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Thesis abstract 
 

Radiation therapy is a mainstay of treatment for cancer. However, resistance to therapy 

remains a major clinical problem in rectal and oesophageal cancer, with at best only 27-

30% of patients achieving a complete pathological response which is associated with 

enhanced patient outcomes. The mechanisms underlying treatment resistance are poorly 

understood. The radiation-induced bystander effect (RIBE) describes the plethora of 

biological events occurring in unirradiated cells adjacent to irradiated cells. RIBE has 

been linked experimentally to numerous hallmarks of cancer however, the examination 

of RIBE induction using human ex vivo models remains largely unknown in the literature. 

We investigated the effect of in vitro RIBE induction on mitochondrial metabolism and 

function and radiosensitivity in an in vitro model of colorectal cancer (CRC) and 

oesophageal adenocarcinoma (OAC), using a radiosensitive and a radioresistant cell line 

of both models. In vitro we did not observe any significant alterations in any of the 

parameters measured following RIBE induction using a single fraction of a clinically 

relevant dose of 1.8 Gy radiation in CRC cell lines. However, following RIBE induction 

using repeated fractions of 1.8 Gy radiation we identified a differential response in the 

radioresistant and radiosensitive OAC cell lines. Moreover, following RIBE induction 

using repeated fractions of 1.8 Gy radiation, we observed alterations in mitochondrial 

metabolism and function in both the radiosensitive and radioresistant cell line, as well as 

alterations in DNA repair in the radioresistant cell line.  

Since in vitro RIBE induction in the CRC model did not produce robust RIBE responses, 

we then investigated the effect of RIBE induction using a human ex vivo explant model 

of normal rectal tissue and rectal cancer tissue. RIBE induction ex vivo produced 

alterations in bystander cellular metabolism, with reductions in oxidative 

phosphorylation (OXPHOS) in bystander cells that were exposed to conditioned media 

(CM) from both irradiated normal and cancer tissue. Glycolysis was significantly reduced 

in bystander cells exposed to CM from irradiated rectal cancer tissue. RIBE induction did 

not alter mitochondrial function, however, elevated levels of reactive oxygen species 

(ROS) were observed in bystander cells treated with CM from rectal cancer tissue 

compared to normal rectal tissue. To gain a further understanding of the metabolites that 

may be driving these alterations, we examined the metabolomic landscape of normal 

rectal tissue and rectal cancer tissue pre- and post-radiation using 1HNMR. Leucine levels 
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were significantly reduced in the CM of irradiated rectal cancer tissue compared to 

irradiated normal rectal tissue. Since obese rectal cancer patients have been reported to 

have poorer clinical outcomes, we correlated our biological end-point results with 

parameters of body composition and found significant correlations between visceral fat 

area (VFA) and leucine and ethanol in the rectal cancer secretome and levels of glycolysis 

and ATP production in bystander cells treated with the CM from the irradiated rectal 

cancer tissue. 

Since metabolism and inflammation are highly dependent and interconnecting processes, 

we next investigated the inflammatory landscape of ex vivo normal rectal tissue and rectal 

cancer tissue both pre- and post-radiation. We have shown that the rectal cancer 

microenvironment is more inflammatory than the normal rectal microenvironment, with 

elevated levels of 19 inflammatory proteins in the rectal cancer microenvironment; Flt-

1, P1GF, CCL20, IFN-γ, IL-10, IL-6, GM-CSF, IL-12/IL-23p40, IL-17A, IL-1α, IL-

17A/F, IL-1RA, TSLP, CCL26, CXCL10, CCL22, CCL3, CCL4 and CCL17. Following 

radiation, IL-15 and CCL22 were elevated in the microenvironment of normal rectal 

tissue while no factor was significantly altered in the rectal cancer microenvironment. 

The irradiated rectal cancer microenvironment was the most potent inducer of dendritic 

cell maturation, suggesting that radiation does not negatively impact the ability of the 

rectal cancer microenvironment to mount an anti-tumour immune response. We also 

found significant correlations between body composition parameters and secreted factors, 

including correlations between VFA and CCL20 and inverse correlations between 

skeletal muscle and angiogenic markers including Flt-1 and VEGF-D.  

Having observed correlations between measures of obesity and response of bystander 

cells to radiation, levels of metabolites in the tumour microenvironment (TME) and 

altered levels of inflammatory proteins in the TME of obese individuals we profiled for 

the first time the metabolic signatures of ex vivo adipose tissue using Seahorse 

technology. We demonstrated that it was possible to determine the metabolic profiles of 

ex vivo adipose tissue depots using Seahorse technology and that OXPHOS predominates 

in visceral adipose tissue while there is a trend towards higher utilisation of glycolysis in 

subcutaneous adipose tissue. We then profiled the inflammatory protein secretions from 

both adipose tissue depots and found that there were significantly higher levels of 

angiogenic, vascular injury and proinflammatory secretions in the visceral compared to 
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subcutaneous adipose tissue. There were also early indications in this preliminary study 

that obesity may alter the metabolic profile and inflammatory secretome of adipose tissue.  

Overall, the findings of this thesis have identified the interesting interplay of secreted 

factors and cell types within the TME as possible important determinants in regulating 

bystander cellular metabolism and innate immune responses in rectal cancer. We have 

also identified alterations in cellular behaviour, the metabolomic landscape and 

inflammatory protein secretions in obese patients compared to their non-obese 

counterparts. We have shown that Seahorse technology is a useful tool for profiling the 

metabolic signature of adipose tissue for future functional studies to more closely 

examine the interplay between obesity and RIBE and treatment responses in GI patients. 
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1.1 Rectal cancer 

 

1.1.1 Epidemiology and incidence of rectal cancer 

 

Colorectal cancer (CRC) is the 3rd most commonly diagnosed cancer globally, accounting 

for 10.2% of all new cancer diagnoses, and the 2nd leading cause of cancer death, 

accounting for 9.2% of cancer deaths (1). Over 1.8 million cases of CRC are diagnosed 

each year and the annual death toll from the disease stands at approximately 881,000 (1). 

Almost 3,000 cases of CRC are diagnosed in Ireland each year and nearly 1,000 people 

die annually from the disease. In Ireland, CRC is the 2nd most common cancer in males 

and the 3rd most common cancer in females. CRC is the 2nd leading cause of cancer death 

in both men and women in Ireland accounting for 12% and 10% of cancer deaths, 

respectively (2). In Ireland, 57% of CRCs present at late stage (stage II/III) with 25% of 

those presenting at metastatic stage (stage IV) (2). 

Rectal cancer is usually adenocarcinoma, occurring in the distal 15 cm of the 

gastrointestinal (GI) tract as measured from the anal verge (3, 4). Approximately 700,000 

cases of rectal cancer are diagnosed globally each year and the annual death toll owing 

to the disease is approximately 310,000. This equates to 3.9% of all cancer incidence and 

3.2% of all cancer deaths (1). Rectal cancer accounts for 35% of all CRC cases within 

the European Union with 125,000 cases per year (4). There are ~700 cases of rectal cancer 

diagnosed in Ireland annually. Rectal cancer is more common in males than females in 

Ireland with approximately two-thirds of all cases presenting in males (2). The incidence 

of rectal cancer in Ireland is projected to almost double in both genders between 2020-

2045 (5). Furthermore, the mortality rate from rectal cancer in Ireland is predicted to 

increase by almost 25% by 2035 (6). In Ireland, 5-year survival for patients with cancer 

of the rectum and anus is 63% (2). 

Given the anatomical relationship between the colon and the rectum, colon and rectal 

cancers are often considered the same disease. However, the main difference between the 

two is the higher rate of local recurrence with rectal cancer (7, 8). This influences 

treatment, with rectal cancer patients presenting with locally-advanced disease receiving 

neoadjuvant chemoradiotherapy (neo-CRT) prior to surgery followed by adjuvant 

chemotherapy, while patients with locally-advanced colon cancers receive surgery 

followed by chemotherapy if there is nodal involvement or high-risk features (9). Among 

the reasons cited for increased local recurrence rates in rectal cancer are anatomical 
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influences. The rectum is located in the posterior pelvis and presents a more technically 

demanding surgical technique in comparison to surgery for colon cancer. The abdomen 

has ample room for obtaining wide negative margins, however, the pelvic inlet is narrow 

thus presenting more difficulty in obtaining the same negative margins for rectal cancer 

(9).  

A further difference between colon and rectal cancers is the greater propensity of rectal 

cancers to metastasise to the lung, while colon cancer tends to metastasise to the liver 

(10, 11). Anatomy has been cited as a reason behind this with the inferior rectal vein 

draining into the inferior vena cava and subsequently into the lungs while the colon drains 

into the portal vein making the liver the first organ encountered by circulating tumour 

cells (9). However, there is a lack of data supporting this hypothesis and it is unknown if 

biological characteristics of the tumour subtypes may also determine metastatic site.   

1.1.2 Risk factors for rectal cancer 

 

Historically the risk factors for both colon and rectal cancer have been categorised 

together.  However, the aetiology of colon and rectal cancers differ (12) as do the 

treatment modalities for both cancers. Regular use of non-steroidal anti-inflammatory 

drugs are considered protective against rectal cancer (13) and higher circulating vitamin 

D levels are inversely correlated with rectal cancer risk (14). 

There is conflicting evidence in the literature regarding the impact of body mass index 

(BMI) on rectal cancer risk. A Canadian study reported an increased risk of rectal cancer 

in both genders for those in the highest quartile of total caloric intake. In the same study, 

obesity (BMI>30 kg/m2) was found to be associated with increased risk of rectal cancer 

in women while a BMI>25 kg/m2 in men was associated with increased risk of rectal 

cancer. Given the close association between physical activity, caloric intake and BMI, 

analysis of the interaction between these factors and their effect on rectal cancer risk 

found that those in the highest categories of BMI and caloric intake and the lowest 

categories of physical activity levels were at the highest risk of developing rectal cancer 

(15). Wei et al. also report differential effects of BMI on rectal cancer risk between males 

and females with females in the highest category of BMI having significantly increased 

risk of rectal cancer (12). Larsson and Wolk report differential effects of BMI on rectal 

cancer risk in women when compared to men, with BMI being positively associated with 

rectal cancer risk in men but not women (16). 
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Family history of CRC is a confirmed risk factor for the development of CRC with 

approximately 30% of patients with CRC harbouring a familial component (17). The 

number of first-degree relatives with CRC and the age at diagnosis, with those with a first 

degree relative diagnosed before 50 years of age being at increased risk of developing the 

disease (18). However, it has been reported that the effect of family history on rectal 

cancer risk is lower than that for colon cancer (19). 

1.1.3 Diagnosis and staging of rectal cancer 

 

The diagnosis of rectal cancer involves a digital rectal exam (DRE), full blood count, 

liver and renal function tests, carcinoembryonic antigen (CEA) and a computed 

tomography (CT) exam of the abdomen and thorax to establish presence of metastasis 

(4). Rigid rectoscopy and pre-operative colonoscopy to the caecal pole are required. For 

early-stage tumours, endoscopic rectal ultrasound (ERUS) may identify early tumours 

suitable for transanal endoscopic microsurgery (TEM). ERUS is of limited utility for 

patients with locally-advanced rectal cancer (LARC) (4). 

Pelvic magnetic resonance imaging (MRI) is the best test to determine locoregional 

clinical staging. MRI should be conducted on patients to allow for pre-surgical 

management of patients as well as determining the extent of surgery (4). Figure 1.1 

summarises the approach to diagnosing rectal cancer. Table 1-1 depicts the diagnostic 

workup for primary rectal cancer. Table 1-2 outlines the staging for rectal cancer.  

1.1.4 Treatment for rectal cancer 

 

The treatment for rectal cancer depends on the stage of the cancer. Patients with cT1N0 

rectal cancer may be suitable for TEM. Radical total mesorectal excision is appropriate 

for more advanced rectal cancers including cT2c/T3a/T3b as the risk of recurrence and 

mesorectal lymph node involvement is high. This involves removal of mesorectal fat and 

lymph nodes (4).   

For intermediate tumours, that is cT3a/3b and cN1-2, the use of neoadjuvant radiotherapy 

or neoadjuvant chemoradiation (neo-CRT) is controversial as the risk of local recurrence 

is low provided the surgeon conducts good-quality total mesorectal excision and removes 

the mesorectal nodes en bloc (4). For LARC, (>cT3b) and those with extramural vascular 

invasion (EMM) patients usually receive neo-CRT. 
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Two radiotherapy regimes exist for the treatment of rectal cancer; short course 

preoperative radiotherapy (SCPRT) and long course preoperative radiotherapy (CRT). 

SCPRT consists of 25 Gy of x-ray irradiation administered over one week followed by 

immediate surgery within 10 days of completion of SCPRT. CRT is recommended 

between 45-50.4 Gy x-ray irradiation over 25-28 fractions. In cases where the 

circumferential resected margin (CRM) is predicted to be positive, a further boost of 5.4 

Gy x-ray irradiation in 3 fractions can be given (4). Pre-operative chemotherapy is often 

combined with neoadjuvant radiation therapy in LARC. Neo-CRT consists of either oral 

capecitabine or a continuous IV infusion of 5-FU. Where neoadjuvant chemotherapy 

alone is used the combination is a fluoropyrimidine and oxaliplatin (4). Treatment 

modalities for rectal cancer are summarised in Figure 1.2. 

1.1.5 Response rates in rectal cancer 

 

Response to neo-CRT in rectal cancer is classified according to tumour regression grade 

(TRG)/tumour regression score (TRS), a system that quantifies the presence of residual 

tumour cells and the extent of fibrosis. In St. James’s Hospital, TRS is quantified 

according to the American Joint Committee on Cancer (20) four-point scale as outlined 

in Table 1-3 below. Beddy et al. proposed a modified three-point TRG system for 

classification of rectal cancer patients post-neo-CRT that was significantly associated 

with outcome in rectal cancer patients (21). Treatment resistance is a considerable 

problem in rectal cancer tumours with only ~22% of patients achieving a complete 

pathological response (pCR) to neo-CRT (22), which is the best predictor of long-term 

outcome for patients (23). In their recent meta-analysis, Kong et al. reported that TRG 

was of prognostic value in predicting long-term outcomes in rectal cancer patients (24). 

Multiple clinical trials demonstrated a favourable benefit for neo-CRT compared to post-

operative chemoradiation for patients with LARC but there was no difference in overall 

survival observed between the groups (25-28). Patients in the neo-CRT group had 

reduced toxicities and reduced rates of local recurrence (25-28). Therefore, improving 

response to neo-CRT in rectal cancer patients will improve long-term patient outcomes.   
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Figure 1.1 Schematic of rectal cancer diagnosis pathway 

Schematic illustration of rectal cancer diagnosis pathway. Biopsies are taken at diagnostic endoscopy for histological confirmation. Tumours 

located > 15 cm from anal margin are colon cancers and those ≤ 15 cm from the anal margin are rectal cancers. Rectal cancers are further 

classified into low, middle and high based on their distance from the anal margin. Adapted from (4).   
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Table 1-1 Diagnostic work up in primary rectal cancer. Adapted from (4). 

Parameter Method of choice 

Location (distance from anal verge) DRE/palpitation 

Rigid sigmoidoscopy 

(Flexible endoscopy) 

Morphological verification Biopsy 

cT stage 

        Early 

 

        Intermediate/advanced 

 

ERUS 

MRI 

MRI (ERUS) 

Sphincter infiltration MRI (ERUS, palpitation, EUA) 

cN stage MRI (CT, ERUS) 

M stage CT, MRI (or US) of the liver/abdomen 

CT of the thorax 

PET-CT if extensive EMM for other sites 

Evaluation for all patients MDT discussion 

Methods in brackets are less optimal. Abbreviations: CT, computed tomography; DRE, 

digital rectal examination; EMM, extramural vascular invasion; ERUS, endorectal 

ultrasound; EUA, examination under anaesthetic; MDT, multidisciplinary team; MRI; 

magnetic resonance imaging; PET, positron emission tomography; US, ultrasound.  
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Table 1-2 UICC TNM Classification for colon and rectal cancer. Adapted from (29). 

T- Primary tumour 

Tx Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

Tis Carcinoma in situ: invasion of lamina propria 

T1 Tumour invades submucosa 

T2 Tumour invades muscularis propria 

T3 Tumour invades subserosa or into non-peritonealised pericolic or perirectal 

tissues 

T4 Tumour directly invades other organs or structures and/or perforates 

visceral peritoneum 

T4a Tumour perforates visceral peritoneum 

T4b Tumour directly invades other organs or structures 

N – Regional lymph nodes 

Nx Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in 1 – 3 regional lymph nodes 

N1a Metastasis in 1 regional lymph node 

N1b Metastasis in 2 – 3 regional lymph nodes 

N1c Tumour deposits in the subserosa, or in non-peritonealised pericolic or 

perirectal soft tissue without regional lymph node involvement 

N2 Metastasis in 4 or more regional lymph nodes 

N2a Metastasis in 4-6 regional lymph nodes 

N2b Metastasis in 7 or more regional lymph nodes 

M – Distant metastasis 

M0 No distant metastasis 

M1 Distant metastasis 

M1a Metastasis confined to one organ (liver, lung, ovary, non-regional lymph 

nodes), without peritoneal metastasis 

M1b Metastasis in more than one organ 

M1c Metastasis to the peritoneum with or without other organ involvement 
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Figure 1.2 Schematic of rectal cancer treatment  

Schematic illustration of rectal cancer treatment according to disease stage. Abbreviations: cCR, complete clinical response; CRT, 

chemoradiotherapy; FOLFOX, leucovorin/fluorouracil/oxaliplatin; RT, radiotherapy; SCPRT, short course pre-operative radiotherapy; 

TEM, transanal endoscopic microsurgery; TME, total mesorectal excision. Adapted from (4).
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Table 1-3 Tumour regression score used in St. James’s Hospital, Dublin 

Score Definition 

TRS 0 No viable cancer cells 

TRS 1 Single cells or small rare groups of cancer cells 

TRS 2 Residual cancer with evident tumour regression 

TRS 3 No evident tumour regression 

 

1.1.6 Biomarkers of response in rectal cancer 

 

Biomarkers represent a useful tool in the management of cancer in terms of predicting 

and monitoring treatment response. Numerous biomarkers have been associated with 

response to neo-CRT in LARC, however none are clinically approved to stratify patients 

into treatment groups. Clinical biomarkers such as tumour size, clinical T and N stage, 

distance from the anal verge and time interval between completion of neo-CRT and 

surgery have been associated with response to neo-CRT in rectal cancer (30). A lower 

mean distance from the anal verge was observed in patients achieving a pCR (30).   

A meta-analysis failed to find predictive value for KRAS mutation status on pCR, tumour 

downstaging following treatment or cancer related death (31). Mucinous rectal 

adenocarcinomas also represent a biomarker of poor response to neo-CRT (32). Wild-

type p53 has been associated with a good response to pCR (33).   

CEA has been extensively studied as a marker of response to neo-CRT in LARC, with 

higher CEA levels associated with decreased likelihood of achieving pCR. Probst et al. 

conducted a large study of 18,113 rectal cancer patients and found that elevated CEA, 

classified according to the reference ranges for testing laboratories in each facility, was 

independently associated with pCR (34). Numerous studies have investigated the 

connection between elevated CEA and pCR in rectal cancer patients (summarised in 

(35)). Approximately half of all studies use a cut-off of 5 ng/mL however there has not 

been a validated cut-off that is predictive of improved response to neo-CRT (35).     

Multiple other biomarkers have been investigated. DNA methylation signatures have 

been associated with disease-free survival (36). Global gene expression profiles have 

identified gene signatures capable of differentiating responders from non-responders to 

neo-CRT (37, 38). Expression of numerous other proteins including EGFR, VEGF, p21, 

Bax, BCL-2, ki67, COX-2, HIF-1α, thymidylate synthase, MMP-9, MMP-2 and E-
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cadherin have also been investigated as biomarkers of response to treatment in rectal 

cancer, however none have been clinically approved (35). 

1.1.7 Impact of obesity on treatment response in rectal cancer  

 

The global obesity pandemic presents a huge problem given the association between 

excess body fatness and risk of certain cancers (39). However, the impact of obesity on 

cancer does not stop at risk of cancer development, it also plays a role in patient outcome. 

There are varying reports in the literature on the effect of obesity on treatment outcome 

in rectal cancer patients. Sun et al. have reported that obesity, as measured by BMI, was 

associated with poorer T downstaging and a higher likelihood of a poorer response to 

neo-CRT (40). Furthermore, obesity was associated with intraoperative technical 

difficulties. Patients in the highest BMI category had a longer operative time, were more 

likely to undergo an open procedure and had higher rates of positive CRM (40). Rates of 

local recurrence were significantly higher in the most obese group of patients (40). 

Visceral obesity as measured by the ratio of visceral adipose tissue (VAT) to 

subcutaneous adipose tissue (SAT) calculated from CT scans, has been associated with 

reduced disease-free survival and increased risk of local recurrence (41). Meyerhardt et 

al. reported that obesity was associated with increased risk of local recurrence in male 

patients but not female patients (42). Seishima et al. report favourable outcomes in 

patients with elevated BMI, including enhanced disease-free survival and reduced risk of 

distant metastasis in a Japanese cohort of rectal cancer patients (43). 

There are several reasons why obese patients may have poorer oncological outcomes. 

Firstly, dosing of chemotherapeutic drugs may be based on ideal body weight or body 

surface area for obese patients, although the American Society of Clinical Oncology 

(ASCO) recommends use of actual body weight for dosing, a systematic review found 

that dose reductions occurred in 40% of obese patients (44). Secondly, positioning of 

obese patients for radiotherapy has been cited by Irish radiographers as a difficulty 

experienced when conducting treatment planning for obese patients. Excess adipose 

tissue was quoted as causing difficulty in achieving reproducibility (45). 
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1.2 Oesophageal cancer 

 

1.2.1 Epidemiology and incidence of oesophageal cancer 

 

Oesophageal cancer is the 7th most common cancer worldwide and the 6th leading cause 

of cancer death (1). Globally there are over 572,000 cases of oesophageal cancer 

diagnosed per annum, accounting for 3.2% of all cancer diagnoses. The annual death toll 

from oesophageal cancer stands at 508,000, accounting for 5.3% of all cancer deaths (1). 

The annual incidence of oesophageal cancer in Ireland stands at about 475 cases and 

similar to rectal cancer, is more common in males, with the male to female ratio being 

almost 2:1. The death toll from oesophageal cancer in Ireland is approximately 400 deaths 

per annum, making it the 5th most common cause of cancer death in Ireland (2). By 2045, 

it is estimated that the number of oesophageal cancers diagnosed will increase by over 

100% in men and 60% in women (5). 

The two main histological subtypes of oesophageal cancer are squamous cell carcinoma 

(SCC) and oesophageal adenocarcinoma (OAC) and they differ by histology, risk factors 

and geographical patterns (46). Oesophageal SCC is the predominant subtype, accounting 

for 88% of all oesophageal cancer cases in 2012, with OAC accounting for only 12% of 

cases (47). Oesophageal SCC predominates in Eastern and Central Asia, parts of Africa 

and South America. The disease is typically more common in men than women (69% vs 

31%), especially in lower risk countries, however, in countries with increased prevalence 

of the disease, the ratio of men: women with oesophageal SCC is closer to 1:1 (47). Risk 

factors for the development of oesophageal SCC include tobacco smoking, alcohol 

consumption, chewing betel quid and consumption of hot foods and pickled vegetables 

(reviewed in (47)).   

The epidemiology of OAC has changed over the last 30 years. There has been a rapid 

increase in the rates of OAC in Western countries (47). As with SCC, OAC occurs more 

commonly in males than in females (47). OAC is an exemplar model of an obesity-

associated cancer and this rapid increase in OAC coincides with the rising obesity 

epidemic (48). Risk factors for the development of OAC include gastroesophageal reflux 

disease (GERD), obesity and smoking tobacco (49). OAC is a dismal disease with a 5-

year survival rate of ~20% (50). Forty percent of OAC patients are diagnosed at a late 

stage and 5-year survival in these patients is below 3% (51). In Ireland, the 5-year survival 
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rate for oesophageal cancer is 22%, making it one of the six cancers with the lowest 

survival rate (2). 

1.2.2 Link between OAC and obesity 

 

Obesity is a known risk factor for OAC with a strong positive linear dose response (52). 

The overall relative risk (RR) of OAC is 1.71 for a BMI falling within the overweight 

category (25-30 kg/m2) and the overall RR is 2.34 for BMI ≥30 kg/m2 (52). It has been 

estimated that 41% of cases of OAC in males are attributable to overweight and obesity 

and 4% of OAC cases in females (53).   

There are several proposed mechanisms linking obesity and OAC. Firstly, it is postulated 

that it may be a mechanical mechanism whereby excess abdominal adiposity may be 

contributing to GERD through increasing intra-gastric pressure and disrupting the 

gastroesophageal junction and lower oesophageal sphincter (54). This increase in GERD 

predisposes to development of Barrett’s oesophagus, a condition whereby the stratified 

squamous epithelium of the oesophagus is replaced by a metaplastic columnar epithelium 

(55), and subsequent OAC. Barrett’s oesophagus affects ~2% of the population in 

Western societies (56), however, only 0.12-0.14% of patients with Barrett’s oesophagus 

go on to develop OAC and this sequence has not empirically shown to be causal (57). 

OAC development in obese patients has also been shown to be independent of 

symptomatic reflux, therefore other mechanisms are likely at play (54).   

The mechanisms underlying obesity-associated cancers are poorly understood in humans.  

Most studies have been performed in vitro or in animal models (reviewed in (58)). 

