 100% of experimental animals (Young et al, 2016). 

Young et al demonstrate more heterogeneous responses to therapy when CTLA-4 

inhibition is administered concurrently or sequentially with radiotherapy (50%), 

highlighting the importance of scheduling when immune checkpoint inhibition is 

combined with radiotherapy. In a B16-F10 bilateral subcutaneous flank injection 

model of melanoma, only a 17% complete response to 20Gy single fraction 

radiotherapy and CTLA-4 blockade was observed, however, greater tumour 

volume reduction and survival extension occurred when CTLA-4 was 

administered either before or concurrently with radiotherapy (Twyman-Saint 

Victor et al, 2016).  

The study by Twyman-Saint Victor et al goes on to demonstrate improved 

response rates of 80% when anti-PD-1 or anti-PD-L1 is administered in 

combination with radiotherapy and CTLA-4 inhibition, suggesting that dual 

checkpoint blockade may be required in treatment resistant tumours. Twyman-

Saint Victor et al show that CTLA-4 inhibition inhibits Tregs and increases the 

CD8/Treg ratio, whilst radiotherapy enhances the T-cell receptor repertoire of 

intra-tumoral T-cells; however, resistance correlates with up-regulation of PD-L1 

on tumour cells which is associated with T-cell exhaustion, and this can be 

overcome with the addition of anti-PD-1/PD-L1 therapy. Pre-clinical data 

appears to support the administration of immune checkpoint blockade either 

before or concurrently with radiotherapy, with Dovedi et al showing optimal 
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efficacy when PD-1 inhibition is commenced on day 1 or day 5 of the 

fractionated radiotherapy schedule (Dovedi et al, 2014). Dovedi et al show that 

PD-L1 is upregulated on tumour cells, peaking at 72 hours post irradiation, and 

declining significantly thereafter. This supports a rationale for administering ICB 

throughout treatment with radiotherapy, with pre-treatment not being required 

and sequential therapy likely to be ineffective. Furthermore, previous studies 

only describe cycles of PD-1 inhibition over a 2- or 3-week period suggesting that 

the indefinite therapy used in this study is not necessary.  

The experiments discussed in this chapter demonstrate that it is feasible to test 

novel radiotherapy-immunotherapy treatment combinations in an orthotopic 

pre-clinical model of LARC. Future experiments in this model would help to 

inform upon the sequencing of PD-1/PD-L1 scheduling in relation to 

radiotherapy, with experimental arms to include PD-1 inhibition commencing 

concurrently with fractionated radiotherapy as well as sequentially, in addition 

to the ‘pre-treatment’ cohort used in this thesis. Limited courses of PD-1 

inhibition should also be used in future experiments to refine treatment 

regimens and to rationalise costs of experiments. 

IHC from tumour samples at clinical endpoint suggest that immune changes may 

occur following treatment with PD-1 inhibition with or without fractionated 

radiotherapy. A trend towards increasing tumour lymphocyte populations in the 

groups receiving PD-1 inhibition is demonstrated, with the observation of 

infiltration being denser within the tumour core following treatment. Although 

experiments are suggestive of immune changes, further work is required to 

confirm whether immunological changes are observed following fractionated 

radiotherapy and PD-1 inhibition in this model. Tumour sampling at short-term 

time-points following treatment to conduct flow cytometry, would provide 

informative data to assess immune changes observed following treatment with 

fractionated radiotherapy and PD-1 inhibition; more detailed phenotypic analysis 

should be performed, and would allow the quantification of markers of T-cell 

activation, cytotoxicity and exhaustion to better assess the immunological 

effects of fractionated radiotherapy and immune checkpoint inhibition. 

 

 



285 
 

Chapter 6 – Discussion 

6.1. The Development of Clinically Relevant Models of Locally 

Advanced Rectal Cancer 

Within this body of work, I addressed the need to develop pre-clinical models of 

LARC which more accurately recapitulate the anatomical, histological, and 

transcriptomic features of human disease. Previous chapters have discussed the 

various limitations of both heterotopic and immunocompromised models, and so 

this work focused on the development of models whereby tumours arise within 

the murine rectum in an immunocompetent host. In chapter 3, I described the 

development of genetically engineered mouse models (GEMMs) of rectal cancer 

expressing common driver mutations of CRC. The administration of submucosal 

tamoxifen in mice expressing the intestinal-specific Villin promotor fused to the 

oestrogen receptor, enabled the induction of site-specific rectal tumours arising 

from the mucosal layer. These models recapitulated both early and late stages of 

the adenoma-carcinoma sequence, with the inducible AKPT model (VillinCreER: 

Apcfl/+;KrasG12D/+;Trp53fl/fl;Tgfbr1fl/fl) demonstrating locally invasive 

adenocarcinoma invading through the muscularis propria.  

Previous studies have described similar local induction methods, with a 

tamoxifen enema being administered to induce distal colon tumours in the ‘iKAP’ 

model described by Boutin and colleagues (VillinCreERT2;Tet-

KrasG12/D/+;Apcfl/fl;Trp53fl/fl), whereby Apc and Trp53 mutations were induced in 

combination with a doxycycline inducible KrasG12D transgene (Boutin et al, 2017). 

The ‘iKAP’ model revealed T2-4 disease in 38% of animals (23/60) and 25% 

exhibited local or distant metastasis, with this model demonstrating a role for 

oncogenic Kras in driving disease progression and metastases when compared 

with the ‘iAP’ model (VillinCreERT2;Apcfl/fl;Trp53fl/fl). The delivery of tamoxifen 

to the distal colon using a colonoscopy-guided needle technique was described 

prior to the work in this thesis; however, only early adenomas harbouring Apc 

mutation alone (VillinCreER;Apcfl/fl) were described (Roper et al, 2017).  

In Chapter 3, I demonstrated the feasibility of applying a colonoscopy-guided 

needle injection technique to administer tamoxifen at the rectal location of 

GEMMs with multiple CRC driver mutations, and was able to recapitulate locally 
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invasive disease in the ‘AKPT’ genotype 

(VillinCreER;Apcfl/+;KrasG12D/+;p53fl/fl;Tgfbr1fl/fl), with distant metastasis seen in a 

small proportion (14%). In this body of work, other histological stages of disease 

including high-grade dysplasia and early adenocarcinoma were not established; 

in Chapter 3, short survival was noted in both the ‘AK’ and ‘AKP’ genotypes 

when homozygous Apc deletion was induced, with only non-invasive low-grade 

dysplasia observed on histological analysis. Animals typically exhibited acute 

weight loss and/or intestinal obstruction at ~2 weeks post-induction, and it was 

evident that homozygous Apc deletion induced an acute phenotype with tumours 

unable to undergo histological progression.  