Obesity is a state of chronic inflammation and inflammation is one of the enabling 

characteristics of cancer (59). Excess adiposity leads to enhanced adipokines and pro-

inflammatory cytokines disrupting the balance of pro- and anti-inflammatory signals 

(reviewed in (58)). Obesity and systemic inflammation have been tightly associated with 

the development of insulin resistance. The pro-mitogenic and carcinogenic effects of 

insulin have been extensively studied but are still somewhat unclear (60). Insulin is 

implicated in pro-tumorigenic signalling in obese individuals (61). Obesity also alters the 

immune microenvironment (62). We have shown that VAT secretes a plethora of 

inflammatory cytokines at significantly higher levels than SAT (chapter 6). Also, in 

patients with increased number and size of adipocytes, areas of hypoxia within the 

adipose tissue may occur. This in turn leads to upregulation of angiogenesis (63).   
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Adipokines are altered in obese individuals, most notably, there is a reduction in 

adiponectin and increased levels of leptin. Adiponectin possesses anti-tumour properties 

in that it is pro-apoptotic (64), anti-proliferative and inhibits angiogenesis and 

inflammation (65). Leptin exhibits the direct opposite properties (66). There is a 

consistent inverse relationship between adiponectin levels (66) and cancer risk, although 

the epidemiological evidence for leptin is less consistent (67). 

1.2.3 Diagnosis and staging of oesophageal cancer 

 

Diagnosis of OAC involves an upper gastrointestinal endoscopy and biopsies taken from 

suspect areas (68). For poorly differentiated tumours, it is recommended that 

immunohistochemical staining is performed to determine whether they are SCC or OAC 

(68). Clinical staging determines the initial treatment of oesophageal cancer and a CT 

scan of the neck, chest and abdomen should be completed. Endoscopic ultrasound (EUS) 

should be conducted in patients that are candidates for surgery to determine T and N 

stages. Positron emission tomography-computed tomography (PET-CT) should be 

performed in patients prior to oesophagectomy to identify distant metastasis to avoid 

surgery in these patients (68).   

1.2.4 Treatment of oesophageal adenocarcinoma 

 

The treatment for OAC is based primarily on the tumour stage, location, histology, patient 

performance status and comorbidities (68). The standard of care for locally-advanced 

OAC is neoadjuvant chemotherapy or neo-CRT with a combination of a platinum and a 

fluoropyrimidine for 8-9 weeks pre-operatively with or without radiation at a dose of 

41.4-50.5 Gy (68). The Neo-AEGIS trial is a phase III multicentre open-labelled, 

randomised control trial sponsored by Cancer Trials Ireland. Patients with cT2-3, N0-3, 

M0 adenocarcinoma of the oesophagus or gastroesophageal junction are randomised 1:1 

to either the modified MAGIC regimen consisting of epirubicin, cisplatin and 5-FU or 

epirubicin, cisplatin and capecitabine, or to the CROSS arm consisting of paclitaxel and 

carboplatin and 41.4 Gy of radiation in 23 fractions (1.8 Gy per fraction) (69). Since the 

commencement of the Neo-AEGIS trial, the FLOT protocol, consisting of docetaxel, 

leucovorin, oxaliplatin and 5-FU, has shown superiority to MAGIC in terms of tumour 

regression in patients with gastric or gastroesophageal adenocarcinoma (70). Therefore, 

the investigating clinician may decide between FLOT or MAGIC as arm A of the trial. 

Surgery is performed within 3-10 weeks of completion of neoadjuvant therapy (69). The 
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modified MAGIC arm of the trial consists of three pre- and three post-operative cycles 

of chemotherapy, each cycle lasting three weeks. The CROSS arm consists of four and a 

half weeks of radiation with five weekly cycles of chemotherapy (69). As of October 

2020, a total of 371 patients have been recruited to the Neo-AEGIS trial, with 125 patients 

recruited from St. James’s Hospital. Treatment for oesophageal cancer is summarised in 

Figure 1.3 and the schematic for the Neo-AEGIS trial is summarised in Figure 1.4. 

1.2.5 Response rates in OAC 

 

The pathological assessment of resected tumours is conducted according to the Mandard 

grading system which is a five-point scale as indicated in Table 1-4 below (71). 

The rate of pCR in OAC is low, at best 30% (72). Achievement of pCR is associated with 

better outcomes in patients, including increased overall survival and disease-free survival 

(73). Reynolds et al. (74) and Donlon et al. (75) found that achievement of a node-

negative status was more predictive of overall survival than TRG. Powell et al. found an 

association between high neutrophil to lymphocyte ratio and poor response to neo-CRT 

and overall survival in OAC patients (76).  

Table 1-4 Mandard grading system for OAC specimens 

Score Definition 

TRG 1 Complete pathological response 

TRG 2 Rare residual cancer cells scattered throughout fibrosis 

TRG 3 Increase in number of residual cancer cells but fibrosis still 

predominates 

TRG 4 Residual cancer cells outgrowing fibrosis 

TRG 5 Complete absence of regression change 
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Figure 1.3 Algorithm for treatment of local/locoregional resectable thoracic oesophageal cancer  

Schematic illustration of algorithm for treatment of resectable oesophageal cancer. Limited disease is treated by resection. Locally-advanced 

disease is classified as either a SCC or adenocarcinoma. SCC is treated with neo-CRT or definitive CRT followed by restaging and follow-

up, respectively. Adenocarcinoma is treated with perioperative chemotherapy or neo-CRT followed by resection. Abbreviations: CRT, 

chemoradiotherapy; EUS, endoscopic ultrasound; FDG-PET, fluorodeoxyglucose positron emission tomography; MS-CT, multi-slice 

computed tomography. Adapted from (68).
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Figure 1.4 Neo-AEGIS trial schematic   

Schematic illustration of the Neo-AEGIS trial comprising two arms; the modified 

MAGIC arm and the CROSS arm. Primary and secondary end-points are also outlined. 

Abbreviations: CT-PET, computed tomography positron emission tomography; EUS, 

endoscopic ultrasound; GEJ, gastroesophageal junction. Taken from (69). 
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1.2.6 Biomarkers of response in OAC 

 

There are no clinically approved biomarkers to predict treatment response in OAC 

patients. However, a systematic review and meta-analysis of 56 reported biomarkers of 

response to neoadjuvant treatment in oesophageal cancer reported that low expression of 

ERCC1, miR-200c, thymidylate synthase and COX-2 and high expression of CDC25B 

and p16 were associated with predicting response to treatment. VEGF, EGFR, cyclin D1, 

Bcl-2 and Bax were not associated with predicting treatment response (77). A limitation 

of this study was the failure to separate oesophageal SCC from OAC, which are different 

diseases and demonstrate differing responses to cytotoxic therapy (78). 

1.2.7 Influence of obesity on treatment response 

 

While the influence of obesity on disease risk in OAC is well-documented, the effect of 

obesity status on treatment response to chemotherapy and radiation therapy is poorly 

understood. A study by Mongan et al. suggested that overweight or obese OAC patients 

were more likely to have a better response to neo-CRT compared to patients of a healthy 

weight (79). This in vitro study reported that the addition of adipose conditioned media 

(ACM) from VAT resulted in an improved radioresponse in a radioresistant OAC cell 

line, irrespective of the obesity status of the patient or whether or not the patient had 

cancer (79). Only ACM generated from VAT from patients that received neo-CRT 

induced radiosensitisation in a radiosensitive OAC cell line (79). These results suggest 

that radiosensitive and radioresistant tumours may have a differential response to factors 

secreted from VAT. It appears that in a radioresistant model, the radiosensitising effects 

are owing to factors secreted from VAT as opposed to cancer effects or bystander effects 

following cancer treatment (79). The mechanistic basis of this enhanced response is 

unclear. However, it was possible to discriminate between ACM from non-cancer 

patients and ACM from a cohort of OAC patients receiving surgery only or a cohort 

receiving neo-CRT. Higher levels of threonine, lysine and valine and lower levels of 

glucose were observed in the ACM of OAC patients receiving surgery as their only 

treatment modality compared to their cancer-free counterparts. When compared to a 

cohort of OAC patients receiving neo-CRT, the ACM from the non-cancer controls had 

elevated levels of glucose and reduced levels of threonine, lysine, valine, isoleucine and 

glycine (79). Given the role of these metabolites in energy metabolism, it suggests that 

mitochondrial metabolism is altered in the adipose tissue of OAC patients and that neo-
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CRT can cause further alterations in this metabolic profile. To date, our understanding of 

adipose tissue metabolism and its connection to inflammation is scant. However, 

alterations in metabolism, angiogenesis and inflammatory mediators have previously 

been shown to be implicated in treatment response in OAC (80). Furthermore, it is known 

that alterations in factors secreted from adipose tissue from obese OAC patients result in 

altered cellular metabolism and mitochondrial function (81). Specifically, ACM 

generated from obese patients had significantly higher levels of lactate and reduced levels 

of alanine, ethanol, isoleucine, leucine and valine compared to ACM from a non-obese 

cohort of OAC patients (81). There is a highly dynamic inter-relationship between 

inflammation and metabolism, wherein cellular metabolites can drive the nature of the 

inflammatory response, but equally inflammatory signals can disrupt metabolism. 

Cellular metabolism defines immune cell functionality, wherein anaerobic glycolysis 

versus oxidative phosphorylation (OXPHOS) promotes a pro-inflammatory milieu (82). 

Conversely, interrupting immune metabolism inhibits the capability to mount a pro-

inflammatory macrophage response (83, 84). Elucidating the metabolic and 

inflammatory signatures of VAT and SAT may help reveal the mechanisms underlying 

the observed enhanced response to neo-CRT in overweight and obese patients.   
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1.3 Radiation therapy as a treatment modality for cancer 

Approximately half of all patients receive radiation therapy as part of their cancer 

treatment and it is estimated that radiation therapy contributes about 40% to curative 

treatment (85). In addition to being an effective treatment for cancer, radiation therapy is 

also very cost effective. It has previously been reported as making up approximately 5% 

of the total cost of cancer care (86). Radiation induces DNA double strand breaks (DNA-

DSBs) resulting in the loss of the reproductive integrity of a cell. This damage can occur 

directly or indirectly through the formation of free radicals via radiolysis of water within 

the cell. These free radicals in turn induce DNA damage (87). 

The successful eradication of tumours by radiation depends on the radiosensitivity of the 

tumour and the normal tissue tolerance (NTT) of surrounding normal tissue. The tumour 

lethal dose (TLD) is the dose required to completely eradicate the tumour. This leads to 

the calculation of the therapeutic index, that is the ratio of NTT/TLD (88). Figure 1.5 

illustrates the tumour control probability and normal tissue complication probability 

curves, representing TLD and NTT respectively. Doses of radiation for cancer are 

typically delivered in fractions and this is based on the four R’s of radiation therapy; 

repair, repopulation, redistribution and reoxygenation. Repair allows normal tissue to 

recover between fractions thus limiting toxicity (89). Repopulation is considered one of 

the main reasons for treatment failure. Regrowth of tumour cells may occur during 

fractionation as with the repair of normal tissue comes the repair and regrowth of tumour 

tissue (90). Redistribution refers to the fact that cells display differential radiosensitivities 

at different stages of the cell cycle. Cells are most sensitive to radiation in mitosis and 

most resistant to radiation in S-phase (91). Fractionation allows redistribution of cells in 

S-phase to more sensitive phases of the cell cycle (92). Reoxygenation of tumours is 

important as cells in the centre of the tumour are hypoxic and more radioresistant, 

fractionation of radiotherapy regimens allows these cells to be reoxygenated (89). 

There are numerous ways of delivering radiation therapy, but the most common method 

is external beam radiation therapy. Three-Dimensional Conformal Radiotherapy (3-

DCRT) is where the radiation field is conformed to the shape of the area requiring 

treatment and is particularly useful where the treatment site is near important organs such 

as in oesophageal cancer, where the target is located close to the heart. Simulation 

sessions acquire images that are then used to target the tumour and avoid sensitive organs. 
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This may be achieved through multileaf collimators, which can be moved using the 

computer to the desired position (88). Intensity-modulated radiotherapy (IMRT) is 

another mechanism of delivering radiation. This allows customisation of the shape and 

intensity of radiation delivered to the target treatment area. This results in several 

intensity modulated radiation fields resulting in a tailored dose of radiation to maximise 

tumour kill and minimise normal tissue damage (93). Brachytherapy is a method of 

delivering radiation therapy that involves insertion of a radioactive material inside or 

directly adjacent to the tumour. This may be used for cancers such as cervical or prostate 

cancer where a device may be inserted adjacent to the tumour to provide radiation therapy 

(88). 

Radiotherapy is often accompanied by toxicities which can be classified as early or late. 

Early toxicities are those which occur in rapidly dividing tissues and include skin 

erythema, diarrhoea and mild odynophagia (94). Late effects can occur months and even 

years after radiotherapy and damage to the microvasculature and depletion of stem cells 

are responsible for these effects (95). Such effects include fibrosis, complete dryness of 

the mouth unresponsive to salivary stimulation and pneumonitis (94). 

Another late effect of radiotherapy is the occurrence of secondary cancers. About 19% of 

adult cancer patients experience a secondary cancer (96) and among those associated with 

treatment, radiation therapy is estimated to account for only 8% of these secondary 

cancers (97). An increased occurrence of secondary cancers has been observed in rectal 

cancer patients that have received radiation therapy. Of note, the most common secondary 

cancers occurred within the irradiated volume (i.e. the pelvis) and included 

carcinogenesis of the urinary bladder, prostate and colon (98). This observation is not 

exclusive to rectal cancer patients. Similar results have been observed in patients treated 

for carcinoma of the prostate (99, 100), CNS (101), uterus (102) and breast (103), with 

secondary malignancies occurring within the irradiated field.   

Sigurdson and Jones conducted an extensive review of the literature and concluded that 

mechanisms for radiation-induced cancers in humans remains speculative (104). Also, 

despite the technological advancements in radiation therapy and the ability to focus 

radiation therapy to target tissues, the albeit reduced occurrence of secondary cancers 

within the irradiated volume (102, 105) still remains a problem.   
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Figure 1.5 Dose response curve for radiotherapy 

Tumour control probability is indicated in blue and normal tissue damage is indicated in 

red. With increasing dose of radiation, the probability of tumour control increases. 

However, there will be some normal tissue unavoidably included in the treatment volume. 

The probability of normal tissue damage also increases with increasing dose of radiation. 

Radiotherapy regimens have been developed to maximise tumour control and minimise 

normal tissue damage. The dotted line represents the dose associated with ~60% tumour 

control and ~5% severe late toxicity. Taken from (106). 
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1.4 The tumour microenvironment  

Cancers are not simply a mass of a single cell type but are more like pseudo-organs. The 

tumour microenvironment (TME) describes the milieu of malignant and non-malignant 

cells and their interactions. Non-transformed cells, or stromal cells, are recruited to the 

TME and often possess tumour-promoting functions (107). Communication between cell 

types within the TME is facilitated, at least partially, by soluble mediators such as 

inflammatory cytokines, chemokines, growth factors and matrix remodelling enzymes. 

The TME consists of multiple cell types including T cells, cancer-associated fibroblasts 

(CAFs), pericytes, B cells, NK cells, tumour-associated macrophages (TAMs), dendritic 

cells (DCs), myeloid-derived suppressor cells (MDSC) and vascular endothelial cells 

(108). Hanahan and Coussens have described in their review the evidence linking cells 

within the TME to the hallmarks of cancer (108). In this review they describe the 

contribution of infiltrating immune cells, CAFs and angiogenic vascular cells to 

deregulation of cellular bioenergetics and avoiding immune destruction. The perturbed 

angiogenic network within tumours can result in hypoxia, altering tumour metabolism. 

Activated macrophages within tumours have been associated with altered tumour 

metabolism. CAFs are heavily implicated in dysregulated tumour metabolism, whereby 

they undergo a metabolic switch to aerobic glycolysis and secrete macromolecular 

precursors to support cancer cell proliferation (reviewed in (108)). Similarly, infiltrating 

cells contribute to the immune and inflammatory landscape of tumours. Infiltrating 

immune cells may exert an immunosuppressive phenotype via regulatory T cells (T regs), 

MDSCs, TAMs and secretion of immunosuppressive cytokines (reviewed in (108)). 

Given the involvement of the TME in conferring the hallmarks of cancer upon the 

tumour, it is unsurprising that the TME is also implicated in treatment response. 

Cytotoxic therapy may drive stromal cells into senescence and these cells can then 

continue to secrete factors that confer an advantage upon the cancer cells (109). 

Alterations in the TME following cytotoxic therapy may exert changes in the milieu of 

secreted factors. This in turn may favour therapeutic resistance or cancer recurrence 

(109). A graphical illustration of the TME is presented in Figure 1.6. 

The evidence presented above highlights the importance of choosing the correct models 

to study the effects of treatment on tumour response. Due consideration must be given to 

the tumour as almost a pseudo-organ. Therefore, ex vivo models represent a useful tool 
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for studying cancer biology since they maintain the 3-D architecture of tumours as well 

as encompassing the entire TME.  
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Figure 1.6 The tumour microenvironment 

The TME consists of various cell types including endothelial cells, pericytes, tumour 

associated macrophages (TAMs), cancer-associated fibroblasts (CAFs), adipocytes, 

dendritic cells, apoptotic cells, cell-free DNA (cfDNA), natural killer (NK) and natural 

killer T (NKT) cells, extracellular matrix (ECM), T cells, B cells, lymphotic endothelial 

cells (EC) and exosomes. Taken from (110).  
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1.5 Metabolism and cancer 

Metabolism can be defined as a series of biochemical reactions whereby energy is 

provided to biological systems. Dysregulated metabolism is a recognised hallmark of 

cancer (59) and the role of altered metabolism in treatment response has been the topic 

of much investigation in recent years. Previous work in our group has shown that 

enhanced OXPHOS is associated with treatment resistance (111), while our group, and 

others, have demonstrated that a reduction in OXPHOS is associated with an enhanced 

radioresponse (80, 112-114). 

There are several metabolic pathways utilised by cells, but this study focuses on 

OXPHOS and glycolysis. Under aerobic conditions, non-malignant non-proliferating 

cells mainly metabolise glucose to carbon dioxide via oxidation of pyruvate in the TCA 

cycle. NADH is a product of this reaction, which subsequently fuels OXPHOS. This 

process is efficient in terms of ATP production, yielding 36 molecules of ATP per 

molecule of glucose, with minimal lactate production. In normal non-transformed tissue 

under anaerobic conditions, large amounts of lactate are produced through the 

metabolism of glucose to pyruvate to lactate. This is a less efficient mechanism of ATP 

production, resulting in 2 molecules of ATP per molecule of glucose and is termed 

anaerobic glycolysis (115) (Figure. 1.7).  

Otto Warburg was the first to describe metabolic reprogramming in malignant cells, 

whereby even in the presence of oxygen, cancer cells exhibited lactic fermentation, a term 

known as aerobic glycolysis or the Warburg effect (116). In malignant tissue, even in the 

presence of sufficient oxygen, large amounts of lactate are produced through a process 

termed aerobic glycolysis. Aerobic glycolysis is an inefficient mechanism of energy 

production yielding four molecules of ATP per molecule of glucose (115). The 

metabolism of proliferating non-malignant tissue is analogous to that of cancer cells, 

utilising the less energy efficient process of aerobic glycolysis. One possible explanation 

is that inefficient ATP production is only problematic when energy sources are scarce, 

which is not the case for proliferating normal cells (115). The second reason for the use 

of inefficient energy production pathways is that proliferating cells require 

macromolecular precursors for cell division, with glucose and glutamine providing most 

of the carbon, nitrogen, free energy and intermediate products required. Therefore, 

converting all of the glucose to carbon dioxide and producing 36 molecules of ATP per 
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molecule of glucose overruns the energy requirements of proliferating cells but fails to 

meet the macromolecular requirements (115). Hence, aerobic glycolysis provides 

sufficient energy in terms of ATP for proliferating cells but also provides macromolecular 

precursors for biosynthesis in proliferating malignant cells. 

The historic view that malignant cells fulfil their bioenergetic requirements solely by 

anaerobic metabolism has fallen out of favour in recent decades (117). Tumours possess 

great metabolic plasticity, which may be utilised to produce metabolites to drive 

oncogenesis (118) or adapt mitochondrial circuitries to function in anabolic or 

bioenergetic purposes (119). Recent research has shown that ATP derived from 

glycolysis is highly dependent on cancer cell type and can range from less than 1% to 

greater than 60%, with the remaining ATP being derived from OXPHOS (120). 

Interestingly, it has been shown in vitro that cell lines cultured in conditions of low 

glucose exhibit higher rates of OXPHOS and little aerobic glycolysis (121). 

1.5.1 Metabolism and treatment response in cancer 

 

Evidence from our group has indicated that higher levels of OXPHOS in OAC is 

associated with a radioresistant phenotype. In an in vitro isogenic model of 

radioresistance, oxygen consumption rate (OCR), a measure of OXPHOS, was higher in 

radioresistant cells. This finding was translatable to human tumour samples, with ATP5B, 

a marker of OXPHOS, being expressed at higher levels in pre-treatment tumour tissue 

from OAC patients identified as having a poor response to neo-CRT (111). In line with 

this observation, Buckley et al. have demonstrated that a small molecule inhibitor, 

Pyrazinib, capable of reducing OXPHOS levels in OAC cells enhances radiosensitivity 

(80). Therapeutic strategies involving the pharmacological targeting of OXPHOS have 

produced promising results in terms of radiosensitisation (80, 112, 113).  

The biguanide metformin, used in the treatment of type 2 diabetes mellitus and has been 

the subject of much investigation in the field of radiosensitisation in recent years. 

Metformin inhibits complex I of the mitochondria and therefore reduces OXPHOS (122, 

123). Rao et al. in their systematic review and meta-analysis concluded that patients with 

diabetes mellitus and taking metformin had a higher likelihood of achieving a pCR to 

neoadjuvant treatment and higher 2-year and 5-year overall survival rates compared to 

patients with or without diabetes not taking metformin (124). 
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Figure 1.7 Schematic representation of oxidative phosphorylation, anaerobic 

glycolysis and aerobic glycolysis 

Schematic illustration of the differences between OXPHOS, anaerobic glycolysis and 

aerobic glycolysis (Warburg effect). In differentiated tissue in the presence of oxygen, 

glucose is metabolised to pyruvate which is then oxidised to CO2 in the mitochondria in 

the process of OXPHOS generating ~36 molecules ATP/molecule glucose. In the absence 

of oxygen, glucose is metabolised to pyruvate, which in turn generates lactate during 

anaerobic glycolysis, generating 2 molecules ATP/molecule glucose. Proliferating tissue 

and tumour tissue utilise aerobic glycolysis in the presence of oxygen whereby glucose 

is converted to pyruvate. The majority of the pyruvate is converted to lactate and a small 

amount of the pyruvate is oxidised to CO2 in the mitochondria, generating ~4 molecules 

ATP/molecule glucose. Taken from (115). 
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1.6 Inflammation and cancer 

Chronic inflammation is associated with cancer, and multiple environmental and lifestyle 

factors linked to cancer development have an association with chronic inflammation, 

including chronic infections, obesity, smoking and inhalation of pollutants (125). 

Not only is inflammation capable of causing cancer development, but it is also involved 

in cancer progression, metastasis and treatment response (126). It has long been noticed 

that immune cells infiltrate tumours at varying densities and recapitulate inflammation 

observed in normal tissues. Historically this was viewed as an attempt by the immune 

system to eradicate the tumour, however, in the last two decades it has become 

increasingly evident that this landscape may be pro-tumorigenic. Such an inflammatory 

landscape is capable of providing growth factors, DNA damaging agents such as reactive 

oxygen species (ROS) and survival advantages to neoplastic cells and so inflammation 

has been termed an enabling characteristic of cancer (59).  

Cancer treatment such as radiotherapy and chemotherapy induce cell death in the form 

of apoptosis but also necrosis, which leads to an inflammatory response. The net result 

of this inflammatory response is controversial as it may enhance the anti-tumour immune 

response through cross-presentation of tumour antigens, but it may also lead to a pro-

tumorigenic inflammatory response (reviewed in (126)). 

The TME consists of multiple immune cells with differing functions including TAMs, 

which are generally considered pro-tumorigenic, and T cells which depending on their 

effector function may exert pro- or anti-tumour effects (reviewed in (126)). However, the 

cytokine and chemokine landscape of the TME may be more relevant than immune cell 

contents, as these soluble mediators may promote or inhibit tumorigenesis irrespective of 

their source (127). Cytokines within the TME may activate pro-tumorigenic transcription 

factors such as NF-κB, STAT-3 and AP-1 and promote angiogenesis (128, 129). 
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1.7 RIBE and its connections with the hallmarks of cancer 

Given the importance of radiation as a treatment modality in both rectal and oesophageal 

cancer but the very limited pCR rate in both diseases, it is important to understand the 

effect of radiation on the microenvironment in both of these cancers. Furthermore, 

gaining an understanding of the effect of radiation and the signals this releases into the 

microenvironment may yield a greater understanding of radioresistance mechanisms.  

The central paradigm surrounding radiation-induced damage was that radiation traversed 

DNA molecules and deposited energy that induced damage in the irradiated cell leading 

to mutation, transformation or cell death. (130). However, accumulating evidence has 

indicated that damage occurs in more cells than are ‘hit’ directly with radiation. This 

phenomenon is termed RIBE. RIBE refers to the plethora of biological phenomena 

occurring in non-irradiated cells as a result of signal transmission from an irradiated cell 

(131). The cell consequently acts as if it has been irradiated and cell behaviour mimics 

that of cells that have been directly irradiated, exhibiting signs of increased genomic 

damage, altered frequency of apoptosis, increased mutagenesis, DNA damage, reduced 

clonogenic efficiency and oncogenic transformation (132). RIBE signalling occurs via 

two main mechanisms; gap junctional intercellular communication (GJIC) and release of 

soluble factors into the extracellular space as illustrated in Figure 1.8. The phenomenon 

was first described as far back as the 1950’s (133, 134) but it has been a focus of extensive 

research since the 1990s in an attempt to elucidate the underlying mechanisms controlling 

these biological effects. Early reports of RIBE involve the observation of clastogenic 

factors in the blood of animals and patients that received low-linear energy transfer (LET) 

irradiation (reviewed in (135)). The investigation of the effect of high-LET radiation at 

low fluences began in 1992 when Nagasawa and Little observed more sister chromatid 

exchanges (SCEs) in cells than were directly hit by low fluences of α-particles (136). This 

effect was reproduced by others (137) and Azzam et al. reported that this effect was 

mediated through GJIC (138). 