In the ‘iKAP’ model described by Boutin et al, the majority of tumours (65%) 

exhibited T1 disease or higher with the induction of a heterozygous Apc 

(ApcΔ580/+) allele. Previous studies also show that homozygous Apc knock-out 

results in embryonic lethality, with heterozygosity leading to a tumour 

predisposition phenotype (Kuraguchi et al, 2006). Acute homozygous loss of Apc 

in intestinal tissue is known to result in acute activation of Wnt signalling, with 

subsequent disruption of normal crypt differentiation, migration, proliferation, 

and apoptosis, with animals becoming unwell at only 5 days (Sansom et al, 

2004). Previous studies coupled with the short survival demonstrated in the AK 

and AKP genotypes presented in Chapter 3, suggest that acute homozygous Apc 

deletion fails to model adenocarcinoma due to the acute phenotypic features 

demonstrated.  

This thesis describes a novel autochthonous model of LARC, with heterozygous 

Apc deletion in the inducible AKPT model displaying histological features 

consistent with locally invasive T3 adenocarcinoma. Despite the numerous 

limitations previously discussed with the inducible autochthonous models 

described, a reproducible technique to generate GEMMs of LARC with mutational 

combinations of interest has been developed. This technique could be applied to 

future experiments using other mutational combinations of interest; for 

instance, it would be interesting to ascertain whether an ‘AKP’ model with 

heterozygous Apc deletion (VillinCreER;Apcfl/+;KrasG12D/+;p53fl/fl) might enable the 

development of high-grade dysplasia or an early adenocarcinoma model. 

CRC displays significant genotypic and phenotypic heterogeneity, and it remains 

challenging to comprehensively model this complexity in the pre-clinical setting, 
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with most human tumours not conforming to a set of pre-defined mutational 

combinations. Furthermore, it is likely that variable efficiencies exist during cre-

mediated recombination with the possibility of mosaic expression of mutated 

alleles existing within tumours (Wong et al, 2000). The R26R locus has been 

exploited in the past to introduce reporter genes such as LacZ, with reporter 

expression then analysed to assess recombination activity (Soriano, 1999). If the 

autochthonous models described in this thesis were to be used further in 

treatment studies, then lineage tracing studies should be performed to assess 

the reliability and efficiency of the recombination of each allele being induced. 

A key objective of this thesis was to develop a pre-clinical model of LARC which 

was reproducible, time-effective, and suitable for the generation of sufficient 

experimental animals to conduct adequately powered treatment studies. The 

development of the ‘AKPT’ organoid transplant model of LARC described in 

Chapter 3, represents a highly efficient model with numerous advantageous 

features; a 95% engraftment rate was achieved, tumourigenesis typically 

occurred at 1-week post transplantation, immunocompetence was maintained, 

and tumours recapitulated locally invasive disease with distant metastasis. The 

workflow to expand and prepare organoids, undertake colonoscopy-guided 

needle injection, then subsequently perform both health monitoring and tumour 

monitoring by colonoscopy is highly reproducible and can be feasibly applied to 

experimental batches of 40 animals.  

The transplantation of ‘AKP’ murine colon derived organoids in C57Bl/6 mice to 

establish locally invasive tumours was previously described, however only small 

numbers (n=6) were generated, with tumours failing to reproduce the glandular 

architecture of human tumours (Roper et al, 2017). The work presented in this 

thesis developed existing methodology further, and demonstrated the feasibility 

of applying this technique in high numbers of experimental animals to 

recapitulate tumours displaying locally invasive disease and a desmoplastic 

stromal reaction, features consistent with treatment resistant and poor 

prognosis disease subtypes. The application of colonoscopy guided needle 

injection of organoids to the rectal location and the development of the 

orthotopic ‘AKPT’ model of LARC, represents a significant contribution in the 

field of pre-clinical modelling of rectal cancer. The high engraftment rate and 

time efficiency of generating experimental animals has not been replicated in 
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other immunocompetent orthotopic models of rectal cancer described in the 

literature, and is a technique which is accessible and feasible to learn by other 

research groups.    

Several studies utilising colonoscopy-guided submucosal injection techniques 

have required immunodeficient NSG (NOD scid gamma) mice to achieve the 

successful engraftment of human derived cancer cell lines or genetically-

modified murine organoids respectively, and it is of critical importance that pre-

clinical studies are conducted in hosts with a functionally intact immune system 

(Bettenworth et al, 2016; Lannagan et al, 2019). Studies previously discussed 

which achieved successful engraftment in immunocompetent C57Bl/6 mice 

following colonoscopy-guided transplantation of the MC38 murine colon cancer 

cell line have several drawbacks (Zigmond et al, 2011). Commercially available 

murine tumour-derived cells lines have typically been used for over 40 years in 

pre-clinical research, demonstrate high tumour mutational burdens, and have 

undergone extensive in-vitro selection (Corbett et al, 1975). Recent longitudinal 

immune characterisation of the commonly used syngeneic models CT-26, MC38 

and 4T1, highlight that pre-clinical studies which have published promising 

results for immune checkpoint blockade, have often been conducted in models 

known to have strong cytolytic T-cell responses following tumour implantation 

and thus represent models with susceptibility to immunotherapy (Taylor et al, 

2019). Furthermore, immortalised cell lines are prone to inconsistency across 

studies with distinct sub-lines showing that different immunogenic, 

transcriptomic and genomic features can develop over time (Schrörs et al, 

2023). Commonly used murine tumour cell lines fail to represent the mutational 

burden of human CRC; the CT-26 model does not have mutations in Apc or Trp53, 

whilst the MC38 model does not have mutation in Apc or Kras (Zhong et al, 

2020). The AKPT organoid transplant model described in this thesis, successfully 

overcomes several limitations of previously described models, as 

immunocompetence is maintained and tumours recapitulating the commonest 

mutations observed in CRC. 

In Chapter 3, I then describe the characterisation of the AKPT organoid 

transplant model, with both dense lymphoid and myeloid immune infiltration 

being demonstrated. Conducting a longitudinal immune characterisation would 

have been interesting to further characterise the AKPT immunocompetent 
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transplant model, as tumours characterised at clinical endpoint are likely to 

represent an immunosuppressive phenotype with any anti-tumour immune 

responses likely to have been suppressed. Characterisation of the tumour 

immune microenvironment at early time-points following tumour implantation 

might reveal a different immune contexture. In a study by Taylor et al, flow 

cytometry revealed that the CT-26 colon cancer model underwent early 

expansion of cytolytic T-cells (granzyme B, PD-1 expressing CD8+ T-cells) at day-

3 and -7 post tumour implantation, with more immunosuppressive features 

becoming apparent at day-14 with increased myeloid cells and M2 tumour 

promoting macrophages (Taylor et al, 2019).  

As previously discussed, a recent advance in pre-clinical modelling of rectal 

cancer was described in the literature by Nicolas et al, with orthotopic 

transplantation of ‘APTKA’ organoids (Apc, Trp53, KrasG12D, Tgfbr1 and 

myristoylated AKT) successfully modelling locally invasive distal colonic tumours 

(Nicolas et al, 2022). However, a significant advantage of the AKPT model 

described in this thesis, is the avoidance of colitis induction; it is known that 

chronic inflammation alters the immune system, with elevated lymphocytes, 

plasma cells and macrophages infiltrating at the site of injury, as well as 

increased pro-inflammatory components such as NF-κB, JAK/STAT3 signalling, 

TNF-α and IL-6 (Snider et al, 2016).  

A significant limitation of the colonoscopy-guided needle injection model 

described in this thesis, is the establishment of tumours within the submucosal 

layer, resulting in tumours which do not fully recapitulate the typical histological 

progression seen in the adenoma-carcinoma sequence. Furthermore, the ‘AKPT’ 

organoid line has undergone in-vitro selection whereby only malignant tumour 

clones withstanding multiple passages have survived, therefore tumours are 

representative of aggressive cancers exhibiting a pronounced desmoplastic 

reaction. A recent model of LARC which avoids both colitis induction and tumour 

initiation in the submucosal layer, describes a ‘mucosal brush’ technique, 

whereby ‘AKP’ (Apc-/-, KrasG12D/+, Tp53-/-) organoids can be instilled intra-

luminally following disruption of the rectal mucosa with a small-calibre brush 

(Kim et al, 2022). Although this method limits the systemic inflammatory 

response, considerable concerns exist with the reproducibility of this model; 17% 
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of animals died following intestinal perforation using this technique, and among 

the surviving animals only a 58% engraftment rate was achieved.  

Chapter 3 previously discussed the transcriptomic characterisation of the AKPT 

organoid transplant model, and the challenges associated with aligning pre-

clinical models to a particular CMS of human disease. Bulk RNA sequencing is 

susceptible to regional differences and intra-tumoural heterogeneity, despite 

efforts to consistently sample tissue from within the tumour core. To better 

characterise gene expression profiles and to align the AKPT model more 

accurately to a molecular subtype of human disease, bulk RNA sequencing would 

need to be undertaken on a significantly larger sample size with consideration 

made for the time at which tumours are sampled post implantation.  

Further work should endeavour to address the development of a suite of 

organoid transplant models which recapitulate molecular subtypes of human 

disease reliably and comprehensively. Previous studies have demonstrated the 

feasibility and accuracy of aligning CRC cell line and patient derived xenograft 

models with the CMS classification system; 43 CRC models were subtyped based 

on publicly available expression datasets, with cell lines representing all CMS 

subtypes in similar distribution to human disease, and 66% concordance for 

alignment observed when multiple classifiers were applied (Linnekamp et al, 

2018). In-vitro testing of characterised cell lines demonstrated a sensitivity to 5-

FU and oxaliplatin in CMS2 aligned models, with chemo-resistance demonstrated 

in CMS4 models. This study demonstrated the potential application of CMS 

aligned murine models to identify patterns of response according to molecular 

subtype, to potentially aid the development of novel treatment strategies and 

precision medicine-based approaches in CRC. In-vitro drug screening of 

organoid/cell lines which have undergone accurate molecular characterisation, 

represents a potential strategy to identify treatment targets which can be 

developed further in the in-vivo setting.  

However, limitations exist in the stratification of cell-line and patient-derived 

xenograft models to molecular subtypes of disease, as the tumour 

microenvironment is known to make a significant contribution to gene expression 

profiles in bulk tumour tissue (Isella et al, 2015). The development of adapted 

CMS classifiers can overcome this drawback, with Sveen and colleagues 

describing the development of an optimized classifier enriching for cancer-cell 
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intrinsic gene expression signals, to align a panel of 48 cell-lines and 32 patient-

derived xenograft models to CMS groups (Sveen et al, 2018). Sveen et al were 

able to demonstrate sensitivity to 5-FU and HSP-90 inhibition (Heat Shock 

Protein) in CMS4 aligned models, highlighting a potential treatment combination 

which might overcome chemoresistance in this phenotype. 

The complexity of accurately aligning whole tumours to broad molecular 

subtypes has been appreciated in previous studies, with distinct differences in 

gene expression profiles within the same tumour being identified dependent 

upon sample location, with stromal derived genes having the potential to 

preferentially stratify tumours into the CMS4 subtype (Dunne et al, 2016). Intra-

tumoral heterogeneity of gene expression profiling suggests that CMS 

stratification through bulk RNA sequencing in both clinical and pre-clinical 

samples may not be representative of the whole tumour, and that accurate 

profiling must account for tissue morphology and sample origin. Data from 

murine derived tissue must also be analysed with caution, as computational 

methods must ensure that the divergence between murine and human orthologs 

is accounted for (Petitprez et al, 2020).            

 

6.2. Improving Irradiation of Pre-Clinical Models of Locally Advanced 

Rectal Cancer 

In Chapter 4, I described the development and validation of a precise image-

guided radiotherapy protocol to administer clinically relevant fractions to 

murine rectal tumours. A single radiotherapy fraction can be administered in 

approximately 15 minutes, including the induction of anaesthesia, CT imaging, 

treatment planning and dose administration, ensuring the feasibility of treating 

sufficiently powered experimental cohorts. Accurate targeting of tumours was 

confirmed by demonstrating increased expression of the DNA damage marker γ-

H2AX at 3-hours post irradiation when compared with untreated tumour tissue, 

successfully validating the methodology used throughout this thesis. 