RIBE events have been poorly defined in the literature with the broad definition being 

‘bystander effects describe any effect induced in a cell as a result of another cell(s) being 

exposed to radiation’ (139). Experimental studies have reported bystander effects in 

adjacent cells, a different organ or a different animal model to the irradiated cell 
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(reviewed in (139)). This led to Blyth and Sykes defining bystander effects as either 

bystander effects, abscopal effects or cohort effects according to Table 1-5 below (139). 

Experimental methods for studying bystander events consist of cell culture medium 

transfer experiments, co-culture experiments, partial shielding experiments and use of 

microbeams (140). Cell culture media transfer experiments involve the irradiation of cells 

in culture followed by harvesting the media and transfer of this media onto unirradiated 

bystander cells. Similar to the co-culture experimental technique, RIBE events are owing 

to soluble factors within the cell culture media. Co-culture experimental techniques are 

related to media transfer experiments and allow the separation of irradiated and non-

irradiated cells in culture to share the same medium (140). Partial shielding experiments 

involve shielding cells in a proportion of the dish and irradiating the exposed cells (140). 

This allows comparison of the effects of radiation on the unirradiated (shielded) cells and 

the directly irradiated cells in the dish. This means that any effects observed in 

unirradiated cells are owing to a soluble factor within the media, since the cells are not in 

direct contact to facilitate GJIC. Microbeams allow the precise delivery of a specified 

dose of radiation to a specified location and can be used to investigate RIBE events (141). 

Experimental end-points for RIBE have largely looked at genomic instability events (136, 

142-144), cell survival assays (145), ROS formation (146) with more recent focus 

shifting to mitochondrial assays and their involvement in RIBE (147, 148). To date, RIBE 

has been demonstrated experimentally both in vitro and in vivo in various cell types (136, 

149, 150), tissue explants (151), 3D tissue models (152, 153), fish (154, 155) and rodent 

(156) models. While experimental data has shown that RIBE induces a range of effects 

in unirradiated bystander cells, many of which are recognised hallmarks of cancer, the 

clinical significance of RIBE in cancer patients remains largely elusive. 

RIBE appears to be saturated at very low doses and does not appear to follow a linear 

dose-response relationship as has been repeatedly demonstrated experimentally (157-

159), indicating an obvious difference between direct and indirect (RIBE) radiation 

responses. The models surrounding radiation protection assume a linear no-threshold 

model (LNT) whereby the dose of radiation is related to the biological effect. The LNT 

model is used to estimate health risks from low dose radiation (LDR) exposures. The 

LNT model extrapolates risks from high dose radiation exposures to LDR exposures. The 

underlying assumption is that the primary cause of radiation-induced cancer is DNA 

damage, with DNA mutation increasing linearly with increasing dose of radiation. 



32 
 

Therefore, the model assumes that with increasing dose of radiation there is an increased 

risk of cancer. The model also assumes that ionising radiation always produces adverse 

health effects and that each ionising event increases health risk proportionally. The 

response curve was developed using the ‘hit theory’, whereby only the cells directly 

traversed by radiation responded to the exposure (reviewed in (160)).  

However, there are a number of emerging phenomena at LDR exposures including 

bystander responses, adaptive responses and genomic instability (161). As defined 

earlier, bystander responses describe the plethora of biological consequences in 

unirradiated cells as a result of signal transmission from irradiated cells. An adaptive 

response occurs where a small priming dose reduces the effect of a subsequent small but 

larger dose of radiation. Genomic instability occurs where damage to DNA alters it and 

may cause additional genetic changes in subsequent cell divisions. The significance of 

these phenomena on cancer risk remains largely elusive (161). 

There is also ample evidence to support the anti-tumour effects of radiation occurring via 

non-targeted radiation effects known as the abscopal effect in animal models, though the 

phenomenon is a rarer event in patients. The abscopal effect describes an event whereby 

local irradiation can reduce tumour growth outside the field of radiation (162). Abscopal 

events differ from bystander events in that abscopal events are observed in areas outside 

the irradiated volume while RIBE events typically refer to unirradiated cells within an 

irradiated volume (139). Increasing evidence links RIBE to the hallmarks of cancer and 

the potential role of RIBE in the therapeutic response. Figure 1.9 summarises the 

evidence linking RIBE with the hallmarks of cancer.
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Figure 1.8 Schematic illustration of RIBE signalling mechanisms 

RIBE signalling mechanisms occur by gap junctional intercellular communication (GJIC) indicated by black arrows with blue boxes and 

release of soluble mediators into the extracellular space as indicated by curved arrows and blue and pink circles. GJIC involves the passage 

of small molecules from one cell to another via transmembrane channels (163). Soluble mediators may be released from cells into the 

extracellular space and signal to neighbouring cells to exert RIBE effects. 
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Table 1-5 Radiation-induced signalling effects classified by human exposure scenarios. Taken from (139). 

Effect class  Working definition Exposure type Dose constraints Example exposure scenarios 

Bystander 

effects 

Radiation-induced, 

signal mediated effects 

in unirradiated cells 

within an irradiated 

volume 

Whole or partial-

body exposures 

Radiation dose low enough to spare 

some cells within an irradiated 

volume from direct energy 

deposition 

-Daily natural background  

-Inhalation of radon progeny  

-Security X-ray screening  

-High altitude flights 

Abscopal 

effects 

Radiation-induced 

effects in unirradiated 

tissues outside of an 

irradiated volume 

Partial-body 

exposures 

Radiation dose unlimited, but 

confined to an irradiated volume, 

sparing tissues outside the volume 

from direct energy deposition 

-Radiotherapy to localized tumour  

-Physical contact with small radioactive 

source  

-Bio-concentration of radionuclide e.g. 

radioiodine 

Cohort effects Radiation-induced, 

signal mediated effects 

between irradiated cells 

within an irradiated 

volume 

Whole or partial-

body exposures 

Radiation doses producing multiple 

irradiated cells within an irradiated 

volume 

-CT scanning 

-Radiotherapy  

-Radiation accidents/incidents 
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Figure 1.9 RIBE and its connections with the hallmarks of cancer 

Schematic illustrating the connection between RIBE and the hallmarks of cancer. RIBE 

has been linked experimentally to a number of hallmarks of cancer. RIBE has been 

implicated in resisting cell death through induction of autophagy, enhanced DNA repair 

mechanisms, derivation of a ‘rescue effect’ from non-irradiated cells through transfer of 

cAMP and increased expression of anti-apoptotic miRNA. Sustained proliferative 

signalling has been observed in bystander cells and has been associated with low levels 

of ROS exerting a pro-mitogenic effect and increased PCNA and CDC2. Decreased levels 

of TP53 and CDKN1A has been linked to evasion of growth suppressors in bystander 

cells. RIBE has been linked to tumour cell immune destruction at low doses of radiation 

through increased numbers of T lymphocytes but tumour immune evasion at high doses 

of radiation through decreased T lymphocytes. RIBE-induced senescence has been linked 

to the senescence-associated secretory phenotype (SASP) which may increase GM-CSF 

and IL-6 leading to immunosuppression. RIBE may play a role in invasion and 
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metastasis through induction of AMPK and NF-кB. SASP may cause secretion of GM-

CSF which may in turn activate JAK-STAT-Akt pathway. RIBE has also been associated 

with increased VEGF and MMP-2. Deregulation of cellular energetics may be induced 

by RIBE as mitochondrial DNA is required for a bystander signal and cytochrome c is 

required for a bystander response. ROS have also been heavily implicated in RIBE and 

may induce mitochondrial dysfunction, while antioxidants have been shown to abrogate 

RIBE. RIBE may play a role in genomic instability through shortening of telomeres and 

thus inducing chromatin-bridge formation. RIBE has been associated with increased 

micronuclei formation and the progeny of irradiated cells may also be capable of inducing 

bystander effects. Inflammatory mediators have been shown to be upregulated during 

RIBE induction including COX-2 and TNF-α linking RIBE to tumour-promoting 

inflammation. Furthermore, ROS may induce M2 macrophages. RIBE may induce 

angiogenesis in tumours owing to activation of JAK-STAT-Akt therefore inducing 

migration and also through upregulation of HIF-1α. Taken from (164). 
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1.7.1 Resisting cell death 

 

To enable development of carcinogenesis, tumour cells must evade cell death and tumour 

suppressor signalling. Cancer cells have multiple mechanisms for resisting cell death 

including evasion of apoptotic signalling pathways and autophagy. Autophagy is the 

process whereby a cell self-degrades to eliminate damaged cell components or re-

establish homeostatic energy balance during times of physiological stress and this can be 

both a protective mechanism, promoting tumour cell death but on the other hand it may 

facilitate tumour growth (165).   

Induction of autophagy under certain conditions of stress allows resulting catabolites to 

be utilised for biosynthesis and growth and thus promote carcinogenesis. Under 

conditions of severe stress, such as during chemotherapy and radiotherapy, cells have 

been shown to induce autophagy, which enables tumour cell survival rather than 

enhancing killing (166). Furthermore, induction of autophagy may cause tumour cells to 

enter a reversible dormant state (167) which may represent a problem for tumour 

regrowth at a later stage (59).   

Recent studies have implicated autophagy in RIBE. Interestingly, increased levels of 

autophagy proteins microtubule-associated protein 1 light chain 3 (LC-3) and Beclin-1 

have been observed in hepatoma bystander cells eliciting an autophagy response (168). 

Wang et al. have demonstrated that inhibition of LC-3 and Beclin-1 with siRNA resulted 

in an increase in micronuclei (MN) formation in the hepatoma bystander cells (168). 

Therefore, it may be possible that autophagy elicits a protective response in bystander 

cells by minimising the induction of genomic instability. However, given that autophagy 

may act as a double-edged sword in cancer development and progression, autophagy in 

this setting may allow damaged cells to enter dormancy and recommence cycling at a 

later stage. Preliminary studies have demonstrated that using chloroquine derivatives in 

combination with standard anti-cancer therapy results in more favourable survival 

outcomes in patients with glioblastoma multiforme (169, 170). Preclinical studies have 

implicated autophagy in modulating treatment resistance in glioma cells (171, 172).     

Enhanced DNA repair presents another mechanism by which RIBE may promote cell 

death evasion. Iyer and Lehnert observed an increase in radioresistance in human 

fibroblast cells previously exposed to conditioned media from irradiated fibroblasts. This 

observed effect was found to occur in conjunction with increases in AP-endonuclease, a 
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DNA base excision repair enzyme (173). Therefore, RIBE may induce DNA repair 

mechanisms in irradiated cells thus facilitating cell death evasion. 

In 2011 Chen et al. discovered another phenomenon closely related to RIBE, known as 

the radiation-induced rescue effect (RIRE) (174). This occurrence involves the derivation 

of benefits by the irradiated cells or organism from signals released from bystander cells 

(174, 175). Chen et al. observed a reduction in 53BP1 loci, a reduction in MN formation 

and an increase in survival in irradiated fibroblasts when they were co-cultured with 

unirradiated bystander cells. Similarly, co-culture of irradiated HeLa cells with 

unirradiated fibroblasts resulted in reduced MN formation in HeLa cells (174) therefore 

suggesting that normal bystander cells can rescue irradiated tumour cells, an observation 

which may provide an insight into radioresistance mechanisms. He et al. recently 

presented further evidence for this reciprocal bystander effect. Co-culture of irradiated 

macrophages with unirradiated hepatocytes yielded a reduction in MN formation in the 

irradiated macrophages. The observed effect was found to arise as a result of cyclic 

adenosine monophosphate (cAMP) transfer from bystander cells to the irradiated cells 

(176). Lam et al. also speculated that NF-кB may also play a role in the observed effect 

(177). Further evidence for this rescue effect has been documented in Drosophila 

whereby activation of the anti-apoptotic microRNA bantam protected neighbouring cells 

from radiation-induced cell death (178). These findings are novel, as previous studies 

have investigated the effect of directly irradiated cells to confer changes on the bystander 

cells without consideration to the bi-directional nature of bystander signals. Further 

evidence of the rescue effect was demonstrated in vivo in zebrafish embryos where 

irradiated zebrafish embryos sharing media with unirradiated zebrafish exhibited a 

reduced number of γH2AX foci compared to irradiated zebrafish embryos that did not 

share media with unirradiated zebrafish embryos (179). 

Mancuso et al. reported a dose-dependent increase in apoptotic cells in the cerebellum of 

mice that received partial body irradiation. An increase in brain tumorigenesis was also 

observed in mice exposed to partial body irradiation (180). This study demonstrates the 

double-edge nature of non-targeted effects of radiation whereby local radiation may 

induce abscopal anti-tumour effects at distal sites due to increased apoptotic cells. 

However, local irradiation may also induce tumorigenesis at distal sites.     
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1.7.2 Sustained proliferative signalling 

 

Fundamental to the development of oncogenesis is the ability of cancer cells to sustain 

chronic proliferation. Experimental evidence indicates that RIBE is capable of causing 

enhanced cell proliferation (181). The mechanisms by which this observed phenomenon 

occurs are unclear, however it appears that contact with irradiated cells may be required 

in order for bystander cells to exhibit an enhanced proliferative effect (181, 182). This 

data suggests that, in contrast to other bystander-mediated effects (183, 184), the 

mechanisms underlying enhanced bystander cell proliferation are not mediated via GJIC 

or long-range extracellular communication. Observation of enhanced proliferation in rat 

liver epithelial cells incapable of GJIC provides additional evidence supporting the notion 

that GJIC does not mediate the observed effect (182).   

TGF-β1 appears to be implicated in the observed pro-mitogenic effects of RIBE in normal 

human diploid lung fibroblasts (185). Iyer and Lehnert have demonstrated that low levels 

of TGF-β1 co-occur with reduced expression of TP53 and CDKN1A and upregulation of 

PCNA and CDC2 which in combination appear to drive cellular proliferation in normal 

human diploid lung fibroblasts (185). Co-culture of SCC cells in the presence of 

irradiated fibroblasts has also resulted in an increase in SCC cellular proliferation (186).   

1.7.3 Evading growth suppressors 

 

In addition to its ability to induce pro-mitogenic responses in cells, RIBE appears to also 

downregulate tumour suppressors. TP53 is the archetypal tumour suppressor and has 

exhibited reduced protein expression in cells exposed to media from irradiated cells 

(185). Moreover, Iyer and Lehnert, in the same experiment demonstrated reduced 

CDKN1A expression in conjunction with reduced TP53 (185). Human diploid lung 

fibroblasts exposed to autologous conditioned media from cells irradiated with low dose 

γ-irradiation exhibited an enhanced clonogenic survival coupled with a reduction in TP53 

levels and enhanced AP-endonuclease levels. However, cells treated directly with low 

dose γ-irradiation demonstrated an increase in TP53 levels and unchanged AP-

endonuclease levels thus indicating a differential response to direct and indirect radiation 

(187). An in vivo mouse model involving cranial irradiation and shielding of the body 

resulted in increased levels of p53 in the spleen of the mouse, in line with increased 

apoptosis (188). The aforementioned reciprocal effect described by He et al. appears to 

occur in a p53-dependent mechanism whereby cAMP negatively regulates p53 (176). 
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A study investigating the effect of p53 status in HCT116 colorectal cancer cells on 

bystander response demonstrated that both wild-type and p53-null cells were capable of 

responding to autologous bystander signals, exhibiting decreased viability. p53-null cells 

showed increased apoptosis and MN formation in comparison to their wild-type 

counterparts, while senescence could only be induced in wild-type bystander cells 

exposed to autologous bystander signals (189). However, it appears that p53 wild-type 

cells produce stronger senescence-inducing signals than p53-null cells (189). Therefore, 

while it appears that wild-type p53 exerts its tumour suppressor function through 

induction of senescence, senescent cells may subsequently promote tumour growth as 

will be discussed under the heading ‘Avoiding immune destruction’. 

The irradiation chimera model provides further evidence for the role of p53 in RIBE 

events. This model involves the surgical clearance of the mammary epithelium in 

BALB/c mice followed by whole body irradiation and subsequent transplantation of 

syngeneic mammary fragments. In contrast to wild-type p53 transplants, p53-null 

transplants developed palpable tumours in both the irradiated and mock-irradiated 

groups. Whole body irradiation of mice was found to accelerate tumour growth (190). 

This study importantly demonstrates the effect of radiation on the microenvironment and 

its influence on tumour development and aggressiveness. It also demonstrates the role of 

p53 in modulating tumour development in response to bystander signals.   

Camphausen et al. demonstrated a dose-dependent abscopal effect in murine models of 

Lewis lung carcinoma and fibrosarcoma. Hind leg irradiation induced tumour growth 

delay in tumours at the midline dorsum. This observed effect was found to be dependent 

on p53 with the abscopal effect only observed in p53 wild-type mice and pharmacological 

inhibition of p53 also abrogating the abscopal effect (191).   

Thus, it is apparent that RIBE may confer an ability to evade growth suppressors and 

avoid cell cycle arrest upon bystander cells in some model systems. However, there is 

evidence to suggest that p53 upregulation plays a role in RIBE-induced cell death (188). 

Therefore, it is possible that RIBE may be a double-edged sword in treatment response 

and elucidating the mechanisms favouring a shift in p53 status towards a tumour 

suppressor function may have clinical implications for cancer patients, particularly in 

terms of development of secondary malignancies and resistance to treatment.   
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1.7.4 Activating invasion and metastasis 

 

RIBE has been linked to the promotion of invasion in breast cancer cell lines. The 

phenomenon is thought to occur via activation of AMPK and NF-кB signalling pathways, 

with inhibition of these pathways, attenuating the invasive potential of the breast cancer 

cells (192).   

PTTG1 is an oncogene associated with tumour invasion and poor prognosis (193, 194).  

Cells devoid of or that express low levels of PTTG1 enter senescence, an irreversible 

state of dormancy, after irradiation (195, 196). It has been demonstrated that activation 

of autophagy activates radiation-induced senescence in cells devoid of PTTG1, with 

inhibition of autophagy resulting in higher levels of apoptosis in directly irradiated breast 

cancer cells (197). Senescent cells have been shown to induce RIBE through secretion of 

CSF2/GM-CSF which promotes invasion and migration with inhibition of senescence 

blocking CSF-induced bystander effect in breast cancer cells (197). Interestingly, CSF 

may promote tumour migration as it has been shown to promote migration in in vitro lung 

cancer models (198), while blocking CSF with an antibody impedes migration in 

bystander cells (197).   

Promotion of migration, invasion and tumour survival via phosphorylation of the JAK-

STAT and AKT pathways are major signalling pathways in oncogenesis. Conditioned 

media from irradiated breast cancer cells has been shown to phosphorylate JAK-STAT 

and AKT via the presence of CSF2 with inhibition of phosphorylation of JAK-STAT and 

AKT resulting in the loss of the invasive phenotype (197).   

In response to radiation, hepatocellular carcinoma cells have been shown to adopt a more 

invasive phenotype, which also appears to increase invasive potential of neighbouring 

bystander cells. The bystander effect mediating enhanced invasiveness appears to be 

controlled through a paracrine mechanism mediated by the VEGF-MMP-2 pathway 

(199).   

Kamochi et al. have demonstrated enhanced invasiveness in SCC cells co-cultured with 

irradiated fibroblasts (186). This more invasive phenotype was accompanied by an 

increase in expression of several molecules associated with enhanced motility, invasion 

and proliferation including MMP-1, MMP-9, laminin 5, filamin-A, Raf-1, MEK-1 and 

ERK1/2 (186). However, it may be possible that this enhanced invasiveness may be cell 
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type specific because the same invasive phenotype was not observed when HEp-2 cells 

were investigated in this model system (186).   

1.7.5 Inducing angiogenesis 

 

To date, little is understood about the effect of RIBE on promoting angiogenesis. A recent 

study by Huang et al. indicates that conditioned media from irradiated breast cancer cells 

is capable of inducing angiogenesis in the chorioallantoic membrane assay. Furthermore, 

phosphorylation of JAK-STAT and AKT in conditioned media-treated HUVECs along 

with inhibition of endogenous autophagy resulted in increased migration and invasion 

which is required for angiogenesis. Of note, activation of autophagy inhibited these 

observed effects (197). 

In contrast, tumours arising from irradiated tumour cells co-cultured with non-irradiated 

cells prior to implantation into a murine model exhibited reduced vascularisation and 

hampered angiogenesis thus potentially slowing tumour growth. In the same study, 

cytokine profiling and proteomic analysis revealed a panel of cytotoxic, pro-

inflammatory and pro-apoptotic chemokines, cytokines and growth factors in the 

supernatant of the irradiated cells (200). Among the elevated cytokines were IL-2, VEGF, 

GM-CSF and PDGF (200), which suggests a pro-angiogenic response but also an anti-

tumour immune response. Fontanella et al. have also demonstrated an upregulation of 

HIF-1 in the bystander field (201), which is heavily involved in angiogenesis. The effect 

of RIBE on angiogenesis is largely not well understood. Perhaps failure to employ 

appropriate experimental models to investigate in vitro and in vivo angiogenic effects of 

RIBE may account for this gap in knowledge. Also, experimental end-points largely 

focus on genomic instability events or cell death mechanisms. 
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1.8 RIBE and emerging hallmarks of cancer 

 

1.8.1 Deregulating cellular energetics 

 

Oxidative stress and ROS are well-documented players in the manifestation of RIBE 

(146, 202-204). ROS can result from endogenous sources such as cell metabolism or 

exogenous sources causing cellular stress such as chemotherapeutic drugs and radiation 

therapy. Two important observations prompted interest in the role of the mitochondria in 

the RIBE response. Firstly, the mitochondria are an important source of ROS within the 

cell and secondly, the observation that direct DNA damage was not required to elicit 

RIBE (205) led to an increased interest in other cellular components such as the 

mitochondria in RIBE.   

Experimental evidence has confirmed the involvement of mitochondria in RIBE (147, 

148). Interestingly, mitochondria appear to have a dual role in RIBE, firstly they appear 

to function in producing a bystander signal and secondly, they are involved in the cellular 

response to the RIBE signal (204, 206). Tartier et al. demonstrated that HeLa cells 

deficient in mitochondrial DNA (mtDNA) are incapable of producing a bystander signal 

(204). There is conflicting in vitro evidence around the role of mtDNA in responding to 

RIBE signals (204, 206), however, the possibility that the role of the mitochondria in 

RIBE is cell line specific has not been excluded. Inhibition of mitochondrial function has 

also been shown to inhibit RIBE signalling and response in human lymphoblastoid cells 

(206). Thus, it appears that the role of the mitochondria in RIBE is complex and multi-

factorial. It appears that the mitochondria may have a dual role in RIBE – generation of 

a RIBE signal and response to that signal. 

Gorman et al. have demonstrated that a bystander effect in a novel ex vivo model of CRC 

is capable of inducing increased mtDNA mutations in bystander cells (207). Based on the 

inverse correlation between ROS levels and random mitochondrial genome mutations, 

the authors hypothesised that the increased mutation burden was owing, at least partly, to 

events other than increased ROS levels (207). Interestingly, high levels of ROS have been 

shown to exert DNA damage, cell cycle arrest and apoptosis, however, low levels of ROS 

may have pro-mitogenic effects (208). Transmission of RIBE signals via oxidised cell-

free DNA (cfDNAox) released from dying cells is an emerging concept (209). cfDNAox 

increases in cell culture media following irradiation in conjunction with radiation-

induced cell death (209). cfDNAox appears to increase intracellular ROS levels rapidly 
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after exposure which appears to be owing to increased NOX4 expression (209). This in 

turn was observed to cause an increase in oxidised nuclear DNA. Antioxidants have been 

repeatedly shown to attenuate a RIBE response though not completely abrogate it (149, 

168, 210). These results are in line with the commonly proposed model that ROS plays 

an important role in RIBE, but that other signalling pathways and molecules are involved. 

Also, ROS signalling appears to be short-lived with levels returning to baseline within 24 

h of exposure to conditioned media (168), therefore, underscoring the likely participation 

of other pathways and molecules in these complex RIBE events.   

Emerit et al. investigated the effect of antioxidants on RIBE in humans. Addition of 

plasma from workers involved in the Chernobyl disaster to cell cultures of whole blood 

obtained from healthy donors induced increased levels of chromosomal aberrations 

compared to plasma from healthy controls (211). Treatment of cases with Gingko Biloba 

extract, an herbal medicinal product with known antioxidant properties, obliterated 

clastogenic factors from plasma and eradicated the ability of the plasma to induce 

chromosomal aberrations on cell cultures when subjects were treated with 3 x 40 mg 

doses per day for two months (211). While these results are interesting, study numbers 

were small, and cases were not followed up over time to investigate if the observed 

eradication of clastogenic factors had any clinical significance. Furthermore, while ROS 

undoubtedly play a role in RIBE, it is becoming increasingly evident that RIBE is a 

multifactorial process, therefore further investigation into the utility of antioxidants in 

mitigating the RIBE response is required.   

Extracellular vesicles (EVs) represent another mechanism of RIBE signalling capable of 

inducing increases in cellular ROS. Unirradiated cells treated with EVs from irradiated 

cell conditioned media (ICCM) exhibit increased ROS production (212) and enhanced 

MN formation and 53BP1 loci (213). Rastogi et al. have shown that EVs secreted from 

irradiated Mouse Embryonic Fibroblast (MEF) cells inhibit colony formation in 

unirradiated bystander MEFs. This effect was diminished upon removal of EVs from the 

ICCM. This effect is thought to be ROS-dependent as ICCM from irradiated MEFs 

containing EVs was found to elevate cellular ROS levels in bystander MEFs and 

treatment with N-acetylcysteine, an antioxidant, restored colony formation ability and 

reduced cellular ROS levels in the MEFs treated with ICCM from irradiated MEFs (212).   
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Calcium signalling has been widely reported to play a crucial role in RIBE signalling and 

response. Increases in intracellular calcium levels appears to be an early response in RIBE 

events. There appears to be a bidirectional cross-talk between oxidative stress and 

calcium signalling pathways with inhibition of ROS generating pathways blocking 

calcium flux (146). 

The longevity of RIBE signals cannot be explained by ROS solely. ROS are short-lived 

and highly reactive molecules. Cytochrome c, a component of the mitochondria essential 

for ATP synthesis through OXPHOS, also appears to be implicated in RIBE responses. 

In vitro evidence suggests that cytochrome c is not required to produce a bystander signal 

but MEF cells deficient in cytochrome c do not produce a bystander response (214), 

which links in with experimental results from Tartier et al. (204). An attenuated level of 

ROS was also observed in cytochrome c deficient MEF bystander cells (214), thus further 

highlighting the potential involvement of cytochrome c in RIBE. Mitochondrial 

dysfunction appears to occur in tandem with increased ROS levels, with alterations in 

mitochondrial membrane potential (mtMP) observed in conjunction with increased ROS 

levels in human hepatoma cells (168). As discussed previously, RIBE is known to induce 

autophagy in bystander cells and this is thought to be in response to elevated ROS levels 

(168).  

He et al. have demonstrated an increase in cytochrome c in hepatoma cell lines capable 

of inducing a bystander effect. Inhibition of cytochrome c release with ciclosporin 

treatment abrogated RIBE events in bystander cells, while administration of exogenous 

cytochrome c induced bystander events similar to those induced by the irradiated 

hepatoma cell lines (215). 

A recent publication has identified radiation-induced biophoton signalling as a modulator 

of cellular metabolism (216). HCT116 colorectal cancer cells exposed to biophoton 

bystander signals had diminished mitochondrial complex I and complex V activity which 

culminates in the reduction in ATP production thus representing mitochondrial 

dysfunction (216). 

The vast evidence presented thus far makes it impossible to deny the role of ROS in RIBE 

responses, however, it is apparent that other signalling pathways are involved. 

Manipulation of ROS levels through use of antioxidants may be of benefit in ameliorating 

RIBE events but the exact timing or dosage of antioxidants required would be difficult to 
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decipher. Also, it is important to remember that radiation therapy exerts its cytotoxic 

effects through DNA damage, which is heavily dependent on the presence of ROS, 

therefore the implications of antioxidant use would require careful consideration. Figure 

1.10 summarises the involvement of the mitochondria and ROS in bystander events.
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Figure 1.10 Schematic of the involvement of the mitochondria and ROS in RIBE 

ROS and the mitochondria are integral to RIBE. The mitochondria are a significant source of ROS. ROS has been implicated in RIBE-

induced DNA damage. EVs have been implicated in the RIBE-induced increase in cellular ROS. Calcium fluxes and ROS have an intricate 

cross-talk in RIBE events. Inhibition of mitochondrial function inhibits RIBE. Cytochrome c plays an important role in RIBE. Treatment 

with antioxidants reduces clastogenic factors in the blood of radiation-exposed workers.
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1.8.2 Avoiding immune destruction 

 

The importance of the immune system in protection against carcinogenesis has been the 

focus of extensive research in recent years. Evidence for the involvement of the immune 

system in RIBE in a rat model is presented by Calveley et al. where irradiation of the 

lung resulted in increased inflammatory cytokines both within and outside the radiation 

field (217).   

Liu et al. have shown that the ability of irradiated murine macrophages to stimulate 

murine T lymphocytes through bystander signalling mechanisms depends on the dose of 

radiation used. Low doses of 0.075 Gy of x-irradiation induce a stimulatory effect on T 

lymphocytes whereas suppression was observed when the macrophages were irradiated 

with a higher, more clinically relevant dose of 2 Gy x-irradiation (218).   

Another mechanism facilitating RIBE-induced tumour immune evasion is radiation-

induced cellular senescence. Cellular senescence is an irreversible state of cell cycle 

arrest and is considered a tumour suppressive mechanism, whereby damaged cells enter 

quiescence to suppress tumour growth (219). However, while cellular senescence is 

considered an anti-tumour mechanism, despite being dormant, these cells remain 

metabolically active and may undergo alterations in protein expression and cytokine 

secretion, a phenomenon known as the senescence-associated secretory phenotype 

(SASP) (219). SASP allows tumours to utilise the secreted proteins as catabolic products 

to drive tumour growth (220). This SASP phenotype may contribute to RIBE-induced 

evasion of immune destruction through the secretion of IL-6 and GM-CSF (192). DNA 

damaged cells entering senescence have been shown to increase secretion of IL-6 (221). 

The secretion of GM-CSF and IL-6 may represent a mechanism of tumour cell immune 

evasion due to inhibition of dendritic cell (DC) differentiation (222). 

The interplay between RIBE and DCs has not been extensively investigated. Direct 

irradiation does not alter surface expression of DC maturation markers or DC cytokine 

secretion in either mature or immature DCs (223). Furthermore, DC-induced T cell 

proliferation is not altered when the DCs have been directly irradiated. However, when 

DCs and T cells are co-cultured and directly irradiated, the proliferative capacity of T 

cells is reduced (223). There is also in vitro evidence to suggest that factors secreted from 

directly irradiated tumour cells may enhance DC function. Kulzer et al. have shown that 

the supernatants of SW480 CRC cells treated with a norm- or hypo-fractionation regimen 
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of radiotherapy resulted in significant enhancement of DC maturation markers compared 

to supernatants from mock-irradiated SW480 cells (224). Similarly, increases in DC-

secreted inflammatory cytokines including IL-12p70, IL-8, IL-6 and TNF-α were 

observed in the DCs treated with supernatants from the irradiated SW480 cells (224).     

In vivo investigation of the effect of RIBE on splenic lymphocyte populations revealed a 

RIBE-induced reduction in the number of CD4+ and CD8+ T lymphocytes in recipient 

mice injected with EVs from directly irradiated mice, while the number of toll-like 

receptor (TLR) 4 expressing DCs were significantly reduced. In contrast, in directly 

irradiated mice, the number of TLR4 expressing DCs were significantly increased (225). 

Given the role of CD4+ and CD8+ T lymphocytes and DCs in anti-tumour immunity, 

these results may suggest a differential mechanism of immune activation in directly 

irradiated and bystander systems and may suggest that RIBE impairs anti-tumour 

immunity. 

Anti-tumour immunity has been implicated in radiation abscopal effects (226). There 

have been several case studies reporting spontaneous and complete resolution of tumours 

distal from the irradiated volume, i.e. abscopal effects (227-229). Demaria et al. have 

demonstrated that abscopal effects are immune-mediated using a growth factor, Flt3-

Ligand in order to enhance the number of DCs and consequently T cell activation in mice 

with a mammary carcinoma, concluding that T cells are required for distant tumour 

inhibition induced by radiation (230). Recent advances in immunotherapy have led to the 

combination of immunotherapy with radiation therapy to enhance this abscopal effect. 

Pre-clinical models combining anti-PD-1 and anti-PD-L1 immunotherapy with radiation 

have demonstrated enhanced abscopal effects (reviewed in (231)). Therefore, non-

targeted effects of radiation may play a dual role in anti-tumour immunity. 
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1.9 RIBE and enabling characteristics of cancer   

 

1.9.1 Tumour-promoting inflammation 

 

Cyclooxygenase-2 (COX-2) is involved in the inflammatory process and appears to be 

upregulated in bystander cells in vitro with COX-2 inhibition appearing to abrogate RIBE 

in normal human lung fibroblast cells (232). However, in vivo models failed to 

demonstrate an effect of COX-2 inhibition on bystander responses in a Patched-1 

heterozygous mouse model (233). Hei et al. have proposed a unifying model of bystander 

signalling involving increased levels of COX-2 culminating in elevated nitric oxide (NO) 

(234).   

Macrophages are thought to be key players in RIBE. One hypothesis is that the response 

of macrophages is not a result of direct irradiation but owing to phagocytosis of apoptotic 

cells (235). This may trigger release of TNF-α from macrophages which is capable of 

inducing DNA damage (236). Lorimore et al. have identified a role for macrophages in 

the RIBE response. Cells exposed to irradiated macrophage conditioned media exhibited 

cytogenetic aberrations that did not differ from cells exposed to irradiated conditioned 

media from whole bone marrow (237). It is also possible that macrophages may at least 

partially contribute to the oxidative stress observed in bystander cells as antioxidant 

treatment of the irradiated macrophage conditioned media abrogated the observed 

bystander effects (237). TNF-α may play a role in the observed effect of macrophages on 

DNA damage (237). TNF-α is a radio-inducible cytokine and has been shown to be 

involved in the clonogenic survival of bystander lung cancer cells in vitro, however, it is 

possible that this is cell line specific (238). Another mechanism linking macrophages and 

inflammation to RIBE may be through ROS signalling. ROS is known to induce a shift 

in macrophage phenotype towards M2, which is closely associated with TAMs (239).   

While the clinical impact of the observed contribution of COX-2 to RIBE has not yet 

been investigated, this observation is interesting from a clinical perspective as 

pharmacological manipulation maybe possible.   

1.9.2 Genome instability and mutation  

 

The phenomenon of chromosomal instability and mutagenesis and its contribution to the 

development of cancer is well-documented (59, 240). Studies investigating RIBE largely 

use genomic instability events as experimental end-points, therefore underscoring the 
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close association between RIBE and genomic instability. Experimental evidence 

implicating genomic instability in the RIBE process was described as far back as 1992, 

with the observation of increased number of SCEs in non-irradiated cells neighbouring 

the irradiated cells (136). Since then, numerous experiments investigating the RIBE effect 

produced high levels of genomic instability and it was clear that this instability was not a 

direct consequence of cells being traversed directly by radiation (142-144).   

Telomeres are multiple repeat sequences at the end of chromosomes protecting DNA 

ends from fusion. Over time telomeres become shortened and lose their ability to protect 

the ends of DNA and this threatens the viability of a cell. Critically shortened telomeres 

are a feature of many tumours (241), which may lead to chromosomal instability through 

telomeric fusions, thus contributing to the chromosomal alterations in daughter cells 

(242). This may in turn trigger the breakage-fusion-bridge cycle, which is thought to be 

an important player in the development of carcinogenesis (243). Gorman et al. have 

shown that telomere shortening and elevated levels of chromatin bridge formation occur 

in bystander cells exposed to irradiated tumour conditioned media using a novel ex vivo 

model system of colorectal cancer (159).  Overexpression of the mitochondrial 

antioxidant manganese superoxide dismutase in bystander cells rescued these genomic 

instability events (159). Interestingly, coinciding with an increase in intracellular ROS 

induced by increased cfDNAox, was an increase in DNA damage repair pathways (209). 

Therefore, it appears that cfDNAox may cause short term cell cycle arrest to allow DNA 

repair mechanisms and antioxidant systems to be activated, but on the other hand, it may 

also drive genomic instability events. Nuclear Abl was also found to be implicated in 

RIBE. Irradiation of wild-type MEFs increased nuclear levels of Abl, an effect not 

observed in MEFs mutated for the nuclear-localisation signals. The EVs produced from 

mutated MEFs were not capable of inducing ROS production in bystander cells, thus 

suggesting a role for Abl in RIBE-induced ROS in bystander cells. Rescue of nuclear Abl 

restored ROS-inducing capacity of EVs (212). Szatmari et al. have demonstrated a role 

for EVs in RIBE induction in vivo (225). EVs were isolated from directly irradiated mice 

and transferred to unirradiated recipient mice and an increase in γH2AX foci was 

observed in the spleens of the recipient mice and an increase in chromosomal aberrations 

in the recipient mice (225). These observations underscore the connectivity between 

oxidative stress and genomic instability. Given the role of telomere shortening and 

breakage-fusion-bridge cycles in the induction of genomic instability and subsequent 
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development of carcinogenesis, it may be possible that the induction of genomic 

instability in bystander cells may contribute to the development of secondary cancers 

within the irradiated volume.   

Genomic instability events induced by RIBE activity appear to be at least partly due to 

calcium signalling. Lyng et al. and Shao et al. have demonstrated rapid fluxes of calcium 

following exposure to ICCM (244, 245) with inhibition of calcium fluxes through use of 

calcium channel blockers leading to inhibition of RIBE events (244). Interestingly, NO, 

another molecule with well-documented roles in RIBE signalling, appears to work 

synergistically with calcium in manifesting RIBE, with inhibition of nitric oxide synthase 

(NOS) blocking calcium signalling (146). Shao et al. have demonstrated that use of an 

NO scavenger abrogated the increased MN formation observed in bystander cells (205). 

Similarly, increased cell proliferation, MN formation and DNA-DSBs, mimicking RIBE 

responses, were observed in bystander cells upon addition of an NO-donor (246). 

Matsumoto et al. have also implicated NO in RIBE-induced radioresistance (247).   

The nature of observed genomic instability events differ between cells that have been 

directly irradiated and bystander cells. Increased frequency of point mutations 

predominate in bystander cells, whereas partial and whole gene deletions appear more 

common in irradiated cells (248). Similarly, the progeny of surviving irradiated cells 

exhibit increased frequency of point mutations (249). Progeny of directly irradiated cells 

transplanted into animal models are capable of causing neoplastic changes in vivo (250). 

This finding may be of interest in elucidating the causative mechanisms for the 

development of secondary malignancies following irradiation given the similar pattern of 

genomic instability between bystander cells and progeny of directly irradiated cells.   

The issue of RIBE is further complicated by the fact that the bystander effect appears to 

be transgenerational. Lyng et al. have shown that progeny of irradiated human 

keratinocytes are capable of producing a bystander signal that elicits a response in 

bystander cells that does not differ from the response to the original irradiated cell (157). 

Therefore, it is highly likely that RIBE-induced genomic instability events propagate in 

the progeny of both the surviving irradiated cells and bystander cells.   

As mentioned earlier, secondary cancers pose a risk to patients receiving radiation 

therapy for a primary cancer. Taken together with the evidence linking RIBE to genomic 
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instability, these results make it tempting to speculate that bystander cells harbouring 

point mutations may also be capable of neoplastic transformation in vivo.   

Adding to the complexity of RIBE, is the observation that genetic differences and 

environmental factors appear to influence individual response to RIBE. Mothersill et al. 

have previously shown that RIBE responses differ between patients, with some 

individuals being more sensitive to RIBE than others (251). Interestingly, smokers appear 

to be less sensitive to RIBE-induced cell death in bystander cells (252). Perhaps RIBE-

induced cell death may represent a protective mechanism by which cells with excessive 

genomic instability or damage are removed. Insensitivity to RIBE-induced apoptosis in 

smokers may allow damaged cells to propagate and it is tempting to speculate that this 

may contribute to an increased risk of secondary cancers in these individuals.     

Sigurdson and Jones conducted an extensive review of the literature and concluded that 

mechanisms for radiation-induced cancers in humans remains speculative (104). While, 

to date, the clinical significance of RIBE is unknown, given the extensive range of 

genomic instability induced by RIBE, it would not be unreasonable to hypothesise that 

RIBE may be a contributing factor to the increased risk of secondary cancers adjacent to 

the irradiated field. Also, despite the technological advancements in radiation therapy and 

the ability to focus radiation therapy to target tissues, the albeit reduced occurrence of 

secondary cancers within the irradiated volume (102, 105) still remains a problem.  

1.10 Conclusion 

This review highlights the potential role for RIBE in carcinogenesis and treatment 

resistance. RIBE has been strongly linked to multiple hallmarks of cancer including 

genomic instability, altered cellular energetics, enhanced proliferation and resisting cell 

death. However, the majority of evidence stems from in vitro investigations. While 

undoubtedly this is essential in elucidating the underlying molecular basis of RIBE in a 

simple model prior to investigation in a more advanced system, there are shortcomings 

associated with in vitro experimentation. Knockdown of genes may cause deficiencies in 

other cell signalling pathways, drug treatments used to inhibit pathways can have non-

specific side-effects and in vitro conditions fail to truly recapitulate physiological 

conditions. Also, it may be possible that RIBE events are spatially, temporally and 

genetically orchestrated events. 
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To date, the clinical significance of RIBE in cancer patients remains largely unknown. 

Unravelling the molecular basis of RIBE in vivo using appropriate models will yield a 

greater understanding of the clinical implications of RIBE for cancer patients and 

potentially enable manipulation of the TME to reduce the potentially negative 

implications associated with RIBE and boost response to radiation treatment in vivo. 

Table 1-6 summarises the experimental evidence linking RIBE with the hallmarks of 

cancer. 
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Table 1-6 Experimental evidence linking RIBE with the hallmarks of cancer 

Hallmark of cancer Experimental evidence Ref 

Resisting cell death Induction of autophagy 

Enhanced DNA repair 

Radiation-induced rescue effect (RIRE) 

Anti-apoptotic microRNA 

(168) 

(173) 

(174) 

(178) 

Sustained 

proliferative 

signalling 

Alterations in TGF-β levels driving mitogenic 

effects 

(185) 

Evading growth 

suppressors 

Reduced TP53 levels 

Enhanced AP-endonuclease levels 

(185) 

(187) 

Activating invasion 

and metastasis 

Activation of AMPK and NF-κB  

SASP phenotype secreting CSF-2 

Phosphorylation of JAK-STAT and AKT 

Enhanced invasiveness through VEGF-MMP2 

pathway 

Enhanced expression of MMP-1, MMP-9, laminin 

5, filamin-A, Raf-1, MEK-1 and ERK1/2 

(192) 

(197) 

(197) 

(199) 

 

(186) 

Inducing 

angiogenesis 

Phosphorylation of JAK-STAT and AKT 

Elevation of IL-2, VEGF, GM-CSF and PDGF 

Upregulation of HIF-1 

(197) 

(200) 

(201) 

Enabling replicative 

potential 

No effect identified  

Deregulating cellular 

energetics 

Cells deficient in mtDNA do not produce bystander 

response 

Induction of mtDNA mutations 

Transmission of RIBE signals via cfDNAox 

Antioxidants abrogate clastogenic factors in 

workers involved in Chernobyl disaster 

EVs from irradiated cells increase ROS in 

bystander cells 

Cells deficient in cytochrome c do not respond to 

bystander signals 

(204) 

 

(207) 

(209) 

(211) 

 

(212) 

 

(214) 

Avoiding immune 

destruction 

Increased IL-6 and GM-CSF may inhibit DC 

differentiation 

Reduced CD4+ and CD8+ T lymphocytes in mice 

following RIBE 

Off-target effects may have positive effects via the 

abscopal effect 

(192) 

 

(225) 

 

(227) 

(228) 

(229) 

Tumour promoting 

inflammation 

Upregulation of COX-2 

 

Secretion of TNF-α from macrophages 

(232) 

(234) 

(236) 

Genomic instability 

and mutation 

Increased SCEs 

Telomere shortening and increased chromatin 

bridge formation 

EVs induce enhanced levels of γH2AX in bystander 

cells 

NO-induced MN formation 

(136) 

(159) 

 

(225) 

 

(205) 
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1.11 Aims and objectives 

 

1.11.1 Overall hypothesis 

 

We hypothesise that RIBE induction will cause alterations in cellular mitochondrial 

metabolism and mitochondrial function in bystander cells. Moreover, we hypothesise that 

the normal rectal tissue and rectal cancer tissue inflammatory secretomes and 

metabolomes will differ, and they will interact differentially with the innate immune 

system. We hypothesise that radiation will further alter these secretomes. Finally, we 

hypothesise that visceral and subcutaneous adipose tissue depots will have opposing 

immune-metabolic signatures with visceral adipose tissue secreting higher levels of 

inflammatory mediators when compared with subcutaneous adipose tissue. 

1.11.2 Overall aim 

 

Investigate the effect of in vitro and ex vivo RIBE induction on bystander mitochondrial 

metabolism and mitochondrial function. Examine the effect of radiation in both normal 

rectal tissue and rectal cancer tissue on the metabolomic and inflammatory landscape of 

their respective microenvironments and correlate these results with patient clinical 

characteristics. Profile the immune-metabolic signature of visceral and subcutaneous 

adipose tissue in OAC patients.  

1.11.3 Specific aims of thesis 

 

1. Investigate the effect of in vitro RIBE induction using a radioresistant and 

radiosensitive model of CRC on bystander mitochondrial metabolism, 

mitochondrial function, radiosensitivity and DNA repair. 

2. Investigate the effect of in vitro RIBE induction using a radioresistant and 

radiosensitive model of OAC on bystander mitochondrial metabolism, 

mitochondrial function, radiosensitivity and DNA repair. 

3. Examine the effect of ex vivo RIBE induction using a novel human ex vivo model 

of normal rectal tissue and rectal cancer tissue on bystander cellular metabolism 

and mitochondrial function in rectal cancer cells. Profile the metabolomic 

landscape of ex vivo normal rectal and rectal cancer tissue pre- and post-radiation. 

Correlate biological end-points examined with patient clinical characteristics. 
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4. Profile the inflammatory secretome of normal rectal and rectal cancer tissue pre- 

and post-radiation and examine the interaction between this secretome and the 

innate immune system. Correlate levels of secreted proteins and DC maturation 

markers with patient clinical characteristics. 

5. Determine the immune-metabolic signatures of visceral and subcutaneous 

adipose tissue depots using Seahorse technology and the MSD multiplex ELISA 

platform. Correlate immune secretions with metabolic readouts to generate an 

immune-metabolic signature. Correlate immune-metabolic readouts with patient 

clinical characteristics.   
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Chapter 2 Effect of in vitro RIBE induction on bystander 

cellular mitochondrial metabolism, mitochondrial function 

and radiosensitivity in a radiosensitive and radioresistant 

model of colorectal cancer 
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2.1 Introduction 

Radiation therapy is one of the pillars of cancer treatment and involves the delivery of 

radiation doses to the tumour to induce DNA double strand breaks (DNA-DSBs) and 

consequently cell death (85). However, it is known that the effects of radiation are not 

limited to the cells that have been directly ‘hit’ with radiation. This phenomenon known 

as the radiation-induced bystander effect (RIBE), is extensively discussed in chapter 1, 

and describes the altered behaviour in unirradiated cells that are adjacent to irradiated 

cells (130). This signal transmission may occur via gap junctional intercellular 

communication (GJIC) or via release of soluble mediators into the extracellular 

environment (253).  

A large proportion of rectal cancer patients receive radiation therapy as part of their 

treatment (4) however, the complete pathological response (pCR) rate is relatively low 

with only ~22% of patients achieving a pCR (22). As discussed in chapter 1, the 

mechanisms underlying this treatment resistance are poorly understood. It is unknown if 

some off-target effects of radiation may contribute to a radioresistant phenotype. 

RIBE end-points have largely focussed on DNA damage and cell death, but it is well-

documented that the mitochondria and reactive oxygen species (ROS) play an important 

role in both RIBE induction and RIBE response (146, 202-204). Not only are the 

mitochondria important in RIBE, mitochondria are integral to all aspects of 

carcinogenesis from tumour initiation through to progression, resistance to therapy and 

regulating cancer stem cell biology (254). Mitochondrial DNA (mtDNA) mutations 

accumulate in a large number of malignancies (255). Such mtDNA mutations may alter 

mitochondrial metabolism and promote tumour growth (256) as well as promoting a 

highly metastatic phenotype (257). Furthermore, the mitochondria have been identified 

as important players in also regulating treatment response (258, 259). 

A phenomenon closely related to RIBE is the radiation-induced rescue effect (RIRE) 

whereby irradiated cells derive benefits from their unirradiated neighbouring cells (174). 

This occurrence has been reported in in vitro and in vivo models including Drosophila 

(178) and zebrafish (179). The association between this phenomenon and radiation 

resistance in the clinic has not previously been investigated. One mechanism by which 

RIRE occurs is as a result of cAMP transfer from the unirradiated to the irradiated cells 

(176), once again highlighting the importance of the mitochondria in inducing off-target 
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radiation effects and changes in cell behaviour in response to radiation. Mitochondrial 

depolarisation and depletion of intracellular cAMP in the bystander cells coincided with 

restoration of cAMP and reduced micronuclei (MN) formation, indicative of radiation-

induced DNA damage, in the irradiated cells (176). The therapeutic importance of RIRE 

has not yet been elucidated, however, the aforementioned in vitro data suggest that it may 

play a role in radioresistance. 

It is apparent that the mitochondria are central and targetable players in the carcinogenic 

process. To date, the effect of clinically relevant doses of radiation on bystander cellular 

function has not been elucidated in rectal cancer and it is unknown if RIBE responses 

differ between radioresistant and radiosensitive cells. Furthermore, the effect of repeated 

fractions of clinically relevant doses of radiation on bystander cellular activity, and 

whether this differs from the effect of a single fraction remains elusive. This chapter 

examined the effect of RIBE induction on bystander cellular metabolism, mitochondrial 

function, radiosensitivity and cellular proliferation following a single fraction of a 

clinically relevant dose of radiation and following repeated fractions of a clinically 

relevant dose of 1.8 Gray (Gy) x-ray radiation. This study was conducted in a model of 

inherent radioresistance, the SW837 rectal cancer cell line and in an inherent model of 

radiosensitivity, the HCT116 colon cancer cell line.  
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2.2 Overall objective and specific aims of chapter 2 

The aim of this chapter was to investigate the effect of in vitro RIBE induction on 

bystander cellular metabolism, mitochondrial function and radiosensitivity in a 

radioresistant and a radiosensitive model of colorectal cancer (CRC). 

The specific aims for chapter 2 are; 

1. Elucidate the effect of in vitro RIBE induction following a single fraction and 

repeated fractions of 1.8 Gy x-irradiation on bystander cellular metabolism in the 

inherently radioresistant SW837 rectal cancer cell line and the radiosensitive colon 

cancer HCT116 cell line. 