The experimental protocol described in Chapter 4 has significant benefits over 

previous pre-clinical studies demonstrating clinical efficacy with combining 

radiotherapy with immune-checkpoint blockade (Demaria et al, 2005; Dewan et 
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al, 2009; Deng et al, 2014; Dovedi et al, 2017). These studies used whole-body 

irradiation devices, resulting in the delivery of much broader fields of irradiation 

with a greater potential for adverse off-target effects. More clinically precise 

delivery of radiotherapy has recently been adopted in pre-clinical CRC research, 

with various recent studies investigating fractionated radiotherapy in 

combination with immunotherapy agents with radiotherapy delivered using the 

Small Animal Radiation Research Platform (SARRP), or linear accelerator devices 

with small diameter (10-15mm) collimators (Vanpouille-Box et al, 2015; Grapin 

et al, 2019; Rodriguez-Ruiz et al, 2019).  

Early irradiation studies in pre-clinical models of CRC using the SARRP did not 

encounter difficulties with tumour targeting and treatment planning, owing to 

the subcutaneous implantation of tumours. Technical challenges have therefore 

emerged with the use of orthotopic models of rectal cancer, which are not 

externally visible and clinically obvious on non-contrast imaging modalities. 

Although rectal tumours were not reliably detected upon plain CT imaging, I was 

able to adopt anatomical landmarks to successfully target rectal tumours; 

organoid fragments were consistently injected within 1cm of the anal verge, and 

so this landmark coupled with the identification of luminal gas on CT imaging, 

enabled the placement of a dose isocentre at the known tumour location. As 

discussed in Chapter 4, experiments conducted to improve tumour targeting 

proved either ineffective (intra-peritoneal contrast administration) or conferred 

unacceptable time and cost constraints (MRI scanning). In future experiments, 

rectal contrast administration may prove both time-efficient and effective in 

delineating rectal tumours more confidently on the CT imaging system in-built 

within the SARRP, however, this technique was not included in the Home Office 

project licence under which the research in this thesis was conducted.   

In the recent study by Nicolas et al, rectal tumours were targeted with a radio-

opaque probe inserted intra-luminally to the distal aspect of the rectal tumour 

based upon endoscopically determined measurements (Nicolas et al, 2022). It is 

unclear whether this technique would offer improved accuracy of tumour 

targeting when compared with the methods described in this thesis; both 

endoscopic measurements and placement of the rectal probe are likely 

susceptible to variability and inaccuracy, particularly in the context of small sub-

centimetre tumours. Although Nicolas et al were able to apply a smaller 5mm 
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diameter collimator, the AKPT tumours described in this thesis predominantly 

exceed 5mm in diameter and therefore use of a 10mm collimator ensures 

delivery of radiation to the whole tumour is optimised. 

In the orthotopic LARC model described by Kim et al, an irradiation technique 

was also described and highlighted the cost implications to researchers in 

acquiring sophisticated small animal irradiation devices such as the SARRP (Kim 

et al, 2022). Kim et al describe the use of a customised cerrobend apparatus, 

enabling the use of cheaper and more accessible whole-body irradiation devices 

to be used in pre-clinical experiments, with the additional advantage that 5 

animals can be treated in each device. Despite the cost and accessibility 

advantages described, this technique exposes the whole murine pelvis and lower 

limbs to irradiation, with greater potential for off target treatment effects. 

However, the technique described by Kim et al offers significant advantages in 

terms of cost and reproducibility, and may on balance offer sufficiently accurate 

radiotherapy delivery upon which to translate experimental findings to the 

clinical setting.  

Accurate longitudinal tumour monitoring was not demonstrated in the orthotopic 

AKPT transplant model of LARC. Colonoscopy imaging was utilised to confirm 

tumorigenesis and successful engraftment, and enabled the detection of 

suspected tumour regression. Serial colonoscopic tumour measurement (as a % of 

lumen occupied by tumour) could be applied to monitor tumour 

growth/regression in future experiments, however this method is likely to be 

prone to inaccuracy owing to the variability in luminal distension which occurs 

upon insufflation during colonoscopy; furthermore, luminal measurements would 

fail to account for extra-luminal tumour growth. Bioluminescence is a potential 

technique which could be applied to monitor tumour response to treatment and 

to detect distant metastasis. For instance, the light-emitting properties of 

luciferase mediated oxidation of luciferin, enables the detection of luciferase 

transduced cancer lines in-vivo (Contag et al, 2000). The labelling of cells of 

interest with fluorescent proteins such as green fluorescent protein (GFP) or red 

fluorescent protein (RFP), also enables the efficacy of anti-tumour agents to be 

determined in-vivo (Hoffman, 2015). Although bioluminescence techniques hold 

potential to study specific cell interactions, in the context of monitoring tumour 

growth such imaging is qualitative and attempts to quantify bioluminescence 



294 
 

signal are confounded by numerous factors including anaesthetic technique, 

luciferin exposure, and depth of the tissue of interest, and would likely not be 

amenable to the accurate monitoring of tumour growth (Sinha et al, 2018).  

This thesis has described the development of methodology to deliver clinically 

precise radiotherapy fractions to orthotopic models of LARC, with many previous 

studies being undertaken in heterotopic models. The adoption of orthotopic 

models in radiotherapy-based treatment studies in LARC is in its relative infancy, 

and this thesis describes the successful delivery of RT to orthotopic LARC models 

through increased γH2AX expression. The use of non-contrast CT imaging with 

anatomical landmarks is reproducible and time-efficient; delivery of a single RT 

fraction is feasible within ~15 minutes, and could be applied by other research 

groups to enable high throughput treatment studies.  

Experiments described in this thesis were dependent upon gross clinical 

parameters to detect treatment efficacy, including survival, tumour volume at 

clinical endpoint, and histological and immunological analyses. Serial tumour 

measurements in future treatment studies utilising orthotopic models of LARC 

are unlikely to be feasible, and treatment response should be assessed through 

survival data, and the histological, transcriptomic and immunological analysis of 

tumours at pre-determined time-points.  