2. Examine the effect of in vitro RIBE induction following a single fraction and repeated 

fractions of 1.8 Gy x-irradiation on bystander cellular mitochondrial function in 

SW837 and HCT116 cell lines. 

3. Determine the effect of in vitro RIBE induction following a single fraction of 1.8 Gy 

x-irradiation on bystander cellular radiosensitivity in SW837 and HCT116 cell lines. 

4. Investigate the effect of in vitro RIBE induction following repeated fractions of 1.8 

Gy x-irradiation on bystander cellular proliferation in SW837 and HCT116 cell lines. 

5. Investigate the effect of in vitro RIBE induction following repeated fractions of 1.8 

Gy x-irradiation on expression of DNA repair genes in bystander HCT116 cells. 
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2.3 Materials and methods 

 

2.3.1 Cell culture maintenance 

 

SW837 cells, a rectal adenocarcinoma cell line [American Type Culture Collection 

(ATCC), VA, USA] were maintained in Leibovitz’s L15 Media [Lonza Group Ltd., 

Switzerland] supplemented with 10% foetal bovine serum (FBS), 1% L-glutamine, 1% 

penicillin and 1% streptomycin. SW837 cells were maintained in closed-capped ‘non-

vented’ 75 cm2 NuncTM EasYFlasksTM at 37°C.   

HCT116, a colon carcinoma cell line [ATCC, VA, USA] were maintained in Roswell 

Park Memorial Institute 1640 (RPMI 1640) [Lonza Group Ltd., Switzerland] 

supplemented with 10% FBS, 1% penicillin and 1% streptomycin. HCT116 cells were 

maintained in vented 75 cm2 NuncTM EasYFlasksTM at 37°C and 5% CO2/95% air.   

2.3.2 Cell sub-culture 

 

SW837 cells and HCT116 cells were passaged twice weekly upon reaching 70-80% 

confluence, as estimated by a light microscope. Media, phosphate buffer saline (PBS) 

and trypsin protease Ethylene Diamine Tetra Acetic Acid (Trypsin-EDTA) [Lonza 

Group, Switzerland] were heated to 37°C in a water bath. All reagents and utensils were 

sterilised using ethanol (70% v/v) [Lennox, Ireland] prior to introduction to a grade II 

sterile laminar hood. Media was discarded from flask and cells were rinsed with 5 mL 

PBS. Trypsin-EDTA was added to flask to displace adherent cells (1 mL for 25 cm2 flask 

and 2.5 mL for 75 cm2 flask) and incubated at 37°C for 5 min. Cells were hand-detached 

from flask.  An equal volume of complete media was added to flask to neutralise Trypsin-

EDTA and a 10 mL sterile pipette [Starstedt, Germany] was used to rinse cells adhering 

to the base of the flask. SW837 cells were passaged at a 1:3 or 1:4 ratio and HCT116 

cells were passaged at a 1:8 or 1:10 ratio depending on experimental requirements. 

2.3.3 Cell counting 

 

Cells were trypsinised as previously described. Cell counting was performed using a 

Bright Line haemocytometer [Hausser Scientific, PA, USA]. Cells were centrifuged at 

1300 RPM for 3 min and the supernatant was discarded. The cell pellet was resuspended 

in 1 mL of complete RPMI 1640. A 20 μL volume of cell suspension was added to 180 

μL of trypan blue and mixed by pipetting, and 20 μL of this solution was added to the 
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haemocytometer. Viable unstained cells were counted in the four corner squares of the 

haemocytometer. The number of cells/mL was calculated as follows; 

Average no. of cells x 104 x dilution factor (10) 

2.3.4 Cryopreservation of cells 

 

Cells were trypsinised as previously described and the cell suspension was transferred to 

a sterile 15 mL tube. Cells were centrifuged at 1300 RPM for 3 min and the supernatant 

was discarded. The cell pellet was resuspended in 3 mL of FBS supplemented with 10% 

dimethyl sulfoxide (DMSO), a cryoprotectant, and transferred to sterile 2 mL cryotubes, 

each containing 1 mL of the suspension. Cells were stored in a Mr. Frosty freezing 

container overnight to gradually lower the temperature of the cells by 1°C per minute to 

-80°C. Cells were then stored in liquid nitrogen until needed.   

2.3.5 Mycoplasma testing 

 

Cell culture supernatant (1 mL) was isolated from a confluent 75 cm2 flask. The tube was 

centrifuged at 2000 RPM for 1 min to collect any cell debris.   

A polymerase chain reaction (PCR) was set up in 0.2 mL tubes, to contain per reaction: 

• 25 μL of Green GoTaq (polymerase enzyme) 

• 1 μL of sense primer (10 µM) (5′- GGGAGCAAACAGGATTAGATACCCT-3′) 

• 1 µL of anti-sense primer (10 μM)  

(5′-TGCACCATCTGTCACTCTGTTAACCTC-3′)  

• 22 μL of molecular biology sterile grade water 

• 1 μL of cell culture supernatant 

A mycoplasma PCR negative (molecular biology sterile grade water) and a mycoplasma 

PCR positive (cell culture supernatant from a mycoplasma contaminated cell line) were 

included. The PCR reaction was set up as an initialisation set at 95°C for 5 min followed 

by 40 cycles of a denaturing step at 94°C for 30 s, an annealing step at 55°C for 30 s and 

an elongation/extension step at 72°C for 1 min followed by a final extension step at 72°C 

for 10 min. 

A 2% agarose gel was made by dissolving 2 g of agarose in 100 mL of Tris acetate EDTA 

(TAE) buffer and heating in a microwave until the agarose dissolved. SYBR Safe DNA 

gel stain (10 µL) was added to the agarose mix and the gel was poured into the gel 
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preparation tank and a 15-well comb was inserted into the mixture. The gel was allowed 

to set for 30 min at room temperature. Once the gel had set, the gel was placed in the 

electrophoresis tank and the comb was removed from the gel. TAE buffer was added to 

cover the gel. PCR-amplified products (18 µL) were added to the wells and the gel was 

run at 100 V for 1 h. Gel was then imaged on a Fusion Fx imaging system. 

2.3.6 Irradiation  

 

Radiation was delivered using an XStrahl RS225 x-irradiator at a dose rate of 1.73 

Gy/min (195kV, 15mA) [XSTRAHL, Surrey, UK]. 

2.3.7 Generation of irradiated cell conditioned media (ICCM) 

 

SW837 and HCT116 cells were seeded in RPMI 1640 complete cell culture media in 6-

well plates at a density of 7x105 cells/well and 2x105 cells/well, respectively, and allowed 

to adhere for 24 h at 37°C and 5% CO2/95% air. Following 24 h incubation, cells were 

either mock-irradiated or irradiated with a clinically relevant dose of 1.8 Gy of radiation. 

Cells were incubated for 24 h following irradiation and ICCM was harvested and stored 

at -80°C until required.    

For ICCM generated from cumulative fractions of radiation, SW837 cells and HCT116 

cells were seeded at 2x105 cells/well and 5x104 cells/well in 2 mL of complete RPMI 

1640 in a 12-well plate. Cells were allowed to adhere overnight at 37°C and 5% CO2/95% 

air. Immediately prior to radiation, media was removed and replaced with 2 mL fresh 

complete RPMI 1640. Cells were irradiated with 1.8 Gy radiation at 24 h intervals. Cells 

were incubated for 24 h after mock-irradiation or irradiation and media was harvested 

and stored at -80°C. 

Due to the large volume of ICCM required for clonogenic assays, 75 cm2 flasks were 

used to generate ICCM. SW837 cells were seeded in a 75 cm2 flask at a density of 5x106 

cells/flask in complete RPMI 1640. Cells were incubated for 48 h at 37°C and 5% 

CO2/95% air. Following 48 h incubation, immediately prior to irradiation, media was 

discarded from flask and replaced with 13 mL of fresh complete RPMI 1640. Flasks were 

either mock-irradiated or irradiated with 1.8 Gy radiation and allowed to incubate for 24 

h at 37°C and 5% CO2/95% air. Following 24 h incubation the media was harvested and 

stored at -80°C until required. 
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HCT116 cells were seeded in a 75 cm2 flask at a density of 3x106 cells/flask in complete 

RPMI 1640. Cells were incubated for 24 h at 37°C and 5% CO2/95% air. Following 24 h 

incubation, immediately prior to irradiation, media was discarded from flask and replaced 

with 13 mL of fresh complete RPMI 1640. Flasks were either mock-irradiated or 

irradiated with 1.8 Gy radiation and allowed to incubate for 24 h. Following 24 h 

incubation the media was harvested and stored at -80°C until required. 

2.3.8 Crystal violet assay 

 

SW837 cells were fixed in 1% glutaraldehyde in PBS for 15 min at room temperature 

and HCT116 cells were fixed with 4% paraformaldehyde in PBS at room temperature for 

10 min. Fixative was removed and cells were washed twice with PBS and stained with 

0.1% crystal violet solution for 30 min at room temperature. Stain was removed and cells 

were washed twice with H2O and allowed to air-dry overnight. Cells were incubated with 

1% Triton X-100 in PBS on plate shaker for 1 h. Absorbance was read at 595 nm on a 

VersaMax microplate reader [Molecular Devices, CA, USA].   

2.3.9 Seahorse analysis in SW837 and HCT116 cells 

 

SW837 cells were seeded in triplicate at a density of 3x104 cells/well and HCT116 cells 

were seeded at a density of 1.3x104 cells/well in 24-well XFe24 cell culture microplates 

[Agilent Technologies, Santa Clara, CA, USA] in a volume of 100 μL and allowed to 

adhere at 37°C and 5% CO2/95% air. Following 3 h incubation, an additional 150 μL per 

well of complete RPMI 1640 cell culture media was added. Twenty-four hours after 

initial seeding, cells were treated with ICCM and allowed to incubate for 24 h at 37°C 

and 5% CO2/95% air. Following 24 h incubation 37°C and 5% CO2/95% air, ICCM was 

removed and cells were washed with unbuffered Dulbecco’s Modified Eagles Medium 

(DMEM) supplemented with 10 mM glucose, 10 mM sodium pyruvate and 2% L-

glutamine (pH 7.4) and incubated for 1 h at 37°C in a CO2-free incubator. Oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) were measured 

using a Seahorse Biosciences XFe24 Extracellular Flux Analyser [Agilent Technologies, 

Santa Clara, CA, USA]. Three basal measurements of OCR and ECAR were taken over 

24 min consisting of three repeats of mix (3 min)/wait (2 min)/measure (3 min) to 

determine basal respiration and glycolysis. Following the injection of 3 mitochondrial 

inhibitors oligomycin (2 µg/mL), FCCP (5 µM) and antimycin A (2 µM), 3 additional 

measures were obtained. All measurements were normalised to cell number using the 
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crystal violet assay as described in section 2.3.8, transferring the eluted stain to a 96-well 

plate before reading. Metabolic parameters were calculated according to Table 2-1 

below. 

Table 2-1 Metabolic parameter calculations 

Metabolic parameter Calculation 

Basal respiration OCR at baseline – OCR post-antimycin A 

ATP production OCR at baseline – OCR post-oligomycin 

Maximal respiration OCR post-FCCP – OCR post-antimycin A 

Proton leak OCR post-oligomycin – OCR post-antimycin A 

Non-mitochondrial respiration OCR post antimycin A 

 

2.3.10 Mitochondrial membrane potential measurement 

 

Mitochondrial membrane potential (mtMP) was assessed using the fluorescent probe 

Rhodamine 123. SW837 cells were seeded at a density of 3x104 cells/well and HCT116 

cells were seeded at a density of 1x104 cells/well in a 96-well plate and incubated at 37°C 

and 5% CO2/95% air for 24 h. Following 24 h incubation, cells were treated with 100 μL 

of autologous ICCM for 24 h. Following 24 h incubation ICCM was removed and mtMP 

was assessed by adding 50 µL of Rhodamine 123 (5 µM) in PBS-Mg and incubated at 

37°C for 30 min protected from light. Following 30 min incubation, Rhodamine 123 

solution was removed and 100 µL of PBS was added to read the plate. Fluorescence was 

read on an FLx800 fluorescence microplate reader [Mason Technology Dublin, Ireland] 

at excitation 485/20 and emission 528/20. All measurements were normalised to cell 

number using the crystal violet assay, as described in section 2.3.8. 

2.3.11 Mitochondrial mass measurement 

 

Mitochondrial mass was assessed using the fluorescent probe MitoTracker Green. 

SW837 cells were seeded at a density of 3x104 cells/well and HCT116 cells were seeded 

at a density of 1x104 cells/well in a 96-well plate and incubated at 37°C and 5% CO2/95% 

air for 24 h. Following 24 h incubation, cells were treated with 100 μL of autologous 

ICCM for 24 h. Following 24 h incubation, ICCM was removed and mitochondrial mass 

was assessed by adding 50 µL of MitoTracker Green (0.3 µM) in PBS-Mg and incubated 

at 37°C and 5% CO2/95% air protected from light for 30 min. Following 30 min 

incubation, MitoTracker Green solution was removed and 100 µL of PBS was added to 
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read the plate. Fluorescence was read on an FLx800 fluorescence microplate reader 

[Mason Technology Dublin, Ireland] at excitation 485/20 and emission 528/20. All 

measurements were normalised to cell number using the crystal violet assay, as described 

in section 2.3.8. 

2.3.12 Reactive oxygen species measurement 

 

Reactive oxygen species (ROS) was assessed using the fluorescent probe 2’-7’-

dichlorofluorescien (2’-7’-DCF). SW837 cells were seeded at a density of 3x104 

cells/well and HCT116 cells were seeded at a density of 1x104 cells/well in a 96-well 

plate at 37°C and 5% CO2/95% air for 24 h. Following 24 h incubation, cells were treated 

with 100 μL of autologous ICCM for 24 h. Following 24 h incubation ICCM was 

removed and ROS was assessed by adding 2’-7’-DCF (5 µM) in PBS-Mg and incubated 

for 30 min at 37°C and 5% CO2/95% air protected from light. Following 30 min 

incubation, 2’-7’-DCF solution was removed and 100 µL of PBS was added to read the 

plate. Fluorescence was read on an FLx800 fluorescence microplate reader [Mason 

Technology Dublin, Ireland] at excitation 485/20 and emission 528/20. All measurements 

were normalised to cell number using the crystal violet assay, as described in section 

2.3.8. 

2.3.13 Bromodeoxyuridine (BrdU) proliferation assay  

 

BrdU proliferation assay was used as a surrogate marker of radiosensitivity to examine 

the effect of RIBE induction following repeated fractions of radiation in bystander cells. 

SW837 cells were seeded at a density of 2x104 cells/well and HCT116 cells were seeded 

at a density of 5x103 cells/well in 100 µL complete RPMI 1640 in a 96-well plate and 

were incubated at 37°C and 5% CO2/95% air for 24 h. Cells were treated with ICCM for 

24 h. Following 24 h incubation in ICCM, cells were either mock-irradiated or irradiated 

with 1.8 Gy radiation and allowed to incubate for 24 h at 37°C and 5% CO2/95% air. Cell 

proliferation was analysed using BrdU proliferation ELISA assay [Roche, Germany] 

according to the manufacturer’s instructions. BrdU labelling reagent was diluted 1/100 

in RPMI 1640 and 10 μL was added to each well. The plate was placed on plate shaker 

for 5 min at 200 RPM to mix contents prior to incubation for 24 h at 37°C. Media was 

then removed, and the plate was incubated for 10 min at 37°C to dry. Cells were fixed by 

adding 200 μL of FixDenat per well and incubated for 30 min at room temperature. 

FixDenat solution was then removed and 100 μL of a 1/100 dilution of anti-BrdU 
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antibody (diluted in Antibody Dilution Buffer) was added to each well and incubated at 

room temperature for 90 min. Wells were washed 3 times with 200 μL of 1/10 dilution 

of washing buffer in deionised water. Substrate (100 µL) was added to each well and 

incubated at room temperature for 30 min until the colour developed. A 25 μL volume of 

H2SO4 (1 M) was added to each well to stop the reaction. The plate was read within 5 

min of adding H2SO4 at 450 nm with correction at 690 nm using a VersaMax microplate 

reader [Molecular Devices, CA, USA]. All ICCM proliferation readings were expressed 

as a percentage of RPMI 1640 control with RPMI proliferation levels set to 100%.    

The initial attempt at performing a clonogenic assay with ICCM resulted in complete 

obliteration of the cells and colonies did not grow. To assess if this was a true RIBE effect 

a BrdU assay was used to assess the effect of RIBE induction following a single fraction 

of radiation on cellular proliferation in SW837 cells also. For this BrdU assay SW837 

cells were seeded at 3x104 cells/well. RIBE did not inhibit cellular proliferation in this 

assay, prompting us to alter the clonogenic protocol and the seeding densities of cells 

used to generate the ICCM. 

2.3.14 Clonogenic assay 

 

SW837 cells were seeded in triplicate in a 6-well plate in complete RPMI 1640 at 

densities ranging from 3x103 cells/well to 1x104 cells/well depending on the radiation 

dose delivered (Table 2-2). Cells were incubated for 24 h at 37°C and 5% CO2/95% air. 

Following 24 h incubation, cells were treated with ICCM from either mock-irradiated or 

irradiated SW837 cells. Control wells were treated with fresh complete RPMI 1640. Cells 

were incubated for 24 h at 37°C and 5% CO2/95% air. Following 24 h incubation, cells 

were irradiated at the doses ranging from 0 Gy to 6 Gy. Following irradiation, cells were 

incubated for 9 d. Following 9 d incubation cells were fixed and stained with 25% 

methanol and 0.05% crystal violet for 30 min at room temperature. 

 

Table 2-2 Seeding densities for SW837 clonogenic assay 

Radiation Dose Administered Cell Number Seeded 

0 Gy 3,000 

2 Gy 6,000 

4 Gy 8,000 

6 Gy 10,000 
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HCT116 cells were seeded in triplicate in a 6-well plate in complete RPMI 1640 at the 

densities described in Table 2-3 below. Cells were incubated for 24 h at 37°C and 5% 

CO2/95% air. Following 24 h incubation cells were treated with ICCM from either mock-

irradiated or HCT116 cells irradiated with 1.8 Gy radiation. Control wells were treated 

with fresh complete RPMI 1640. Cells were incubated for 24 h at 37°C and 5% CO2/95% 

air. Following 24 h incubation, cells were irradiated at the doses outlined below. 

Following irradiation, cells were incubated for 8 d. Following 8 d incubation cells were 

fixed with 4% paraformaldehyde for 10 min at room temperature and stained with 0.1% 

crystal violet for 30 min at room temperature. 

Table 2-3 Seeding densities for HCT116 clonogenic assay 

Radiation Dose Administered Cell Number Seeded 

0 Gy 500 

2 Gy 1,000 

4 Gy 2,000 

6 Gy 4,000 

 

Colonies consisting of 50 cells or more were counted using the GelCount colony counter. 

Plating efficiency (PE) was calculated using the following formula: 

(No. of colonies formed/No. of cells seeded) x 100 

Surviving fraction was calculated using the following formula: 

(No. of colonies counted)/(No. of cells seeded x PE) 

2.3.15 RNA isolation 

 

HCT116 cells were seeded at a density of 3x105 cells/well in complete RPMI 1640 in 6-

well plates and allowed to adhere overnight. Following 24 h treatment with 1.5 mL ICCM 

per well, cells were collected by trypsinisation and stored at -80°C until required. RNA 

was isolated from cell lines using the TRI Reagent® method. Cell pellets were retrieved 

from -80°C and allowed to return to room temperature for 30 min. Samples were 

resuspended in 0.5 mL TRI Reagent® by repeatedly pipetting solution to ensure complete 

lysis of cells. Samples were incubated at room temperature for 5 min. 

Bromochloropropane (50 µL) was added to each sample and the sample vortexed for 10 

s. Samples were then centrifuged at 13,400 x g for 15 min at 4°C. The upper aqueous 



70 
 

phase was transferred to a new 1.5 mL Eppendorf tube and 250 µL of isopropanol was 

added to each tube. Samples were vortexed and incubated at room temperature for 5 min. 

Samples were then centrifuged at 13,400 x g for 8 mins at 4°C and the supernatant was 

discarded. RNA pellet was washed in 70% ethanol and centrifuged at 7,500 x g for 5 min 

at 4°C. The supernatant was discarded, and the pellet was air dried for 5 min. The RNA 

pellet was resuspended in 30 µL RNase free molecular grade water and stored at -80°C. 

2.3.16 RNA quantification 

 

RNA quantification was determined spectrophotometrically using a Nanodrop 1000 

spectrophotometer (version 3.1.0, Nanodrop technologies, DE, USA). A 1 µL volume of 

RNase-free molecular grade water was used to blank the instrument prior to RNA 

quantification. One microlitre of each sample of isolated RNA was loaded onto the 

instrument and concentration was measured in ng/µL. 260:280 and 260:230 ratios were 

recorded to analyse RNA quality. 

2.3.17 cDNA synthesis 

 

RNA samples were thawed on ice for 10 min. Total RNA (1 µg) was reverse transcribed 

to cDNA using the following protocol. Random hexamer primers (1 µL) were added to 

each total RNA sample and the volume adjusted to 11 µL with RNase free water and 

centrifuged briefly to pool the contents. Samples were heated to 70°C for 10 min and 

immediately chilled for 1 min at 4°C. A master mix of reverse transcriptase components 

was prepared according to Table 2-4. Master mix (8 µL) was added to each sample and 

briefly vortexed. Samples were centrifuged to pool samples and placed in a thermocycler 

and incubated at 37°C for 1 h then 10 min at 70°C and held at 4°C. Resulting cDNA was 

stored at -20°C. 

Table 2-4 Master mix components for cDNA synthesis 

Component Volume per sample 

5x reaction buffer 4 µL 

dNTP mix (1:1:1:1) 1 µL 

RNase out 0.5 µL 

Reverse Transcriptase enzyme 0.5 µL 

Molecular grade water 2 µL 
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2.3.18 Quantitative real-time PCR 

 

cDNA reverse transcribed from RNA as described in section 2.3.17 was used as a 

template for quantitative real-time PCR. A master mix of PCR components was made up 

to contain (per PCR reaction): 10 µL of Taqman Master Mix [2X, Applied Biosystems, 

CA, USA], 8 µL of nuclease-free water, cDNA (1 µL) and 1 µL of Taqman Gene 

Expression Assay (FAM) probes for MLH1, MMS19, PARP1, SMUG1 and 18S were 

added in duplicate to a 96-well MicroAmp Optical reaction plate. A non-template control 

using 1 µL of nuclease free water instead of cDNA was included. The plate was sealed 

using an optical adhesive cover and the plate was centrifuged briefly to pool the contents 

of each well and eliminate air bubbles. Quantitative real-time PCR was performed using 

an ABI Quant Studio 5 real-time thermal cycler. The plate was heated to 50°C for 2 min, 

then 95°C for 10 min followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. 

2.3.19 Quantitative real-time PCR data analysis 

 

Data analysis was performed using the 2-ΔΔCt relative quantification method (260). The 

threshold cycle (Ct) was calculated for each well and the expression levels of target genes 

were normalised to the expression of the endogenous control (18S). Gene expression 

levels were only reported if the transcript amplified before 35 cycles. 

2.3.20 Statistical analysis 

 

Statistical analysis was performed using GraphPad Prism 5 Software [GraphPad 

Software, CA, USA]. All data is expressed as mean ± SEM.  Statistical tests used are 

indicated in the relevant figure legend.  Statistical significance was considered at p<0.05. 

The methodology employed in this chapter is summarised in Figure 2.1.
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Figure 2.1 Schematic illustration of methodology employed in chapter 2 

SW837 and HCT116 cells were either mock-irradiated or irradiated with 1.8 Gy radiation and incubated for 24 h. Following 24 h incubation 

ICCM was harvested. SW837 and HCT116 bystander cells were treated with ICCM for 24 h and RIBE end-points including mitochondrial 

metabolism, mitochondrial function, radiosensitivity and expression of DNA repair genes were assessed.
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2.4 Results 

Investigate the effect of in vitro RIBE induction on bystander cellular mitochondrial 

metabolism, mitochondrial function and radiosensitivity in a radioresistant model, 

the SW837 rectal cancer cells and a radiosensitive model, the HCT116 colorectal 

cancer cell line.   

The mitochondria and ROS have been extensively linked to RIBE (146, 202-204). 

Therefore, we investigated the effect of RIBE induction in vitro on bystander cellular 

metabolism in both a radioresistant and a radiosensitive model. The Seahorse technology 

allows measurement of various components of cellular metabolism in real-time, allowing 

us to assess the levels of oxidative phosphorylation (OXPHOS) and glycolysis in both 

cell lines. Cells may also be treated with various mitochondrial complex inhibitors to 

assess the capacity of the cells to produce ATP, their level of maximal respiration and the 

extent of non-mitochondrial respiration occurring in cells. 

Investigating the effect of RIBE induction in vitro on bystander cellular 

mitochondrial metabolism, mitochondrial function and radiosensitivity in a 

radioresistant rectal cancer cell line  

2.4.1 RIBE induction in vitro does not alter OCR, ECAR or OCR:ECAR ratio in 

bystander SW837 cells 

 

Oxygen consumption rate (OCR), a measure of OXPHOS was not significantly different 

in bystander SW837 cells exposed to ICCM from irradiated or mock-irradiated SW837 

cells (p=0.31). As we did not see alterations in the OXPHOS pathway, we examined the 

effect of RIBE induction on glycolysis as measured by ECAR. ECAR did not differ 

significantly between SW837 cells treated with ICCM from irradiated or mock-irradiated 

SW837 cells (p=0.10). OCR:ECAR ratio remained unchanged between SW837 

bystander cells treated with ICCM from either irradiated or mock-irradiated SW837 cells 

(p=0.77) (Figure 2.2).   

2.4.2 RIBE induction in vitro does not alter basal respiration, ATP production, 

maximal respiration, proton leak or non-mitochondrial respiration in bystander 

SW837 cells 

 

Basal respiration levels remained unchanged in SW837 cells treated for 24 h with ICCM 

from either irradiated or mock-irradiated SW837 cells (p=0.23). Similarly, OCR-linked 

ATP production was not significantly different in bystander SW837 cells treated with 

ICCM from irradiated SW837 cells compared to ICCM from mock-irradiated SW837 
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cells (p=0.17). Maximal respiration did not differ significantly in bystander SW837 cells 

treated with ICCM from either irradiated or mock-irradiated SW837 cells (p=0.46). The 

difference in proton leak between SW837 bystander cells treated with ICCM from either 

irradiated or mock-irradiated SW837 cells did not reach statistical significance (p=0.78). 

Non-mitochondrial respiration was not significantly different in SW837 cells exposed to 

ICCM from irradiated or mock-irradiated SW837 cells (p=0.32) (Figure 2.3).   

2.4.3 RIBE induction in vitro does not alter mitochondrial membrane potential, 

reactive oxygen species or mitochondrial mass in SW837 bystander cells 

 

Whilst no statistically significant alterations in bystander cellular metabolism were 

demonstrated in bystander SW837 cells, we wanted to investigate potential alterations to 

mitochondrial function through assessment of surrogate markers of mitochondrial 

function; mtMP, ROS and mitochondrial mass in SW837 cells. There was no significant 

difference in mtMP (p=0.44), ROS (p=0.11) or mitochondrial mass (p=0.24) in SW837 

cells exposed to ICCM from irradiated or mock-irradiated SW837 cells (Figure 2.4). 

2.4.4 RIBE induction in vitro does not alter radiosensitivity in SW837 bystander cells 

 

The effect of in vitro RIBE induction on the radiosensitivity of SW837 bystander cells at 

2 Gy, 4 Gy and 6 Gy was investigated using the gold standard clonogenic assay. No 

significant difference was observed in surviving fraction of SW837 cells exposed to 

ICCM from either irradiated or mock-irradiated SW837 cells at any of the doses assessed 

(p>0.05) (Figure 2.5A). 

2.4.5 RIBE induction in vitro induces an increase in bystander SW837 cellular 

proliferation 

 

Our initial attempts at clonogenic experiments used a higher seeding density for the 

generation of ICCM and the clonogenic assays failed to grow and form colonies in the 

SW837 cells exposed to ICCM. In order to investigate if this was a true bystander effect 

or a result of nutrient exhaustion in cell culture media, a BrdU proliferation assay was 

performed. Exposure of bystander SW837 cells to ICCM from irradiated SW837 cells 

resulted in a small but statistically significant increase in proliferation when compared to 

SW837 cells exposed to ICCM from mock- irradiated SW837 cells (p=0.006). However, 

given the modest increase in cellular proliferation coupled with the absence of an effect 

in the other RIBE end-point assays, we will not be extrapolating a bystander effect from 

this assay. (Figure 2.5B). 
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Figure 2.2 Effect of in vitro RIBE induction on OCR, ECAR and OCR:ECAR ratio in 

bystander SW837 cells 

There was no significant difference in (A) OCR, (B) ECAR or (C) OCR:ECAR ratio in 

SW837 bystander cells exposed to ICCM from either irradiated or mock-irradiated 

SW837 cells. All data expressed as mean ± SEM. Statistical analysis was performed using 

a paired t-test. n=4.    
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Figure 2.3 Effect of in vitro RIBE induction on basal respiration, ATP production, 

maximal respiration, proton leak and non-mitochondrial respiration in bystander 

SW837 cells 

There was no significant difference in (A) basal respiration, (B) OCR-linked ATP 

production, (C) maximal respiration, (D) proton leak or (E) non-mitochondrial 

respiration in SW837 bystander cells exposed to ICCM from either irradiated or mock-

irradiated SW837 cells. All data expressed as mean ± SEM. Statistical analysis was 

performed using a paired t-test. n=4.   
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Figure 2.4 Effect of in vitro RIBE induction on mitochondrial function in bystander 

SW837 cells 

No significant difference in (A) mtMP, (B) ROS or (C) mitochondrial mass was 

observed in bystander SW837 cells treated with ICCM from SW837 cells. All data 

expressed as mean ± SEM. Statistical analysis by paired t-test. n=5. 



78 
 

SW837 Cells

0 2 4 6 8
0.1

1

10
CONTROL

0GY ICCM

1.8GY ICCM

RADIATION DOSE (GY)

S
U

R
V

IV
IN

G
 F

R
A

C
T

IO
N

SW837 Bystander Cell Proliferation

0G
y

1.
8G

y

0

50

100

150

**

%
 p

ro
li

fe
ra

ti
o

n
 r

e
la

ti
v

e
 t

o
 R

P
M

I 
c
o

n
tr

o
l

A

B

 

Figure 2.5 Effect of in vitro RIBE induction on bystander SW837 clonogenic survival 

and cellular proliferation 

(A) There was no significant difference in clonogenic survival in SW837 cells treated 

with ICCM from irradiated SW837 cells compared to those treated with ICCM from 

mock-irradiated SW837 cells at 0 Gy, 2 Gy, 4 Gy or 6 Gy doses of radiation. (B) There 

was a statistically significant increase in bystander SW837 cellular proliferation when 

SW837 cells were exposed to ICCM from irradiated SW837 cells compared to those 

exposed to ICCM from mock-irradiated SW837 cells. All data is expressed as mean ± 

SEM. Statistical analysis was performed by (A) one-way ANOVA or (B) paired t-test. 

**p<0.01. n=3.  
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Investigating the effect of RIBE induction in vitro on bystander cellular 

mitochondrial metabolism, mitochondrial function and radiosensitivity in a 

radiosensitive colorectal cancer cell line 

2.4.6 RIBE induction in vitro does not alter OCR, ECAR or OCR:ECAR ratio in 

bystander HCT116 cells 

 

There was no significant difference in OCR (p=0.16), ECAR (p=0.86) or OCR:ECAR 

ratio (p=0.66) in bystander HCT116 cells exposed to ICCM from mock-irradiated 

HCT116 cells compared to irradiated HCT116 cells (Figure 2.6). 

2.4.7 RIBE induction in vitro does not alter basal respiration, ATP production, 

maximal respiration, proton leak or non-mitochondrial respiration in bystander 

HCT116 cells 

 

Basal respiration levels remained unchanged in HCT116 cells treated for 24 h with ICCM 

from either irradiated or mock-irradiated HCT116 cells (p=0.16). Similarly, OCR-linked 

ATP production was not significantly different in bystander HCT116 cells treated with 

ICCM from irradiated HCT116 cells, when compared to ICCM from mock-irradiated 

HCT116 cells (p=0.81). Maximal respiration did not differ significantly in bystander 

HCT116 cells treated with ICCM from either irradiated or mock-irradiated HCT116 cells 

(p=0.31). The difference in proton leak between HCT116 bystander cells treated with 

ICCM from either irradiated or mock-irradiated HCT116 cells did not reach statistical 

significance (p=0.057). Non-mitochondrial respiration was not significantly different in 

HCT116 cells exposed to ICCM from irradiated or mock-irradiated HCT116 cells 

(p=0.42) (Figure 2.7).   

2.4.8 RIBE induction in vitro does not alter mitochondrial membrane potential, 

reactive oxygen species or mitochondrial mass in HCT116 bystander cells 

 

No significant differences in mtMP (p=0.51), ROS (p=0.88) or mitochondrial mass 

(p=0.88) were observed in HCT116 cells exposed to ICCM from either mock-irradiated 

or irradiated HCT116 cells (Figure 2.8). 

2.4.9 RIBE induction in vitro does not alter radiosensitivity of HCT116 bystander 

cells 

 

The effect of in vitro RIBE induction on the radiosensitivity of HCT116 bystander cells 

at 2 Gy, 4 Gy and 6 Gy was investigated using the gold standard clonogenic assay. No 

significant difference was observed in surviving fraction of HCT116 cells exposed to 
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ICCM from either irradiated or mock-irradiated HCT116 cells at any of the doses 

assessed (p>0.05) (Figure 2.9). 
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Figure 2.6 Effect of in vitro RIBE induction on cellular OCR, ECAR and OCR:ECAR 

ratio in bystander HCT116 cells 

There was no significant difference in (A) OCR, (B) ECAR or (C) OCR:ECAR ratio in 

HCT116 cells exposed to ICCM from irradiated HCT116 cells compared to ICCM from 

mock-irradiated HCT116 cells. All data expressed as mean ± SEM. Statistical analysis 

was performed using a paired t-test. n=4. 
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Figure 2.7 Effect of in vitro RIBE induction on HCT116 bystander cellular metabolism  

(A) Basal respiration, (B) OCR-linked ATP production, (C) maximal respiration, (D) 

proton leak or (E) non-mitochondrial respiration were not significantly different in 

HCT116 bystander cells exposed to ICCM from irradiated HCT116 cells, when 

compared to ICCM from mock-irradiated HCT116 cells. All data expressed as mean ± 

SEM. Statistical analysis was performed using a paired t-test. n=4. 
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Figure 2.8 Effect of in vitro RIBE induction on mitochondrial function in bystander 

HCT116 cells 

No significant difference in (A) mtMP, (B) ROS or (C) mitochondrial mass was observed 

in bystander HCT116 cells treated with ICCM from mock-irradiated or irradiated 

HCT116 cells. All data expressed as mean ± SEM. Statistical analysis was performed 

using a paired t-test. n=4.  

  



84 
 

HCT116

0 2 4 6 8
0.001

0.01

0.1

1

10
CONTROL

0GY ICCM

1.8GY ICCM

RADIATION DOSE (GY)

S
U

R
V

IV
IN

G
 F

R
A

C
T

IO
N

 

Figure 2.9 Effect of in vitro RIBE induction on bystander HCT116 clonogenic survival  

There was no significant difference in clonogenic survival in HCT116 cells treated with 

ICCM from irradiated HCT116 cells compared to those treated with ICCM from mock-

irradiated HCT116 cells at 0 Gy, 2 Gy, 4 Gy or 6 Gy doses of radiation. All data is 

expressed as mean ± SEM. Statistical analysis by one-way ANOVA. n=3. 
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Investigating the effect of RIBE induction in vitro on bystander cellular 

mitochondrial metabolism, mitochondrial function and cellular proliferation in a 

radioresistant rectal cancer cell line following repeated fractions of clinically 

relevant doses of radiation 

As no significant alterations in bystander cellular mitochondrial metabolism, 

mitochondrial function or radiosensitivity were demonstrated in SW837 cells following 

exposure to ICCM from SW837 cells treated with a single fraction of a clinically relevant 

dose of radiation, we investigated the effect of repeated fractions of 1.8 Gy on bystander 

events in these cells. Repeated fractions of radiation more accurately reflect the clinical 

scenario where patients attend for a daily fraction of 1.8 Gy radiation for a total of 25-28 

fractions. 

2.4.10 RIBE induction in vitro following one to three repeated fractions of 

radiation does not alter OCR, ECAR or OCR:ECAR ratio in bystander SW837 

cells 

 

OCR, ECAR or OCR:ECAR ratio was not significantly different in bystander SW837 

cells following pre-incubation with ICCM from SW837 cells treated with between one 

and three fractions of radiation (p>0.05 for all fractions) (Figure 2.10).   

2.4.11 RIBE induction in vitro following one to three repeated fractions of radiation 

does not alter basal respiration, ATP production, maximal respiration, proton leak 

or non-mitochondrial respiration in bystander SW837 cells 

 

Levels of basal respiration, OCR-linked ATP production, maximal respiration, proton 

leak and non-mitochondrial respiration remained unchanged in SW837 cells treated for 

24 h with ICCM from SW837 cells that received between one and three fractions of 1.8 

Gy radiation (p>0.05 for all fractions) (Figure 2.11).   

2.4.12 RIBE induction in vitro induces increases in ROS levels following two 

fractions of 1.8 Gy radiation but does not cause any alterations in mitochondrial 

membrane potential or mitochondrial mass in bystander SW837 cells 

 

ROS levels were significantly increased in bystander SW837 cells following exposure to 

ICCM from cells that received 2 x 1.8 Gy fractions of radiation (p=0.03). There was no 

significant difference in mtMP or mitochondrial mass in bystander SW837 cells 

following pre-incubation for 24 h with ICCM from SW837 cells treated with between 

one and three fractions of 1.8 Gy (p>0.05 for all fractions) (Figure 2.12). 
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2.4.13 RIBE induction in vitro does not alter bystander cellular proliferation in mock-

irradiated or irradiated SW837 cells 

 

We were unable to perform a clonogenic assay on bystander cells incubated with ICCM 

generated from cells treated with repeated fractions of radiation as this experimental set 

up consisted of cells growing in this media for 4 d. Therefore, it was not possible for this 

media to support the growth of cells in a clonogenic assay. Instead, we utilised a BrdU 

assay to assess the effect of RIBE induction following repeated fractions of radiation on 

cellular proliferation in mock-irradiated and irradiated cells as a surrogate marker of 

radiosensitivity. We did not see any significant alterations in bystander cellular 

proliferation following exposure of SW837 cells to autologous ICCM from cells 

irradiated with between one and three fractions of 1.8 Gy radiation (p>0.05 for all 

fractions) (Figure 2.13). 
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Figure 2.10 Effect of in vitro RIBE induction following repeated fractions of radiation 

on OCR, ECAR and OCR:ECAR ratio in bystander SW837 cells 

There was no significant difference in (A) OCR, (B) ECAR or (C) OCR:ECAR ratio in 

bystander SW837 cells following exposure to ICCM from SW837 cells treated with 

between one and three fractions of 1.8 Gy radiation. All data expressed as mean ± SEM. 

Statistical analysis was performed using a paired t-test. n=3. 
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Figure 2.11 Effect of in vitro RIBE induction following between one and three 

fractions of radiation on basal respiration, ATP production, maximal respiration, 

proton leak and non-mitochondrial respiration in bystander SW837 cells 

There was no significant difference in (A) basal respiration, (B) OCR-linked ATP 

production, (C) maximal respiration, (D) proton leak or (E) non-mitochondrial 

respiration in bystander SW837 cells treated with ICCM from SW837 cells that received 

between one and three fractions of 1.8 Gy radiation. All data expressed as mean ± SEM. 

Statistical analysis was performed using a paired t-test. n=3. 
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Figure 2.12 Effect of in vitro RIBE induction following between one and three 

fractions of radiation on mitochondrial function in bystander SW837 cells 

There was no significant difference in (A) mtMP in bystander SW837 cells treated with 

ICCM from SW837 cells treated with between one and three fractions of radiation. (B) 

ROS levels were significantly elevated in bystander SW837 cells treated with ICCM from 

SW837 cells that received 2 x 1.8 Gy fractions of radiation. (C) There was no significant 

difference in mitochondrial mass in bystander SW837 cells following RIBE induction 

after repeated fractions of 1.8 Gy radiation. All data expressed as mean ± SEM. Statistical 

analysis was performed using a paired t-test. n=3. *p<0.05. 
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Figure 2.13 Effect of in vitro RIBE induction following repeated fractions of radiation 

on cellular proliferation in bystander mock-irradiated and irradiated SW837 cells 

There was no significant difference in cellular proliferation in (A) mock-irradiated or (B) 

irradiated bystander SW837 cells treated with ICCM from SW837 cells that received 

between one and three fractions of radiation. All data expressed as mean ± SEM. 

Statistical analysis was performed using a paired t-test. n=3. 
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Investigating the effect of RIBE induction in vitro on bystander cellular 

mitochondrial metabolism, mitochondrial function and cellular proliferation in a 

radiosensitive colon cancer cell line following repeated fractions of clinically 

relevant doses of radiation 

As no significant alterations in cellular metabolism, mitochondrial function or 

radiosensitivity were demonstrated in HCT116 cells following exposure to ICCM from 

HCT116 cells treated with a single fraction of a clinically relevant dose of 1.8 Gy x-

irradiation, we investigated the effect of repeated fractions of 1.8 Gy radiation on 

bystander events.   

2.4.14 RIBE induction in vitro following one to three repeated fractions of radiation 

does not alter OCR, but alters ECAR and OCR:ECAR ratio in bystander HCT116 

cells 

 

OCR was not significantly different in bystander HCT116 cells following pre-incubation 

with ICCM from HCT116 cells treated with between one and three fractions of radiation 

(p>0.05 for all fractions). ECAR was significantly increased in bystander HCT116 cells 

following treatment with ICCM from HCT116 cells exposed to a single fraction of 1.8 

Gy radiation. There was no difference in ECAR in bystander HCT116 cells following 

treatment with ICCM from HCT116 cells treated with either two or three fractions of 1.8 

Gy radiation (p>0.05). OCR:ECAR ratio was significantly reduced in bystander HCT116 

cells following treatment with ICCM from HCT116 cells treated with a single fraction of 

1.8 Gy radiation. There was no difference in OCR:ECAR ratio in HCT116 cells treated 

with ICCM from HCT116 cells exposed to two or three fractions of 1.8 Gy radiation 

(p>0.05) (Figure 2.14).   

2.4.15 RIBE induction in vitro following one to three repeated fractions of radiation 

does not alter basal respiration, ATP production, maximal respiration, proton leak 

or non-mitochondrial respiration 

 

Basal respiration levels remained unchanged in HCT116 cells treated for 24 h with ICCM 

from between one and three fractions of 1.8 Gy radiation (p>0.05 for all fractions).  

Similarly, OCR-linked ATP production was not significantly different in bystander 

HCT116 cells treated with ICCM from HCT116 cells treated with between one and three 

fractions of 1.8 Gy radiation (p>0.05 for all fractions). Maximal respiration did not differ 

significantly in bystander HCT116 cells treated with ICCM from HCT116 cells treated 

with between one and three fractions of 1.8 Gy radiation (p>0.05 for all fractions). There 

was no effect of ICCM from HCT116 cells irradiated with all other fractionation 
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regimens (p>0.05 for all fractions) on proton leak. Non-mitochondrial respiration was not 

significantly different in HCT116 cells exposed to ICCM from HCT116 cells treated with 

between one and three fractions of 1.8 Gy radiation (p>0.05 for all fractions) (Figure 

2.15).   

2.4.16 RIBE induction in vitro does not cause any alterations in mitochondrial 

function, specifically reactive oxygen species, mitochondrial membrane potential 

and mitochondrial mass 

 

There was no significant difference in ROS, mtMP or mitochondrial mass in bystander 

HCT116 cells following pre-incubation for 24 h with ICCM from HCT116 cells treated 

with between one and three fractions of 1.8 Gy (p>0.05 for all fractions) (Figure 2.16). 

2.4.17 RIBE induction in vitro following three fractions of 1.8 Gy radiation alters 

bystander cellular proliferation in irradiated HCT116 cells 

 

We observed a significant increase in cellular proliferation in irradiated bystander 

HCT116 cells treated with ICCM from HCT116 cells that received 3 x 1.8 Gy fractions 

of radiation (p=0.01). There were no significant alterations in mock-irradiated bystander 

HCT116 cells treated with ICCM from HCT116 cells that received between one and three 

fractions of radiation. Similarly, there were no significant differences in proliferation in 

irradiated HCT116 cells treated with ICCM from HCT116 cells that received one or two 

fractions of 1.8 Gy (p>0.05) (Figure 2.17). 
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Figure 2.14 Effect of RIBE induction following repeated fractions of 1.8 Gy radiation 

on OCR, ECAR and OCR:ECAR ratio in bystander HCT116 cells  

(A) There were no significant differences in OCR in HCT116 bystander cells exposed to 

ICCM from HCT116 cells exposed to between one and three fractions of 1.8 Gy 

radiation. (B) ECAR was significantly increased in HCT116 cells treated with ICCM 

from HCT116 cells exposed to a single fraction of 1.8 Gy radiation. ECAR was not 

significantly different in HCT116 cells treated with ICCM from HCT116 cells exposed 

to either two and three fractions of 1.8 Gy radiation. (C) OCR:ECAR ratio was 

significantly reduced in HCT116 cells treated with ICCM from HCT116 cells exposed to 

a single fraction of 1.8 Gy radiation. OCR:ECAR ratio did not differ significantly 

between HCT116 cells treated with ICCM from HCT116 cells exposed to either two or 

three fractions of 1.8 Gy radiation. All data expressed as mean ± SEM. Statistical analysis 

was performed using a paired t-test. *p<0.05. n=4.  
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Figure 2.15 Effect of RIBE induction following repeated fractions of 1.8 Gy radiation 

on basal respiration, ATP production, maximal respiration, proton leak and non-

mitochondrial in bystander HCT116 cells  

There were no significant differences in (A) basal respiration, (B) OCR-linked ATP 

production, (C) maximal respiration, (D) proton leak or (E) non-mitochondrial 

respiration between bystander HCT116 cells treated with ICCM from HCT116 cells 

exposed to between one and three fractions of 1.8 Gy radiation. All data expressed as 

mean ± SEM. Statistical analysis was performed using a paired t-test. n=4. 
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Figure 2.16 Effect of in vitro RIBE induction following repeated fractions of radiation 

on mitochondrial function in bystander HCT116 cells 

There were no significant differences in (A) mtMP, (B) ROS or (C) mitochondrial mass 

in bystander HCT116 cells treated with ICCM from HCT116 cells exposed to between 

one and three fractions of 1.8 Gy radiation. All data expressed as mean ± SEM. Statistical 

analysis was performed using a paired t-test. n=4. 
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Figure 2.17 Effect of RIBE induction following repeated fractions of 1.8 Gy radiation 

on cellular proliferation in mock-irradiated and irradiated HCT116 cells  

(A) There were no significant differences in cellular proliferation in mock-irradiated 

HCT116 cells treated with ICCM from HCT116 cells treated with between one and three 

fractions of 1.8 Gy radiation. (B) There was a significant increase in cellular proliferation 

in irradiated HCT116 cells treated with ICCM from HCT116 cells treated with 3 x 1.8 

Gy fractions of radiation. Cellular proliferation was not altered by ICCM from HCT116 

cells that received either one or two fractions of 1.8 Gy radiation. Data expressed as mean 

± SEM. Statistical analysis was performed using a paired t-test. *p<0.05. n=3. 
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2.4.18 RIBE induction in vitro following up to three fractions of 1.8 Gy radiation 

does not alter expression of the DNA repair genes PARP1, SMUG1, MMS19 or 

MLH1 in bystander HCT116 cells 

 

Having observed alterations in bystander cellular metabolism, specifically alterations in 

glycolysis and OCR:ECAR ratio in bystander HCT116 cells exposed to ICCM generated 

following repeated fractions of radiation, we examined the expression of four DNA repair 

genes; PARP1, SMUG1, MMS19 and MLH1. Glycolysis upregulation has been associated 

with a radioresistant phenotype through the induction of DNA repair (261), therefore we 

hypothesised that the increased glycolysis observed in HCT116 cells may be associated 

with enhanced expression of DNA repair genes. Previous work in our group has 

demonstrated that alterations in the expression levels of PARP1, SMUG1, MMS19 and 

MLH1 in patient tumours are associated with treatment response (262). 

No significant alterations in the expression of PARP1, SMUG1, MMS19 or MLH1 in 

HCT116 cells were demonstrated following exposure of the cells to autologous ICCM 

from HCT116 cells that received between one and three fractions of 1.8 Gy radiation 

(p>0.05 for all fractions) (Figure 2.18).  
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Figure 2.18 Effect of in vitro RIBE induction following repeated fractions of 1.8 Gy 

on the expression of DNA repair genes PARP1, SMUG1, MMS19 and MLH1 in 

bystander HCT116 cells 

There were no significant differences in the levels of (A) PARP1, (B) SMUG1, (C) 

MMS19 or (D) MLH1 in HCT116 cells treated with ICCM from HCT116 cells receiving 

between one and three fractions of 1.8 Gy radiation. Data expressed as mean ± SEM. 

Statistical analysis was performed using a paired t-test. n=3. 
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2.5 Summary of findings from chapter 2 

• In vitro RIBE induction did not induce any changes in OXPHOS, glycolysis or 

mitochondrial function, specifically mtMP, ROS and mitochondrial mass in a 

radioresistant model of rectal cancer following a single fraction of 1.8 Gy 

radiation. 

• In vitro RIBE induction caused significant increases in ROS levels following 2 x 

1.8 Gy fractions of radiation in a radioresistant model of rectal cancer.  

• In vitro RIBE induction altered glycolysis and OCR:ECAR ratio in HCT116 cells 

following a single fraction of radiation in the experimental set-up examining 

repeated fractions of radiation. 

• In vitro RIBE induction did not induce any changes in radiosensitivity in a 

radioresistant model of rectal cancer or a radiosensitive model of colon cancer 

following a single fraction of 1.8 Gy radiation. 

• In vitro RIBE induction did not induce alterations in expression of DNA repair 

genes, specifically PARP1, SMUG1, MMS19 or MLH1 in a radiosensitive model 

of colon cancer following multiple fractions of radiation. 
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2.6 Discussion 

The overall aim of this chapter was to investigate the effect of in vitro RIBE induction in 

CRC in an inherently radioresistant and an inherently radiosensitive cell line. 

Specifically, we examined the effect of in vitro RIBE induction on mitochondrial energy 

metabolism, mitochondrial function, specifically mtMP, ROS and mitochondrial mass, 

radiosensitivity and expression of DNA repair genes. 

No significant bystander response was demonstrated in either inherently radioresistant 

cells, the SW837 rectal cancer cell line, or in inherently radiosensitive cells, the HCT116 

colon cancer cell line following a single fraction of a clinically relevant dose of 1.8 Gy 

x-irradiation. These results were unexpected as the role of ROS and the mitochondria in 

RIBE events have been heavily reported (146, 202-204). One limitation of the 

experimental model employed in these studies is that it only considers secretion of soluble 

mediators into the extracellular space as a mechanism of RIBE induction and no 

consideration is given to another important mechanism of RIBE signalling via cell-to-

cell contact or gap junctional intercellular communication (GJIC).   