 

6.3. Characterising the Response of the Orthotopic AKPT Transplant 

Model of LARC to Radiotherapy  

Initial irradiation experiments failed to demonstrate significant response in 

orthotopic AKPT tumours following a single 4Gy fraction of radiotherapy. A single 

fraction of 4Gy was administered in these experiments to maintain consistency 

with fractions which are used clinically in LARC (1.8Gy or 5Gy), and data 

presented in Chapter 4 suggests that a single 4Gy fraction was insufficient to 

induce tumour regression or an immunological response. Early pre-clinical 

studies highlighting the immune priming role of radiotherapy, demonstrated 

significant changes in CD8+ T cell tumour immune infiltration when large 

stereotactic doses were delivered (Apetoh et al, 2007; Lee et al, 2009). When 

comparing a stereotactic dose (15Gy) with fractionated radiotherapy (5 x 3Gy) in 
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the B16 melanoma transplant model, a greater slowing of tumour growth was 

demonstrated following 15Gy; increased antigen presenting capability and IFN-γ 

secreting T-cells within tumour draining lymph nodes, with subsequent increases 

in CD45+ leucocyte infiltration to the tumour site were observed (Lugade et al, 

2005). Future experiments in the AKPT model using a much larger stereotactic 

dose of radiotherapy, such as 15Gy, might demonstrate a different 

immunological response to radiotherapy and further highlight that clinical 

response to radiotherapy is dependent upon dosage and fractionation.   

It is crucial that future time-point analyses of tumour immune infiltration are 

not limited to simple IHC analysis, which is only representative of one tumour 

section and offers limited information regarding immune cell phenotypes and 

spatial interactions. Infiltration of effector T-cells could have been analysed, to 

determine significant changes in activated T-cells with anti-tumour efficacy 

following irradiation; enzyme linked immunosorbent spot (ELISpot) assays could 

be utilised to determine the quantity of IFN-γ secreting CD8+ T-cells. A time-

point experiment utilising flow cytometry in larger cohort numbers to compare a 

clinically relevant 5Gy fraction of radiotherapy with a larger stereotactic dose 

would be highly informative to characterise the immunological response to 

different radiotherapy doses in the AKPT orthotopic rectal cancer model. 

In Chapter 4, 3 x 5Gy fractionated radiotherapy did not result in extended 

survival or tumour volume reduction when compared with a sham radiotherapy 

treated control group. Furthermore, IHC and multiplex IHC performed on tumour 

tissue sampled at clinical endpoint failed to demonstrate any significant changes 

in immune cell infiltrates following fractionated radiotherapy. In keeping with 

previous studies which suggest that significant immune cell infiltration occurs at 

7-days post radiotherapy, analysis of immune infiltrate in tumour samples at the 

7-day time-point post commencement of fractionated radiotherapy would have 

been beneficial (Filatenkov et al, 2015). It is possible that repair of sub-lethal 

DNA damage occurs between fractions when low radiation doses are 

administered, and that relatively radio-sensitive tumour infiltrating T-cells are 

killed due to repeated doses.  

RNA sequencing data presented in Chapter 4 suggests that transcriptomic 

changes occur at short time-points following single fraction radiotherapy, with 

up-regulation of several hallmark gene-sets being observed at 3- and 7-day time-
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points (IFN-γ, IFN-α, IL-6/JAK/STAT3 signalling, inflammation, and TNFα via NF-

κB), with these changes in gene expression not seen at 14-days or tumours 

sampled at clinical endpoint following fractionated radiotherapy. Similarly, a 

transient response to radiotherapy was seen in the subcutaneous AKPT transplant 

model, with a reduction in tumour volume detected at 10-14 days post 

fractionated radiotherapy, with rebound growth subsequently being observed. It 

remains unclear whether the colonic/rectal or subcutaneous region represents 

the more immunosuppressive tumour microenvironment, however, orthotopic 

models better recapitulate the human condition and must be used if translation 

of pre-clinical studies is to be achieved. The characterisation of an orthotopic 

model of LARC which demonstrates resistance to radiotherapy alone represents a 

significant tool in pre-clinical rectal cancer research, as it provides an ideal 

model in which immune modulating therapies can be tested in combination with 

radiotherapy.  

Interestingly, similar models described in the literature do not demonstrate 

similar radio-resistance; when Nicolas et al treated APTK (Apc, Trp53, Tgfbr2 

and KrasG12D mutant) organoid derived rectal tumours with 5 x 2Gy radiotherapy, 

a massive reduction in tumour size was demonstrated at 21-days post initiation 

of therapy (Nicolas et al, 2022). When additional expression of myristoylated 

AKT was added to ‘APTK’ tumours, rectal tumours then demonstrated complete 

resistance to fractionated radiotherapy, with increased invasion and higher 

frequency of liver metastases. In the AKP (Apcfl/fl;LSL-KrasG12D/+:Tp53-/-) organoid 

transplant model described by Kim et al following mucosal brush disruption, 

single dose 15Gy pelvic irradiation resulted in delayed endoluminal tumour 

growth (% of luminal involvement) and improved overall survival (Kim et al, 

2022).  

Ideally, models of LARC should exhibit a limited response to fractionated 

radiotherapy alone, to enable the study of underlying mechanisms of 

radiotherapy resistance to be studied and to allow addition of immunotherapy 

agents to augment responses to radiotherapy. Further work is required in the 

AKPT transplant model of LARC to fully understand the mechanism of resistance 

to radiotherapy. Importantly, better utilisation of patient tumour samples 

following neo-adjuvant radiotherapy-based treatment strategies are essential if 
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the mechanisms underlying the heterogenous responses to therapy are to be 

fully understood.  

 

6.4. Assessing TGF-β Inhibition in Combination with Fractionated 

Radiotherapy in the Orthotopic AKPT Transplant Model of LARC 

TGF-β is demonstrated to be abundantly expressed in AKPT tumours, and its 

known immunosuppressive effects and induction of cancer associated fibroblasts 

(CAFs) have been previously discussed (Vanpouille-Box et al, 2015; Farhood et al, 

2020; Frangogiannis, 2020). The abundant expression of TGF-β demonstrated 

within AKPT tumours may confer a highly fibrogenic phenotype impeding the 

infiltration of immune cells, and further work to characterise the presence of 

fibrosis within tissues (e.g. detection of collagen markers, α-SMA and 

fibronectin), and to assess markers of CAFs such as FAP (Fibroblast Activation 

Protein), PDGFR (Platelet Derived Growth Factor Receptor) and vimentin is 

required (Chen and Song, 2019).  