This study adopted a novel approach to studying RIBE events, in that clinically relevant 

doses of radiation were used. Rectal cancer patients typically receive 1.8 Gy of x-

radiation per fraction (4). The majority of RIBE studies use very low doses of radiation, 

which typically range from 0.05 Gy to 1 Gy, much lower than would be used in 

neoadjuvant radiotherapy regimens. RIBE events, in particular bystander cell killing, 

have previously been reported to occur at this dose range and it has been hypothesised 

that this is a mechanism of removing damaged cells (263). However, since these doses of 

radiation are largely irrelevant to cancer therapy and may instead be more important in 

calculating risks from low dose environmental radiation exposure, we utilised clinically 

relevant doses of radiation. Another novel approach of this study is the use of x-radiation, 

which is the most clinically relevant as it is the type of radiation received by rectal cancer 

patients. The majority of RIBE studies use γ-radiation and α-particle radiation. 

Evidence exists to suggest that p53 status has a role to play in the response to RIBE. For 

this reason, we chose a p53 wild-type cell line, the HCT116 colon cancer cell line and a 

p53 mutant cell line, the SW837 rectal cancer cell line. Since p53 mutations are found in 

between 10% to 100% of cancers (264) we believed it was important to include a p53 

mutant cell line in our study. Mothersill et al. have shown that p53 null and mutant 
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HCT116 cells are capable of producing a bystander signal but the p53 null cells are 

incapable of responding to RIBE signals (145). It is therefore surprising that we did not 

see any bystander effect in the HCT116 cells. This may be due to the radiation dose used, 

with RIBE events typically becoming saturated at lower doses of radiation. It may also 

be due to the RIBE end-points investigated in our study, we examined the effect on the 

mitochondrial function and metabolism, while Mothersill et al. investigated clonogenic 

survival (145). We did not observe any changes in clonogenic survival however, the 

experimental protocol utilised was different, with Mothersill et al. harvesting the ICCM 

at 1 h post-irradiation. While p53 status may be a possible reason for not observing a 

bystander effect in SW837 cells, in chapter 4 we demonstrated a bystander response in 

this cell line in response to ex vivo RIBE induction. Furthermore, p53 mutations are 

diverse and it is unknown if wild-type p53 is necessary for a bystander response to be 

seen or if specific p53 mutations allow a cell to experience a bystander effect.  

Since we did not observe a RIBE response following a single fraction of a clinically 

relevant dose of radiation, we investigated the effect of repeated fractions of radiation on 

RIBE events, since this reflects the clinical scenario whereby patients receive daily 

fractions of radiation. Few groups have investigated this topic. Mothersill and Seymour 

conducted experiments in human keratinocytes in 2002 with repeated fractions of 

radiation delivered at 2 h intervals and the media harvested 1 h after the final fraction of 

radiation. They concluded that exposure to ICCM from fractionated regimens gave lower 

survival of cells, when compared to ICCM from single dose radiation exposures (265). 

More recently, Widel investigated the effect of fractionation on melanoma cells in a 

transwell co-culture system and concluded that fractionation induced higher levels of 

micronuclei (MN) formation and apoptosis in both directly hit and bystander cells (266). 

Additionally, investigation of the effect of a fractionated regimen on QU-DB lung cancer 

cells revealed higher levels of MN formation with increasing number of fractions of 2 Gy 

γ-radiation (267). 

Interestingly, and surprisingly, in the experiments involving the utilisation of cumulative 

fractions of radiation to induce RIBE, we observed alterations in mitochondrial 

metabolism, specifically increases in ECAR and a reduction on OCR:ECAR ratio in 

HCT116 cells after a single fraction of 1.8 Gy radiation. This was unexpected since we 

did not observe a difference in our initial experiments involving a single fraction of 1.8 

Gy. Cell seeding densities were lower in our protocol for repeated radiation exposures 
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since the cells were growing for 5 d instead of 3 d as in our initial experiments. This 

suggests that cell seeding density may indeed have significant implications for bystander 

signal production. It has been previously demonstrated that higher cell densities produce 

more robust bystander responses (268) therefore, our results differ from the literature. 

Further study of the effect of various seeding densities on bystander events may offer 

more insight into this observation. This may be of clinical relevance with shrinking 

tumour volumes as treatment progresses since the density of tumour cells within the 

irradiated volume would be reducing. 

Having observed an increase in glycolysis in HCT116 cells following exposure to a single 

fraction of radiation in the fractionation experiments, we examined the effect of RIBE 

induction following repeated fractions of 1.8 Gy on cellular proliferation and expression 

of DNA repair genes to determine if this increase in glycolysis was associated with 

enhanced DNA repair and a more radioresistant phenotype as has been reported in the 

literature (261). Previous work in our group has shown that alterations in the expression 

of PARP1, SMUG1, MMS19 and MLH1 is associated with treatment response in OAC 

patient tumours, with patients exhibiting sensitivity to neo-CRT having reduced levels of 

the aforementioned DNA repair genes (262). We did not however observe any differences 

in expression of these DNA repair genes following RIBE induction in HCT116 cells. 

We did not observe any alterations in mitochondrial metabolism following RIBE 

induction utilising repeated fractions of 1.8 Gy radiation in SW837 cells. We observed 

an increase in ROS levels following exposure to ICCM from SW837 cells that received 

2 x 1.8 Gy of radiation. This suggests that repeated fractions of radiation may induce 

oxidative stress in bystander cells however, this appears to be transient as this effect was 

not observed following 3 x 1.8 Gy fractions. It may be possible that the cells have adapted 

and upregulated their antioxidant systems to scavenge the increased ROS levels. 

Furthermore, ROS are short lived molecules and therefore may be degraded after a further 

24 h. These results corroborate the literature that ROS are important players in RIBE 

events (146, 202-204). However, given the absence of any other observed changes in end-

points investigated, it is unclear what significance this result has in terms of treatment 

response. 

A BrdU assay was used to assess cell proliferation as a surrogate marker of 

radiosensitivity. It was not possible to evaluate the effect of repeated fractions of radiation 
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on bystander cellular radiosensitivity by clonogenic assay since the cells had been in 

culture for 5 d and the nutritional content of the media was insufficient to support the 

growth of single cell colonies. We observed an increase in cellular proliferation in 

bystander HCT116 cells following RIBE induction using 3 x 1.8 Gy fractions of x-

radiation in irradiated HCT116 cells. We believe this result should be interpreted with 

caution given the absence of any mitochondrial, metabolic or DNA repair gene 

alterations. One potential reason for this observation is that the irradiated HCT116 cells 

did not reach the same level of confluence as the mock-irradiated HCT116 cells following 

3 x 1.8 Gy fractions of radiation owing to the intrinsic radiosensitivity of these cells. It 

was evident that the media was not as depleted of nutrients as the 3 x 0 Gy fraction wells. 

Therefore, it may be possible that better nutrient availability in the media may have 

contributed to this observed effect. While statistical significance was not observed in the 

mock-irradiated HCT116 cells treated with ICCM from 3 x 1.8 Gy irradiated HCT116 

cells, a similar trend was observed (p=0.08). There was no effect on cellular proliferation 

in SW837 cells following exposure to ICCM from the fractionated regimen. However, 

we observed a small but significant increase in cellular proliferation in SW837 cells in 

our initial experiments using a single fraction of radiation. Once again, cell seeding 

densities differed between the experiments, suggesting that cell density may influence 

bystander responses. The purpose of this BrdU experiment in SW837 cells was to 

determine if the cell obliteration by the ICCM for clonogenic experiments was a true 

effect or as a result of the media being too exhausted to support colony formation. 

While this study used a novel and clinically relevant approach to investigate in vitro RIBE 

events in rectal cancer, there are limitations. One such limitation was the lack of 

availability of a radiosensitive rectal cancer cell line and thus a model of colon cancer, 

the HCT116 cell line, was used as the model of inherent radiosensitivity in this study. 

Previous unpublished work in our group has characterised the radiosensitivities of a panel 

of rectal cancer cells lines, SW837, HRA-19 and SW1463 cell lines. All cell lines are 

inherently radioresistant (Croí Buckley, Rebecca O’Brien, unpublished data). Another 

limitation of the study is the use of in vitro models as they fail to recapitulate the tumour 

microenvironment (TME) of cancer tissue. In vitro models consist of a single cell type 

growing in a monolayer and fail to mimic the 3-D structure observed in tumours. Also, 

tumours consist of various cell types such as immune cells, stromal cells, secreted factors 

and various biological processes such as angiogenesis and hypoxic areas that are not seen 
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in in vitro models. For this reason, we next investigated the effect of RIBE induction in 

an ex vivo model of rectal cancer in chapter 4. 

  



105 
 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 Effect of in vitro RIBE induction on bystander 

cellular metabolism, mitochondrial function and 

radiosensitivity in an oesophageal adenocarcinoma isogenic 

model of radioresistance 
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3.1 Introduction 

In chapter 2, we investigated the effect of in vitro radiation-induced bystander effect 

(RIBE) responses in inherently radiosensitive and radioresistant models of colorectal 

cancer (CRC). In this chapter, we examined the same RIBE biological end-points in an 

in vitro model of acquired radioresistance in oesophageal adenocarcinoma (OAC). As 

mentioned in the introduction, OAC is an aggressive disease with a 5-year survival rate 

of approximately 20% (50). Furthermore, 40% of patients are diagnosed at late stage and 

have a 5-year survival rate of less than 3% (51). One of the main reasons proposed for 

the poor survival in OAC is the inherent difficulty in boosting response to treatment in 

this cancer type. The standard of care for locally-advanced OAC is neoadjuvant 

chemotherapy or chemoradiation followed by surgery (68). However, the complete 

pathological response (pCR) rate remains low, at less than 30% (72). Achievement of 

pCR is associated with enhanced patient outcomes, including increased overall and 

disease-free survival (269). The mechanisms of radioresistance in OAC have not been 

fully elucidated but several mechanisms have been proposed. Lynam-Lennon et al. have 

shown that alterations in DNA repair efficiency may be involved in radioresistance in 

OAC cells (270), Buckley et al. have shown that levels of Leukaemia Inhibitory Factor 

are significantly higher in radioresistant OAC cells and in the serum of patients with 

radioresistant OAC tumours (271). Alterations in cellular metabolism and mitochondrial 

function have also been implicated in radioresistance mechanisms in OAC (80, 111).   

As previously discussed, the mitochondria are integral to RIBE while reactive oxygen 

species (ROS) and oxidative stress have well-documented roles in RIBE. Given the 

problem of radioresistance in OAC tumours, understanding the effect of RIBE induction 

on the mitochondria explores the possible relevance that off-target effects of radiation 

may have on treatment response. Understanding these effects may yield potential 

therapeutic targets as identifying the effects of RIBE induction on mitochondrial 

metabolism and function may reveal specific mitochondrial vulnerabilities that may be 

actionable targets. 

Targeting enhanced oxidative phosphorylation (OXPHOS) has been an approach used to 

sensitise resistant cancer cells to radiation. Pyrazinib (80), atovaquone (112), papaverine 

(113) and metformin (114) have all been used as therapeutic agents to sensitise cancer 

cells to radiation therapy. The ability to reduce oxygen consumption rate (OCR), a 
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measure of OXPHOS, is a common property of these four drugs (80, 112-114). It is well-

documented that a large proportion of tumours have hypoxic regions (272). As discussed 

in chapter 1, reoxygenation of tumours is crucial to the success of radiation therapy (89). 

Oxygen is an electrophile and fixes radiation-induced damage, increasing the toxicity of 

radiation therapy by 2.5-fold (273). Multiple approaches to increase oxygen delivery or 

oxygenation of tumours have been trialled to enhance the efficacy of radiation therapy. 

However, it has been suggested that reducing the tumour demand for oxygen by 

inhibiting mitochondrial respiration may yield enhanced tumour oxygenation. 

Mathematical modelling predicts that reducing OCR will more effectively reduce 

hypoxia compared to attempts to enhance oxygen delivery to tumours (274).  

This notion of ‘metabolic radiosensitisation’ prompted us to investigate the effect of in 

vitro RIBE induction on OCR and other parameters of mitochondrial metabolism to gain 

a greater understanding of any potential implications of secreted factors from irradiated 

cells on tumour cell metabolism. Given the poor response to radiation of OAC tumours, 

we investigated the role of off-target effects of radiation on bystander cellular 

metabolism, mitochondrial function and radioresistance following a single fraction of a 

clinically relevant dose of radiation in addition to repeated fractions of a clinically 

relevant dose of radiation. To the best of our knowledge, this is the first study to 

investigate RIBE using clinically relevant doses of radiation on known parameters of 

radioresistance in a model of OAC.  
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3.2 Overall objective and specific aims of chapter 3 

The aim of this chapter was to elucidate the effect of in vitro RIBE induction on bystander 

cellular metabolism, mitochondrial function and radiosensitivity in an isogenic model of 

acquired radioresistance in OAC. 

The specific aims of chapter 3; 

1. Elucidate the effect of in vitro RIBE induction on bystander cellular mitochondrial 

metabolism in an isogenic model of radioresistance; OE33P (radiosensitive) and 

OE33R (radioresistant) cell lines. 

2. Examine the effect of in vitro RIBE induction on bystander cellular mitochondrial 

function in OE33P and OE33R cell lines. 

3. Determine the effect of in vitro RIBE induction on bystander cellular radiosensitivity 

in OE33P and OE33R cell lines. 

4. Investigate the effect of in vitro RIBE induction on bystander cellular proliferation in 

OE33P and OE33R cell lines. 

5. Investigate the effect of RIBE induction on expression of DNA repair genes in OE33P 

and OE33R cell lines. 
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3.3 Materials and methods 

 

3.3.1 Cell Culture 

 

The human OE33 oesophageal adenocarcinoma cell line was obtained from the European 

Collection of Authenticated Cell Cultures (ECACC). The isogenic model of 

radioresistance OAC; OE33P (radiosensitive) and OE33R (radioresistant) was generated 

as previously described (270). 

3.3.2 Cell sub-culture 

 

OE33P and OE33R cells, were maintained in Roswell Park Memorial Institute 1640 

(RPMI 1640) [Lonza Group Ltd., Switzerland] supplemented with 10% foetal bovine 

serum (FBS), 1% penicillin and 1% streptomycin. OE33P and OE33R cells were 

maintained in vented 75 cm2 NuncTM EasYFlasksTM at 37°C and 5% CO2/95% air. Cells 

were passaged upon reaching 70-80% confluence as estimated by a light microscope as 

described in section 2.3.2. OE33P cells were passaged at a 1:8 or 1:10 ratio and OE33R 

cells were passaged at a 1:6 or 1:8 ratio depending on experimental requirements. 

3.3.3 Irradiation  

 

Radiation was delivered using an XStrahl RS225 x-irradiator at a dose rate of 1.73 Gray 

(Gy)/min (195kV, 15mA) [XSTRAHL, Surrey, UK]. 

3.3.4 Generation of irradiated cell conditioned media (ICCM) 

  

To generate ICCM for a single fraction of 1.8 Gy radiation, OE33P and OE33R cells 

were seeded in a 12-well plate at a density of 1x105 cells/well in 2 mL complete RPMI 

1640. Cells were incubated for 24 h at 37°C and 5% CO2/95% air. Following 24 h 

incubation, cells were either mock-irradiated or irradiated with 1.8 Gy radiation and 

incubated for a further 24 h at 37°C and 5% CO2/95% air. Following 24 h incubation, the 

supernatant was harvested and stored at -80°C until required. 

To generate ICCM for repeated fractions of 1.8 Gy radiation, OE33P and OE33R cells 

were seeded in a 12-well plate at a density of 5x104 cells/well in 2 mL complete RPMI 

1640. Cells were incubated for 24 h at 37°C and 5% CO2/95% air. Following 24 h 

incubation, immediately prior to irradiation, media was removed from the wells and 

replaced with 2 mL of complete RPMI 1640. Cells were either mock-irradiated or 

irradiated with 1.8 Gy radiation and incubated for a further 24 h at 37°C and 5% CO2/95% 
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air. Following 24 h incubation, the supernatant was harvested from the single fraction 

dose of cells and stored at -80°C until required. A second fraction of 1.8 Gy radiation was 

delivered to the remaining cells and they were incubated for 24 h at 37°C and 5% 

CO2/95% air. Following 24 h incubation, the supernatant was harvested from cells 

receiving 2 x 1.8 Gy fractions of radiation and stored at -80°C until required. A third 

fraction of 1.8 Gy radiation was delivered to the remaining cells, after which they were 

incubated for 24 h. Following 24 h incubation the supernatant was harvested and stored 

at -80°C until required. 

ICCM for clonogenic experiments was generated using 75 cm2 flasks. OE33P cells were 

seeded in a 75 cm2 flask at a density of 7.5x105 cells/flask in complete RPMI 1640. 

OE33R cells were seeded in a 75 cm2 flask at a density of 1x106 cells/flask in complete 

RPMI 1640. Cells were incubated for 24 h at 37°C and 5% CO2/95% air. Following 24 h 

incubation, immediately prior to irradiation, media was discarded from flask and replaced 

with 13 mL of complete fresh media. Cells were either mock-irradiated or irradiated with 

1.8 Gy radiation and incubated for 24 h. Following 24 h incubation, media was harvested 

and stored at -80°C until further processed.   

3.3.5 Crystal violet assay 

 

OE33P and OE33R cells were fixed in 1% glutaraldehyde and crystal violet assay was 

performed as described in section 2.3.8. 

3.3.6 Seahorse analysis in OE33P and OE33R cells 

 

OE33P cells were seeded in triplicate at a density of 1.1x103 cells/well and OE33R cells 

were seeded at a density of 1.3x103 cells/well in 24-well XFe24 cell culture microplates 

[Agilent Technologies, Santa Clara, CA, USA] and seahorse analysis was conducted as 

described in section 2.3.9. All measurements were normalised to cell number using the 

crystal violet assay as described in section 3.3.5, transferring the eluted stain to a 96-well 

plate before reading. 

3.3.7 Mitochondrial membrane potential measurement 

 

OE33P and OE33R cells were seeded at 8x103 and 1x104 cells/well respectively in a 96-

well plate and mitochondrial membrane potential (mtMP) was assessed using the 

fluorescent probe Rhodamine 123 as described in section 2.3.10. All measurements were 

normalised to cell number using the crystal violet assay, as described in section 3.3.5. 
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3.3.8 Mitochondrial mass measurement 

 

OE33P and OE33R cells were seeded at 8x103 and 1x104 cells/well respectively in a 96-

well plate and mitochondrial mass was assessed as previously described in section 2.3.11. 

All measurements were normalised to cell number using the crystal violet assay, as 

described in section 3.3.5. 

3.3.9 Reactive oxygen species measurement 

 

OE33P and OE33R cells were seeded at 8x103 and 1x104 cells/well respectively in a 96-

well plate and ROS was assessed as previously described in section 2.3.12. All 

measurements were normalised to cell number using the crystal violet assay, as described 

in section 3.3.5. 

3.3.10 Clonogenic assay 

 

OE33P and OE33R cells were seeded in triplicate in a 6-well plate in complete RPMI 

1640 at the densities indicated in Table 3-1 and 3-2. Cells were incubated for 24 h at 

37°C and 5% CO2/95% air. Following 24 h incubation cells were treated with ICCM from 

either mock-irradiated or irradiated SW837 cells. Control wells were treated with fresh 

complete RPMI 1640. Cells were incubated for 24 h at 37°C and 5% CO2/95% air. 

Following 24 h incubation, cells were irradiated at the doses ranging from 0 Gy to 6 Gy. 

Following irradiation, cells were incubated for 7-10 d. Following 7-10 d incubation cells 

were fixed and stained with 25% methanol and 0.05% crystal violet for 30 min at room 

temperature. 

Colonies consisting of 50 cells or more were counted using the GelCount colony counter. 

Plating efficiency (PE) was calculated using the following formula: 

(No. of colonies formed/No. of cells seeded) x 100 

Surviving fraction was calculated using the following formula: 

(No. of colonies counted)/(No. of cells seeded x PE) 
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Table 3-1 Seeding densities for OE33P clonogenic assay 

Radiation Dose Administered Cell Number Seeded 

0 Gy 1000 

2 Gy 1500 

4 Gy 3000 

6 Gy 6000 

 

Table 3-2 Seeding densities for OE33R clonogenic assay 

Radiation Dose Administered Cell Number Seeded 

0 Gy 1500 

2 Gy 1500 

4 Gy 3000 

6 Gy 6000 

 

3.3.11 Bromodeoxyuridine (BrdU) proliferation assay  

 

OE33P and OE33R cells were seeded at 5x103 cells/well in 100 µL complete RPMI 1640 

in a 96-well plate and were incubated for 24 h at 37°C/5% CO2/95% air. Cell proliferation 

was analysed using BrdU proliferation ELISA assay [Roche, Germany] according to the 

manufacturer’s instructions and as described in section 2.3.13. All ICCM proliferation 

readings were expressed as a percentage of RPMI control with RPMI proliferation levels 

set to 100%.    

3.3.12 RNA isolation 

 

OE33P and OE33R cells were seeded at a density of 3x105 cells/well in complete RPMI 

1640 in 6-well plates and allowed to adhere overnight. Following 24 h treatment with 1.5 

mL ICCM per well, RNA was isolated from cell lines using the TRI Reagent® method 

as described in section 2.3.15.   

3.3.13 RNA quantification 

 

RNA quantification was determined spectrophotometrically using a Nanodrop 1000 

spectrophotometer (version 3.1.0, Nanodrop technologies, DE, USA) as described in 

section 2.3.16. 



113 
 

3.3.14 cDNA synthesis 

 

RNA samples were thawed on ice for 10 min. For each sample 1 µg total RNA was 

reverse transcribed to cDNA as described in section 2.3.17.   

3.3.15 Quantitative real-time PCR 

 

Quantitative real-time PCR was performed as described in section 2.3.18. 

3.3.16 Quantitative real-time PCR data analysis 

 

Data analysis was performed using the 2-ΔΔCt relative quantification method (260). The 

threshold cycle (Ct) was calculated for each well and the expression levels of target genes 

were normalised to the expression of the endogenous control (18S). Gene expression 

levels were only reported if the transcript amplified before 35 cycles. 

3.3.17 Statistical analysis 

 

Statistical analysis was performed using GraphPad Prism 5 Software [GraphPad 

Software, CA, USA]. All data is expressed as mean ± SEM. Statistical test used is 

indicated in relevant figure legend. Statistical significance was considered at p<0.05. 

The methodology employed in this chapter is summarised in Figure 3.1.
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Figure 3.1 Schematic illustration of methodology employed in chapter 3 

OE33P and OE33R cells were either mock-irradiated or irradiated with 1.8 Gy radiation and incubated for 24 h. Following 24 h incubation 

ICCM was harvested. OE33P and OE33R bystander cells were treated with ICCM for 24 h and RIBE end-points including mitochondrial 

metabolism, mitochondrial function, radiosensitivity and expression of DNA repair genes were assessed.
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3.4 Results 

Investigate the effect of in vitro RIBE induction in an isogenic model of 

radioresistance in OAC 

We investigated the effect of in vitro RIBE induction on mitochondrial energy 

metabolism, mitochondrial function and radiosensitivity in an isogenic model of 

radioresistance in OAC. This novel model of radioresistance was generated by chronic 

irradiation of OE33 cells with clinically relevant doses of x-ray radiation as described 

above in the methods. This resulted in the generation of a radioresistant cell line; OE33R 

that is significantly more radioresistant than its age and passage matched control OE33P 

cell line (270). 

3.4.1 RIBE induction in vitro did not have any significant effect on OCR, ECAR or 

OCR:ECAR ratio in OE33P cells 

 

In vitro RIBE induction did not demonstrate any effect on OCR in the radiosensitive 

OE33P cells (p=0.42). Extracellular acidification rate (ECAR) was unchanged between 

OE33P cells treated with ICCM from either mock-irradiated or irradiated OE33P cells 

(p=0.91). OCR:ECAR ratio was not significantly altered in OE33P cells treated with 

ICCM from mock-irradiated or irradiated OE33P cells (p=0.27) (Figure 3.2). 

3.4.2 RIBE induction in vitro causes significant reductions in proton leak in OE33P 

cells but has no effect on basal respiration, ATP production, maximal respiration or 

non-mitochondrial respiration 

 

Basal respiration is unchanged between OE33P cells treated with ICCM from mock-

irradiated or irradiated OE33P cells (p=0.18). Similarly, OCR-linked ATP production 

was unaffected by in vitro RIBE induction in OE33P cells (p=0.47). There was no 

significant difference in maximal respiration between OE33P cells treated with ICCM 

from mock-irradiated or irradiated OE33P cells (p=0.37). There was a significant 

reduction in proton leak in OE33P cells treated with ICCM from irradiated OE33P cells, 

when compared to those treated with ICCM from mock-irradiated OE33P cells (p=0.02). 