Chapter 5 describes a profound treatment resistance in the AKPT model when 

fractionated radiotherapy is administered in combination with ALK5 inhibition. 

Further work in the AKPT model would be required to better understand the 

contribution of TGF-β signalling to the profound treatment resistance observed. 

Although the high abundance of pSMAD3 expression observed in AKPT tumours is 

suggestive of highly activated TGF-β signalling, it remains unclear which cells 

are exhibiting over-expression and/or defective signalling of this pathway. It is 

known that numerous cells including fibroblasts, T-cells, platelets and 

macrophages are potential sources of TGF-β with a multitude of possible 

resulting effects and interactions with other components of the TME (Chung et 

al, 2018). Although the immunosuppressive effects of TGF-β on lymphocytes are 

well described in the literature, including the down-regulation of T-helper cells, 

and enhancing of T reg function, it remains unclear how TGF-β is exerting its 

effects in the AKPT model (Gorelik et al, 2002). One previously described 

method to identify the predominant sources of TGF-β production within tumours 

is to analyse relative mRNA expression of cell sorted populations, demonstrated 

by Tauriello et al in identifying CAFs as the major source of TGF-β in both murine 

and human tumour samples (Tauriello et al, 2018).  
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Contrasting results with other pre-clinical studies described in the literature are 

demonstrated when fractionated radiotherapy is administered in combination 

with TGF-β inhibition. Gunderson et al show that pre-treatment with galunisertib 

followed by 15 x 2Gy fractionated radiotherapy and 5-FU chemotherapy, resulted 

in slowed tumour growth and improved survival in a CT-26 subcutaneous 

transplant model (Gunderson et al, 2020). In this study, numerous differences 

exist with the experiments in this thesis, including use of the heterotopic CT-26 

injection model, a more prolonged course of radiotherapy, and the addition of 

chemotherapy to the treatment regimen. Another CT-26 subcutaneous injection 

model treated with SM16, a small molecule TGFBR1 kinase inhibitor, 

demonstrated favourable immune changes with flow cytometry showing 

increased CD3+ T-cells, increased early activated CD8+ T-cells, and reduced T 

regs at day 7 post initiation of TGF-β inhibition (Young et al, 2014). Young et al 

showed reduced tumour volume and improved survival when TGF-β inhibition 

was administered in combination with a single 20Gy dose of radiotherapy. Again, 

significant differences in the tumour model used and the radiotherapy regimen 

administered are noted between this study and the experiments in this thesis, 

however, pre-clinical evidence in the literature consistently demonstrates 

treatment responses to TGF-β inhibition with or without radiotherapy. 

 

6.5. Assessing PD-1 Inhibition in Combination with Fractionated 

Radiotherapy in the Orthotopic AKPT Transplant Model of LARC 

Previous pre-clinical evidence in heterotopic models of CRC demonstrate clinical 

efficacy when fractionated radiotherapy is administered in combination with PD-

1 inhibition (Deng et al, 2014; Dovedi et al, 2014). Fractionated radiotherapy 

and PD-1 inhibition also led to significantly improved survival in the orthotopic 

AKPT model of LARC. However, heterogeneity of response was demonstrated 

with one instance of complete tumour regression noted and several tumours 

failing to demonstrate tumour volume reduction at clinical endpoint. Although 

such heterogeneity of response may reflect the scenario seen following neo-

adjuvant radiotherapy-based treatment regimens in LARC, it is challenging to 

explain this phenomenon in the context of consistent experimental conditions. 

However, heterogeneity of response is observed in other published pre-clinical 



299 
 

experiments, and potential variability exists between experimental subjects at 

the tumour implantation stage, administration of radiotherapy fractions, and in 

the immune composition of host C57Bl/6 animals.  

Further work is required in this model to understand the underlying 

immunological mechanism of response to fractionated radiotherapy and PD-1 

inhibition. IHC analysis of tumours sampled at clinical endpoint revealed a 

significant increase in CD4+ T-helper cells following treatment with fractionated 

radiotherapy and PD-1 inhibition when compared with the control group, with 

non-significant trends towards increased CD3+ and CD8+ T-cells being observed 

within the tumour core. Although these findings might suggest a role for PD-1 

inhibition in the activation of effector T-cells in this model, more detailed 

characterisation would be required to confirm such observations (Sharpe et al, 

2018).  

Ideally, further treatment experiments should be performed to confirm the 

extension in survival seen in the AKPT model following fractionated radiotherapy 

and PD-1 inhibition. In the CT-26 CRC subcutaneous transplant model, Dovedi et 

al demonstrated that extended treatment with PD-1 axis blockade (3 weeks 

total) compared with only 1 week of therapy coinciding with fractionated 

radiotherapy, did not confer any additional survival benefit. This is suggestive 

that continuous therapy with PD-1 inhibition is both unnecessary and costly, and 

that further experiments in the AKPT model should only administer PD-1 

inhibition during the fractionated radiotherapy course. Furthermore, in the 

experiments described by Dovedi et al, sequential administration of PD-1 

inhibition following fractionated radiotherapy did not result in any clinical 

benefit, supporting the strategy of administering concurrent PD-1 inhibition; 

radiotherapy potentially has an anergic and deleterious effect on T-cells, 

suggesting that PD-1 inhibition must coincide with fractionated radiotherapy for 

its anti-tumour effects to occur.   

Time-point studies would prove essential in analysing the effects of fractionated 

radiotherapy and PD-1 inhibition on the tumour immune microenvironment, with 

short time-point sampling (upto 7 days post completion of radiotherapy) likely to 

be more informative than clinical endpoint analysis. Endpoint tumour samples 

were analysed for PD-L1 expression by RNAscope to determine whether the PD-

1/PD-L1 axis had been successfully targeted by this treatment, however, no 
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significant differences in probe numbers were observed when comparing groups. 

In the study by Dovedi et al, increased PD-1 expression was observed on CD4+ 

and CD8+ cells at 24 hours after the last radiotherapy dose, however, at 7 days 

levels were either unchanged or reduced respectively (Dovedi et al, 2014). This 

highlights the limitations of performing immunological analysis of treatment 

effects at clinical endpoint. It is critical that short time-point analyses using 

flow cytometry, IHC and RNA sequencing are performed in the AKPT model at 1-7 

days after fractionated radiotherapy has been completed, to elucidate the 

underlying mechanisms of the survival extension observed with this treatment 

combination. 

Although fractionated radiotherapy and PD-1/PD-L1 inhibition has been 

previously studied in pre-clinical models of CRC, this treatment combination has 

not been assessed in clinically relevant orthotopic models specific to LARC. This 

thesis demonstrates the feasibility of studying fractionated radiotherapy in 

combination with immunotherapy in immunocompetent rectal cancer models. 

The AKPT orthotopic rectal cancer model does not respond as promisingly as 

previously described heterotopic models of CRC, likely reflecting variation in 

radiosensitivity between cell/organoid lines used, disparate phenotypes of the 

tumour microenvironment according to transplant location, and different 

radiotherapy fractionation schedules. It is essential that ongoing work to 

understand the immunological mechanisms underpinning responses to 

radiotherapy and PD-1/PD-L1 blockade is undertaken in more clinically relevant 

orthotopic models, if pre-clinical data relating to fractionation and scheduling 

can be translated to inform clinical trials.  

 

6.6. Future Directions in Rectal Cancer Research 

As previously highlighted, 10-20% of patients with LARC demonstrate a complete 

pathological response to neoadjuvant therapy, and the development of tools and 

biomarkers to predict individual patient response to therapy remains an unmet 

need. DNA mismatch repair status has been established as a biomarker in 

colorectal cancer, however, its role in the rectal cancer subset is less clear. 

Meta-analysis data suggests there is no significant difference in pCR rates 

between microsatellite stable and microsatellite unstable rectal tumours 
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following CRT (O’Connell et al, 2020). Encouragingly, complete clinical response 

in mismatch repair deficient LARC following single agent PD-1 blockade has been 

demonstrated recently, highlighting the potential for MMR status as a biomarker 

(Cercek et al, 2022). However, mismatch repair deficiency is a feature in <10% of 

rectal cancers, therefore further research must focus on other biomarkers to 

enable stratification of patients to effective treatment regimens.  

The role of immune cells and inflammation has been extensively investigated in 

pre- and post-treatment samples, with both raised C-reactive protein (CRP) and 

decreased tumour infiltrating lymphocyte densities being associated with non-

response to CRT (Yasuda et al, 2011; Dreyer et al, 2017; Matsutani et al, 2018). 

Many other biomarkers associated with response and non-response have been 

identified in the literature, however, studies to date have demonstrated 

associations with no robust findings upon which to guide individual treatment 

stratification (Alkan et al, 2021). Further evaluation on the role of circulating 

tumour DNA (ctDNA) to guide patient treatment stratification is required; studies 

have shown association between disease recurrence and post treatment 

presence of ct-DNA, as well as a negative correlation between response to CRT 

in pre-treatment ct-DNA samples showing APC and p53 mutation (Tie et al, 2019; 

Yang et al, 2019). Identification of novel biomarkers of response to neo-adjuvant 

radiotherapy and CRT in LARC are required, if precision medicine-based 

treatment approaches are to be achieved. 

Future experiments to identify genes associated with sensitivity to neo-adjuvant 

radiotherapy-based treatment regimens in LARC, could utilise CRISPR screening 

methods. The RNA-guided CRISPR-Cas9 nuclease system is an effective means to 

introduce loss of function mutations at specific genomic sites, with large scale 

oligonucleotide library synthesis enabling genome wide functional screening 

(Cong et al, 2013). CRISPR knockout screens have been utilised previously in 

model systems to functionally interrogate genes and specific biological 

processes, to aid in the identification of novel therapeutic targets (Shalem et al, 

2014; Ungricht et al, 2022). Whole genome CRISPR-Cas9 knockout screening was 

described in a human head and neck cancer cell line (FaDu) treated with ionising 

radiation, to show that STING (stimulator of interferon genes) regulates the 

generation of reactive oxygen species, with STING loss reducing DNA damage and 

resulting in therapeutic resistance (Hayman et al, 2021).  
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With sufficient resources, a genome wide CRISPR-Cas9 knockout screen in 

multiple pre-treatment human rectal cancer derived cell lines representative of 

the spectrum of clinical responses, could be conducted to identify both 

biomarkers of response and novel therapeutic targets. Correlation of pre-

treatment tumour derived cell lines with the corresponding patient response to 

therapy would enable the testing of both treatment sensitive and treatment 

resistant cell lines. Rectal tumour derived cell lines could then be challenged 

with in-vitro radiation, with next generation sequencing then performed on 

surviving cells in both treated and control groups to enable the identification of 

enriched or depleted gene expression associated with treatment response; such 

an approach might aid in the development of novel therapeutic candidates to 

test in the pre-clinical setting, using both in-vitro organoid models and newly 

described orthotopic in-vivo models which recapitulate LARC. 

A further approach to identify novel therapeutic candidates would be to conduct 

drug screening studies, whereby patient tumour derived cells are treated against 

a large drug library. The feasibility of conducting high throughput drug screens in 

patient derived organoid cultures has previously been described in CRC, 

demonstrating the potential to combine genetic and drug sensitivity data to 

guide individualised treatment regimens (van de Wetering et al, 2015). Recent 

studies developing human rectal cancer derived organoids demonstrate 

molecular concordance with their corresponding tumours, thus highlighting 

tumour derived organoids as an attractive model system with potential 

scalability for high throughput drug screening (Ganesh et al, 2019; Yao et al, 

2020).  

Recent attempts in a prospective trial to utilise treatment refractory metastatic 

CRC patient derived organoids, which were then subjected to a targeted drug 

screen, failed to demonstrate objective clinical response to the recommended 

treatments in the corresponding patients (Ooft et al, 2021). A further small study 

whereby tumour derived organoids at multiple stages in the disease course of a 

single patient with metastatic rectal cancer were derived, then subjected to a 

screening panel of 33 drugs, with sensitivity to the SMAC (second mitochondria-

derived activator of caspase) mimetic LCL161 being demonstrated, showing the 

feasibility of PDOs to identify experimental therapies (Kryeziu et al, 2021). 

Several pre-treatment rectal tumour derived organoids (n=26) were obtained in 
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a recent study, with an in-vitro assay described to test fractionated RT in 

combination with 5-FU, and responses of patient derived tumour organoids 

correlated with those of the corresponding patient (Janakiraman et al, 2020). 

Furthermore, the addition of cetuximab to the chemoradiotherapy regimen 

enhanced treatment sensitivity in KRAS wild-type organoids, highlighting the 

potential for tumour derived organoids in developing individualised treatment 

combinations.  

If adequate resources were available, then performing high throughput in-vitro 

drug screening on clinically relevant pre-treatment patient tumour derived 

organoid cell lines, particularly from patients who go on to demonstrate 

treatment resistance, might yield several novel therapeutic targets. Patients 

who fail to respond to current neo-adjuvant chemoradiotherapy strategies, 

represent a group with unmet clinical need and future research must focus on 

better understanding the molecular mechanisms underlying treatment 

resistance, with the aim of identifying therapeutic strategies to overcome this.  

 

6.7. Concluding Remarks 

Numerous trials have recently investigated PD-1 axis inhibition in addition to 

current standard of care neo-adjuvant treatment regimens in LARC. The recent 

VOLTAGE trial (NCT02948348) demonstrated 30% (MSS) and 60% (MSI) pCR rates 

following sequential CRT and nivolumab (Bando et al, 2022). A 48.1% overall pCR 

rate was found in a recent clinical trial (NCT04231552) evaluating SCRT followed 

by CAPOX and camrelizumab (Lin et al, 2021). The recent TORCH trial 

(NCT04518280) evaluated induction CAPOX and toripalimab followed by SCRT or 

SCRT followed by 6 cycles of CAPOX and toripalimab; an overall 46.8% complete 

pathological response rate was observed (Wang et al, 2023). In a further study 

assessing the concurrent addition of tislelizumab to neo-adjuvant CRT, a 50% pCR 

was observed (Gao et al, 2023). Early clinical trials have shown highly promising 

results when additional PD-1/PD-L1 inhibition is given alongside neo-adjuvant 

CRT, with numerous other similar studies also ongoing. Similarly promising results 

have been published for both concurrent and sequential administration of 

immune checkpoint blockade relative to fractionated radiotherapy, and further 
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randomised controlled trials are essential to determine optimal scheduling of 

therapy.  

Early pre-clinical studies have limited translational value owing to the lack of 

anatomical relevance of the models, and it is essential that future pre-clinical 

studies more faithfully recapitulate the anatomical, histological, and molecular 

characteristics of human disease. The orthotopic AKPT organoid transplant 

model described in this thesis more closely represents locally invasive rectal 

cancer, and the technique of colonoscopy-guided organoid injection is both 

reproducible and amenable to a range of genotypes of interest. Further 

experiments are essential in this model to investigate the underlying mechanism 

of response to this treatment combination, and to further refine effective 

fractionation regimens.  

Sufficiently powered and robustly designed treatment experiments in reliable 

pre-clinical models of LARC, hold promise to inform future clinical trial design; 

for instance, pre-clinical treatment studies are the ideal setting to investigate 

unanswered questions regarding treatment scheduling in the context of PD-1/PD-

L1 inhibition. In addition, it is crucial that improved understanding of the 

heterogenous responses to neo-adjuvant treatment strategies better utilises 

clinical samples. Owing to the anatomical location of rectal tumours, sequential 

on-treatment biopsies are a feasible strategy to obtain invaluable information on 

the evolving changes within the tumour microenvironment, which can be 

incorporated into clinical trial design (Hanna et al, 2021).   

In the design of future clinical trials and discovery of novel therapeutic targets, 

it is essential that pre-clinical research is combined with clinical findings to 

enable optimal clinical translation. The recent study by Nicolas et al 

demonstrates this principal in the context of LARC, whereby inflammatory 

cancer-associated fibroblasts were found to be associated with poor response to 

CRT in patients, with polarisation to the inflammatory phenotype driven by IL-1α 

(Nicolas et al, 2022). IL-1 signalling was subsequently identified as an attractive 

treatment target to overcome resistance to CRT in LARC, and a clinical trial has 

recently been initiated to test CRT with recombinant IL-1RA (anakinra) in rectal 

cancer (NCT04942626). As described, understanding of the mechanisms 

underpinning responses to radiotherapy and the discovery of new therapeutic 

targets, might benefit from both high throughput drug and CRISPR-Cas9 
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screening in patient derived tumour cell lines to identify novel biomarkers and 

personalised therapies. 

This thesis describes the development of more relevant pre-clinical orthotopic 

models which better recapitulate clinical and molecular features of LARC, and 

will be easily reproducible by other researchers in the pre-clinical setting. 

Furthermore, a platform upon which to perform experimental treatment studies 

involving radiotherapy and immune-modulating agents is described, and will be 

applicable to investigating both scheduling of immune checkpoint blockade and 

the testing of novel therapeutic agents with the aim of augmenting treatment 

responses in patients resistant to current standard of care neoadjuvant 

regimens.  
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Appendix - GPOL Mutation Panel Gene List 

 

AIM2 

ALK 

AMER1 

APC 

AR 

ARAF 

ARID1A 

ARID1B 

ARID2 

ASTE1 

ASXL1 

ATM 

ATR 

ATRX 

BLM 

BRAF 

BRCA1 

BRCA2 

CDK12 

CDKN2A 

CHEK2 

CHIITA 

CREBBP 

CTCF 

CTNNB1 

DAXX 

DICER1 

DNMT3A 

EGFR 

EP300 

ERBB2 
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ERBB3 

ERBB4 

FBXW7 

FGFR1 

FGFR2 

FGFR3 

FGFR4 

GATA3 

GNA11 

GNAQ 

GNAS 

HGF 

IDH1 

IDH2 

JAK2 

JAK3 

KDR 

KMT2A 

KRAS 

MAP2K4 

MAP3K1 

MEN1 

MET 

MSH2 

MSH6 

MTOR 

MYC 

NBN 

NF1 

NOTCH1 

NOTCH2 

NOTCH3 

NOTCH4 
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NRAS 

NTRK1 

PALB2 

PBRM1 

PDGFRA 

PHF6 

PIK3CA 

PIK3CB 

PIK3R1 

POLE 

POLQ 

PPP2R1A 

PTCH1 

PTEN 

QKI 

RAC1 

RAD50 

RAF1 

RB1 

RET 

RNF43 

ROS1 

RPL22 

RUNX1 

SETD2 

SF3B1 

SLC23A2 

SMAD4 

SMARCA4 

SMO 

STAG2 

TAF1B 

TEAD2 
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TGFBR2 

TMBIM4 

TP53 

TSC1 

TSC2 

TTK 

WT1 
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