Non-mitochondrial respiration remained unchanged between OE33P cells treated with 

ICCM from mock-irradiated or irradiated OE33P cells (p=0.97) (Figure 3.3). 
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Figure 3.2 Effect of in vitro RIBE induction on OCR, ECAR and OCR:ECAR ratio in 

OE33P cells 

There was no significant difference in (A) OCR, (B) ECAR or (C) OCR:ECAR ratio in 

OE33P cells treated with ICCM from mock-irradiated or irradiated OE33P cells. All data 

expressed as mean ± SEM. Statistical analysis was performed using a paired t-test. n=4. 
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Figure 3.3 Effect of in vitro RIBE induction on basal respiration, ATP production, 

maximal respiration, proton leak and non-mitochondrial respiration in OE33P cells 

There was no significant difference in (A) basal respiration (B) OCR-linked ATP 

production or (C) maximal respiration between OE33P cells treated with ICCM from 

mock-irradiated or irradiated OE33P cells. (D) Proton leak was significantly lower in 

OE33P cells treated with ICCM from irradiated OE33P cells compared to ICCM from 

mock-irradiated OE33P cells. (E) There was no significant difference in non-

mitochondrial respiration between OE33P cells treated with ICCM from mock-irradiated 

or irradiated OE33P cells. All data expressed as mean ± SEM. Statistical analysis 

performed using a paired t-test. *p<0.05. n=4. 
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3.4.3 RIBE induction in vitro does not alter mitochondrial membrane potential, 

reactive oxygen species or mitochondrial mass in OE33P bystander cells 

 

Since no statistically significant alterations were observed in bystander cellular 

metabolism in OE33P cells exposed to ICCM from irradiated compared to mock-

irradiated OE33P cells, with the exception of proton leak, we investigated potential 

alterations to mitochondrial function through assessment of mtMP, ROS and 

mitochondrial mass in OE33P cells.   

mtMP was measured using the Rhodamine 123 assay. There was no significant difference 

in mtMP in OE33P cells exposed to ICCM from irradiated compared to mock-irradiated 

OE33P cells (p=0.44). ROS levels were not significantly different in OE33P cells treated 

with ICCM from irradiated compared to mock-irradiated OE33P cells (p=0.90). No 

significant difference in mitochondrial mass was observed between bystander OE33P 

cells treated with ICCM from irradiated compared to mock-irradiated OE33P cells 

(p=0.44) (Figure 3.4). 

3.4.4 RIBE induction in vitro does not alter radiosensitivity in OE33P bystander cells 

 

The effect of in vitro RIBE induction on the radiosensitivity of OE33P bystander cells 

was investigated at 2 Gy, 4 Gy and 6 Gy using the gold standard clonogenic assay. No 

significant difference was observed in surviving fraction of OE33P cells exposed to 

ICCM from either irradiated or mock-irradiated OE33P cells at any of the radiation doses 

assessed (p>0.05) (Figure 3.5). 
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Figure 3.4 Effect of in vitro RIBE induction on mitochondrial function in bystander 

OE33P cells 

No significant difference in (A) mtMP (B) ROS or (C) mitochondrial mass was observed 

in bystander OE33P cells treated with ICCM from irradiated compared to mock-

irradiated OE33P cells. All data expressed as mean ± SEM. Statistical analysis was 

performed by paired t-test. n=3. 
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Figure 3.5 Effect of in vitro RIBE induction on radiosensitivity in OE33P cells 

There was no significant difference in cellular radiosensitivity in OE33P cells following 

exposure to autologous ICCM from irradiated or mock-irradiated cells. All data 

expressed as mean ± SEM. Statistical analysis was performed using a one-way ANOVA. 

n=4. 
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3.4.5 RIBE induction in vitro did not have any significant effect on OCR, ECAR or 

OCR:ECAR ratio in OE33R cells 

 

In vitro RIBE induction did not demonstrate any effect on OCR in the radioresistant 

OE33R cells (p=0.54). ECAR was unchanged between OE33R cells treated with ICCM 

from either mock-irradiated or irradiated OE33R cells (p=0.71). OCR:ECAR ratio was 

not significantly altered in OE33R cells treated with ICCM from irradiated compared to 

mock-irradiated OE33R cells (p=0.26) (Figure 3.6). 

3.4.6 RIBE induction in vitro has no effect on basal respiration, ATP production, 

maximal respiration, proton leak or non-mitochondrial respiration in OE33R cells 

 

Basal respiration was unchanged between OE33R cells treated with ICCM from mock-

irradiated, when compared to irradiated OE33R cells (p=0.40). Similarly, OCR-linked 

ATP production was unchanged by in vitro RIBE induction in OE33R cells (p=0.51). 

There was no significant difference in maximal respiration between OE33R cells treated 

with ICCM from mock-irradiated compared to irradiated OE33R cells (p=0.88). There 

was no significant difference in proton leak in OE33R cells treated with ICCM from 

irradiated OE33R cells compared to those treated with ICCM from mock-irradiated 

OE33R cells (p=0.41). Non-mitochondrial respiration remained unchanged between 

OE33R cells treated with ICCM from mock-irradiated compared to irradiated OE33R 

cells (p=0.91) (Figure 3.7). 

3.4.7 RIBE induction in vitro causes significant increases in mitochondrial 

membrane potential and reactive oxygen species but not mitochondrial mass in 

OE33R bystander cells 

 

Similar to OE33P cells, no statistically significant alterations were detected in bystander 

cellular metabolism in OE33R cells exposed to ICCM from irradiated and mock-

irradiated OE33R cells. However, we wanted to investigate potential alterations to 

mitochondrial function through assessment of mtMP, ROS and mitochondrial mass in 

OE33R cells.   

There was a significant increase in mtMP in OE33R bystander cells treated with ICCM 

from irradiated OE33R cells, when compared to mock-irradiated OE33R cells (p=0.04). 

ROS levels were significantly higher in OE33R cells treated with ICCM from irradiated 

compared to mock-irradiated OE33R cells (p=0.01). No significant difference in 
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mitochondrial mass was observed between bystander OE33R cells treated with ICCM 

from irradiated compared to mock-irradiated OE33R cells (p=0.12) (Figure 3.8) 
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Figure 3.6 Effect of in vitro RIBE induction on OCR, ECAR and OCR:ECAR ratio in 

OE33R cells 

(A) There was no significant difference in OCR in OE33R cells treated with ICCM from 

mock-irradiated compared to irradiated OE33R cells. (B) ECAR was not significantly 

different in OE33R cells treated with ICCM from mock-irradiated versus irradiated 

OE33R cells. (C) OCR:ECAR ratio remained unchanged in OE33R cells treated with 

ICCM from mock-irradiated compared to irradiated OE33R cells. All data expressed as 

mean ± SEM. Statistical analysis was performed using a paired t-test. n=4. 
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Figure 3.7 Effect of in vitro RIBE induction on basal respiration, ATP production, 

maximal respiration, proton leak and non-mitochondrial respiration in OE33R cells 

There was no significant difference in (A) basal respiration (B) OCR-linked ATP 

production, (C) maximal respiration (D) proton leak or (E) non-mitochondrial respiration 

between OE33R cells treated with ICCM from mock-irradiated compared to irradiated 

OE33R cells. All data expressed as mean ± SEM. Statistical analysis was performed using 

a paired t-test. n=4. 
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Figure 3.8 Effect of in vitro RIBE induction on mitochondrial function in bystander 

OE33R cells 

(A) mtMP was significantly increased in bystander OE33R cells treated with ICCM from 

irradiated OE33R cells compared to mock-irradiated OE33R cells. (B) There was a 

significant increase in ROS levels in OE33R cells treated with ICCM from irradiated 

OE33R cells compared to mock-irradiated OE33R cells. (C) No significant difference in 

mitochondrial mass was observed in bystander OE33R cells treated with ICCM from 

irradiated OE33R cells compared to mock-irradiated OE33R cells. All data expressed as 

mean ± SEM. Statistical analysis by paired t-test. *p<0.05, ns = non-significant. n=3. 
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3.4.8 RIBE induction in vitro does not alter radiosensitivity in OE33R bystander 

cells 

 

The effect of in vitro RIBE induction on the radiosensitivity of OE33R bystander cells 

was investigated at 2 Gy, 4 Gy and 6 Gy using the clonogenic assay. No significant 

difference was observed in surviving fraction of OE33R cells exposed to ICCM from 

either irradiated or mock-irradiated OE33R cells at any of the radiation doses assessed 

(p>0.05) (Figure 3.9). 
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Figure 3.9 Effect of in vitro RIBE induction on radiosensitivity in OE33R cells 

There was no significant difference in cellular radiosensitivity in OE33R cells following 

exposure to autologous ICCM. All data expressed as mean ± SEM. Statistical analysis 

was performed using a one-way ANOVA. n=4. 
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Investigating the effect of RIBE induction in vitro on bystander cellular 

mitochondrial metabolism, mitochondrial function and cellular proliferation in an 

isogenic model of radioresistant OAC following repeated fractions of clinically 

relevant doses of radiation 

Having observed changes in OE33R cellular mitochondrial function following RIBE 

induction after a single fraction of a clinically relevant dose of radiation but no changes 

in mitochondrial metabolism, we investigated the effects of repeated fractions of a 

clinically relevant dose of radiation on mitochondrial metabolism and mitochondrial 

function in an isogenic model of radioresistance in OAC. The reason for choosing 

repeated fractions of 1.8 Gy radiation at 24 h intervals is to accurately reflect the clinical 

scenario whereby patients receive a daily fraction of 1.8 Gy, up to a total of 41.4 Gy, in 

the clinic. 

3.4.9 RIBE induction in vitro following repeated fractions of radiation induces 

alterations in OCR, ECAR and OCR:ECAR ratio in bystander OE33P cells 

 

OCR was significantly increased in bystander OE33P cells following treatment with 

ICCM from OE33P cells that received two fractions of 1.8 Gy radiation (p=0.04). There 

were no significant changes in OCR in OE33P cells treated with ICCM from OE33P cells 

receiving one or three fractions of 1.8 Gy radiation (p>0.05). Similarly, following 

treatment with ICCM from OE33P cells receiving two fractions of 1.8 Gy radiation, there 

was a significant increase in ECAR (p=0.003). A significant increase in ECAR was 

demonstrated in cells treated with ICCM from cells receiving three fractions of 1.8 Gy 

radiation (p=0.04). No change in ECAR was observed in bystander cells following 

treatment with ICCM from OE33P cells that received a single fraction of 1.8 Gy radiation 

(p>0.05). OCR:ECAR ratio was significantly reduced (p=0.04) in bystander OE33P cells 

treated with ICCM from OE33P cells that received two fractions of radiation (Figure 

3.10).   

3.4.10 RIBE induction following repeated fractions of radiation in vitro induces 

significant alterations in maximal respiration and non-mitochondrial respiration 

but not basal respiration, ATP production or proton leak in OE33P bystander cells 

 

Basal respiration levels and OCR-linked ATP production remained unchanged in OE33P 

cells treated with ICCM from OE33P cells receiving between one and three fractions of 

1.8 Gy radiation (p>0.05 for all fractions). Maximal respiration was significantly 

increased in OE33P bystander cells treated with ICCM from OE33P cells receiving two 

fractions of 1.8 Gy radiation (p=0.01). There was no difference in maximal respiration in 
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OE33P cells treated with ICCM from OE33P cells that received either one or three 

fractions of 1.8 Gy radiation (p>0.05). Proton leak was unaffected in bystander OE33P 

cells following exposure to ICCM from OE33P cells that received between one and three 

fractions of 1.8 Gy radiation (p>0.05). There was a significant increase in non-

mitochondrial respiration in OE33P cells treated with ICCM from OE33P cells that 

received two fractions of 1.8 Gy radiation (p=0.02). Non-mitochondrial respiration was 

not significantly different in OE33P cells exposed to ICCM from OE33P cells exposed 

to between one or three fractions of 1.8 Gy radiation (p>0.05) (Figure 3.11).   

3.4.11 RIBE induction in vitro induces alterations in mitochondrial membrane 

potential but not reactive oxygen species or mitochondrial mass in OE33P bystander 

cells 

 

mtMP was significantly higher in bystander OE33P cells exposed to ICCM from OE33P 

cells that received a single fraction of 1.8 Gy radiation (p=0.03). There was no significant 

difference in mtMP in OE33P cells exposed to ICCM from OE33P cells that received 

either two or three fractions of 1.8 Gy radiation (p>0.05 for all fractions). ROS levels 

were not significantly different in OE33P cells treated with ICCM from OE33P cells 

exposed to either one or two fractions of 1.8 Gy radiation (p>0.05 for all fractions). It 

was not possible to obtain ROS readings for 3 x 1.8 Gy fractions of radiation as the cells 

persistently detached in the assay. No significant difference in mitochondrial mass was 

observed between bystander OE33P cells treated with ICCM from OE33P cells exposed 

to between one and three fractions of 1.8 Gy radiation (p>0.05 for all fractions) (Figure 

3.12) 

3.4.12 RIBE induction in vitro does not alter bystander cellular proliferation in 

mock-irradiated or irradiated OE33P cells 

 

We were unable to perform a clonogenic assay on bystander cells following repeated 

fractions of radiation because the media was unable to support the growth of single cell 

colonies. Therefore, we utilised a BrdU assay to assess the effect of RIBE induction 

following repeated fractions of radiation on cellular proliferation in mock-irradiated and 

irradiated cells as a surrogate marker of radiosensitivity. We did not see any significant 

alterations in bystander cellular proliferation following exposure of OE33P cells to 

autologous ICCM from cells irradiated with between one and three fractions of 1.8 Gy 

radiation (p>0.05 for all fractions) (Figure 3.13). 
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3.4.13 RIBE induction in vitro does not cause alterations in the expression of DNA 

repair genes in OE33P cells 

 

There were no significant differences in the expression of the DNA repair genes PARP1, 

SMUG1, MMS19 or MLH1 in OE33P cells treated with ICCM from OE33P cells that 

received between one and three fractions of radiation (p>0.05 for all fractions) (Figure 

3.14). 
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Figure 3.10 Effect of RIBE induction following repeated fractions of 1.8 Gy radiation 

on OCR, ECAR and OCR:ECAR ratio in bystander OE33P cells  

(A) There was a significant increase in OCR in bystander OE33P cells treated with ICCM 

from OE33P cells exposed to 2 x 1.8 Gy radiation. There was no significant difference in 

OCR following treatment with ICCM from OE33P cells exposed to one or three fractions 

of 1.8 Gy. (B) ECAR was significantly increased in OE33P bystander cells following 

treatment with ICCM from OE33P cells that received two and three fractions of 1.8 Gy 

radiation. (C) OCR:ECAR ratio was significantly reduced in OE33P cells treated with 

ICCM from cells that received two fractions of radiation. All data expressed as mean ± 

SEM. Statistical analysis was performed using a paired t-test. *p<0.05, **p<0.01. n=4. 
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Figure 3.11 Effect of RIBE induction following repeated fractions of 1.8 Gy radiation 

on basal respiration, ATP production, maximal respiration, proton leak and non-

mitochondrial respiration in bystander OE33P cells 

There was no significant difference in (A) basal respiration or (B) OCR-linked ATP 

production between OE33P cells treated with ICCM from OE33P cells that received 

between one and three fractions of 1.8 Gy radiation. (C) There was a significant increase 

in maximal respiration in OE33P bystander cells treated with ICCM from OE33P cells 

that received 2 x 1.8 Gy fractions of radiation. There was no difference in maximal 

respiration in OE33P cells treated with ICCM from OE33P cells that received between 

one and three fractions of 1.8 Gy radiation. (D) Proton leak did not differ significantly 

between OE33P cells that received between one and three fractions of 1.8 Gy radiation 

(E) There was a significant increase in non-mitochondrial respiration in OE33P bystander 

cells treated with ICCM from OE33P cells that received 2 x 1.8 Gy fractions of radiation. 

There was no difference in non-mitochondrial respiration in OE33P cells treated with 

ICCM from OE33P cells following between one and three fractions of 1.8 Gy radiation. 

All data expressed as mean ± SEM. Statistical analysis was performed using a paired t-

test. *p<0.05. n=4. 
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Figure 3.12 Effect of in vitro RIBE induction following repeated fractions of radiation 

on mitochondrial function in bystander OE33P cells 

(A) mtMP was significantly increased in OE33P cells treated with ICCM from OE33P 

cells that received a single fraction of 1.8 Gy radiation. There were no significant 

differences in mtMP in bystander OE33P cells treated with ICCM from OE33P cells 

exposed to two and three fractions of 1.8 Gy radiation. (B) There was no significant 

difference in ROS in bystander OE33P cells treated with ICCM from OE33P cells 

exposed to either one or two fractions of 1.8 Gy radiation. (C) There was no significant 

difference in mitochondrial mass in bystander OE33P cells treated with ICCM from 

OE33P cells exposed to between one and three fractions of 1.8 Gy radiation. All data 

expressed as mean ± SEM. Statistical analysis by paired t-test. *p<0.05. n=4 for mtMP 

and mitochondrial mass, n=3 for ROS.  
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Figure 3.13 Effect of in vitro RIBE induction following repeated fractions of radiation 

on cellular proliferation in bystander mock-irradiated and irradiated OE33P cells 

There was no significant difference in cellular proliferation in (A) mock-irradiated or (B) 

irradiated bystander OE33P cells treated with ICCM from OE33P cells. All data 

expressed as mean ± SEM. Statistical analysis by paired t-test. n=3. 
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Figure 3.14 Effect of in vitro RIBE induction following repeated fractions of radiation 

on expression of DNA repair genes in bystander OE33P cells  

There was no significant difference in the expression of (A) PARP1, (B) SMUG1, (C) 

MMS19 or (D) MLH1 in OE33P cells treated with ICCM from OE33P cells that received 

between one and three fractions of 1.8 Gy radiation. All data expressed as mean ± SEM. 

Statistical analysis by paired t-test. n=3. 
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3.4.14 RIBE induction in vitro following repeated fractions of radiation induces 

alterations in OCR and ECAR but not OCR:ECAR ratio in bystander OE33R cells 

 

OCR was significantly decreased in bystander OE33R cells following treatment with 

ICCM from OE33R cells that received three fractions of 1.8 Gy radiation (p=0.01). There 

were no significant changes in OCR in OE33R cells treated with ICCM from OE33R 

cells receiving one or two fractions of 1.8 Gy radiation (p>0.05). Following treatment 

with ICCM from OE33R cells receiving two fractions of 1.8 Gy radiation, there was a 

significant increase in ECAR (p=0.006). No change in ECAR was observed in bystander 

OE33R cells following treatment with ICCM from OE33R cells that received a single 

fraction or three fractions of 1.8 Gy radiation (p>0.05). OCR:ECAR ratio was 

significantly reduced in OE33R cells treated with ICCM from OE33R cells that received 

2 x 1.8 Gy fractions of radiation (p=0.01). No alterations in OCR:ECAR ratio were 

observed in OE33R cells treated with ICCM from OE33R cells that received either one 

or three fractions of 1.8 Gy radiation (Figure 3.15).   

3.4.15 RIBE induction following repeated fractions of radiation in vitro induces 

significant alterations in proton leak but not basal respiration, ATP production, 

maximal respiration or non-mitochondrial respiration in OE33R bystander cells 

 

Basal respiration levels remained unchanged in OE33R cells treated with ICCM from 

OE33R cells receiving between one and three fractions of 1.8 Gy radiation (p>0.05 for 

all fractions).  Similarly, OCR-linked ATP production was not significantly altered in 

bystander OE33R cells treated with ICCM from OE33R cells receiving between one and 

three fractions of 1.8 Gy radiation (p>0.05 for all fractions). There were no differences 

in maximal respiration in OE33R cells treated with ICCM from OE33R cells that received 

between one and three fractions of 1.8 Gy radiation (p>0.05). Proton leak was unaffected 

in bystander OE33R cells following exposure to ICCM from OE33R cells that received 

either a single or two fractions of 1.8 Gy radiation (p>0.05). There was a significant 

reduction in proton leak in OE33R bystander cells following treatment with ICCM from 

OE33R cells that were exposed to three fractions of 1.8 Gy radiation (p=0.02). Non-

mitochondrial respiration was not significantly altered in OE33R cells exposed to ICCM 

from OE33R cells exposed to between one and three fractions of 1.8 Gy radiation 

(p>0.05) (Figure 3.16).   
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3.4.16 RIBE induction in vitro induces alterations in mitochondrial membrane 

potential but not reactive oxygen species or mitochondrial mass in OE33R 

bystander cells 

 

mtMP was significantly reduced in bystander OE33R cells exposed to ICCM from 

OE33R cells that received two fractions of 1.8 Gy radiation (p=0.03). There was no 

significant difference in mtMP in OE33R cells exposed to ICCM from OE33R cells 

treated with either one or three fractions of 1.8 Gy radiation (p>0.05 for all fractions). 

ROS levels are not significantly different in OE33R cells treated with ICCM from OE33R 

cells exposed to either one or two fractions of 1.8 Gy radiation (p>0.05 for all fractions). 

It was not possible to obtain ROS readings for 3 x 1.8 Gy fractions of radiation as the 

cells persistently detached in the assay. No significant differences in mitochondrial mass 

were observed between bystander OE33R cells treated with ICCM from OE33R cells 

exposed to between one and three fractions of 1.8 Gy radiation (p>0.05 for all fractions) 

(Figure 3.17). 

3.4.17 RIBE induction in vitro following a single fraction of radiation induces 

significant reductions in cellular proliferation in both mock-irradiated and 

irradiated OE33R cells  

 

Using cellular proliferation as a surrogate of radiosensitivity, we observed a significant 

reduction in bystander cellular proliferation in OE33R cells exposed to ICCM from 

OE33R cells that received a single fraction of 1.8 Gy radiation. This observation occurred 

in both mock-irradiated and irradiated OE33R cells (p<0.05). There were no differences 

in cellular proliferation in bystander OE33R cells treated with ICCM from OE33R cells 

that received either two or three fractions of 1.8 Gy radiation (Figure 3.18). 

3.4.18 RIBE induction in vitro following three fractions of radiation causes 

alterations in the expression of PARP1 and MLH1 in OE33R cells 

 

RIBE induction following 3 x 1.8 Gy fractions of radiation caused significant elevations 

in the expression of PARP1 and MLH1 in OE33R cells (p<0.05). Expression levels of 

MMS19 showed a trend towards increased levels following RIBE induction with 3 x 1.8 

Gy fractions but this did not reach statistical significance (p=0.051). SMUG1 levels were 

not altered by RIBE induction. PARP1, MMS19 and MLH1 levels were not altered by 

RIBE induction after a single or two fractions of 1.8 Gy radiation (p>0.05 for all 

fractions) (Figure 3.19). 
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Figure 3.15 Effect of RIBE induction following repeated fractions of 1.8 Gy radiation 

on OCR, ECAR and OCR:ECAR ratio in bystander OE33R cells  

(A) There was a significant decrease in OCR in bystander OE33R cells treated with 

ICCM from OE33R cells exposed to 3 x 1.8 Gy fractions of radiation. There were no 

significant differences in OCR following treatment with ICCM from OE33R cells 

exposed to one or two fractions of 1.8 Gy. (B) ECAR was significantly increased in 

OE33R bystander cells following treatment with ICCM from OE33R cells that received 

two fractions of 1.8 Gy radiation. (C) OCR:ECAR ratio did not differ significantly in 

bystander OE33R cells treated with ICCM from OE33R cells exposed to between one 

and three fractions of 1.8 Gy radiation. All data expressed as mean ± SEM. Statistical 

analysis was performed using a paired t-test. *p<0.05. n=3 
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Figure 3.16 Effect of RIBE induction following repeated fractions of 1.8 Gy radiation 

on basal respiration, ATP production, maximal respiration, proton leak and non-

mitochondrial in bystander OE33R cells 

There was no significant difference in (A) basal respiration, (B) OCR-linked ATP 

production or (C) maximal respiration in OE33R cells treated with ICCM from OE33R 

cells following between one and three fractions of 1.8 Gy radiation. (D) Proton leak did 

not differ significantly between OE33R cells treated with ICCM from OE33R cells 

following between one and two fractions of 1.8 Gy radiation. There was a significant 

reduction in proton leak in bystander OE33R cells following treatment with OE33R cells 

that received three fractions of 1.8 Gy radiation. (E) There was no difference in non-

mitochondrial respiration in OE33R cells treated with ICCM from OE33R cells following 

between one and three fractions of 1.8 Gy radiation. All data expressed as mean ± SEM. 

Statistical analysis by paired t-test. *p<0.05. n=3. 
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Figure 3.17 Effect of in vitro RIBE induction following repeated fractions of radiation 

on mitochondrial function in bystander OE33R cells 

(A) mtMP was significantly decreased in OE33R cells treated with ICCM from OE33R 

cells that received two fractions of 1.8 Gy radiation. There were no significant differences 

in mtMP in bystander OE33R cells treated with ICCM from OE33R cells exposed to 

either one or three fractions of 1.8 Gy radiation. (B) There were no significant differences 

in ROS in bystander OE33R cells treated with ICCM from OE33R cells exposed to either 

one or two fractions of 1.8 Gy radiation. (C) There were no significant differences in 

mitochondrial mass in bystander OE33R cells treated with ICCM from OE33R cells 

exposed to between one and three fractions of 1.8 Gy radiation. All data expressed as 

mean ± SEM. Statistical analysis by paired t-test. *p<0.05. n=4 for mtMP and 

mitochondrial mass, n=3 for ROS. 
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Figure 3.18 Effect of in vitro RIBE induction following repeated fractions of radiation 

on cellular proliferation in bystander mock-irradiated and irradiated OE33R cells 

There was a significant reduction in cellular proliferation in (A) mock-irradiated and (B) 

irradiated bystander OE33R cells treated with ICCM from OE33R cells following a 

single fraction of 1.8 Gy radiation. All data expressed as mean ± SEM. Statistical analysis 

by paired t-test. *p<0.05. n=3. 
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Figure 3.19 Effect of in vitro RIBE induction following repeated fractions of radiation 

on expression of DNA repair genes in bystander OE33R cells  

(A) PARP1 was significantly elevated in OE33R cells treated with ICCM from OE33R 

cells that received 3 x 1.8 Gy fractions of radiation. (B) There were no significant 

differences in the expression of SMUG1 in OE33R cells following RIBE induction with 

between one and three fractions of radiation. (C) Expression of MMS19 was not 

significantly altered in OE33R cells treated with ICCM from OE33R cells that received 

one or two fractions of 1.8 Gy radiation. MMS19 levels in OE33R cells treated with 

ICCM from OE33R cells that received three fractions of 1.8 Gy radiation showed a trend 

towards higher levels, however this did not reach statistical significance. (D) MLH1 

expression levels were significantly elevated in OE33R cells following exposure to 

ICCM from OE33R cells that received 3 x 1.8 Gy fractions of radiation. All data 

expressed as mean ± SEM. Statistical analysis by paired t-test. *p<0.05. n=3. 
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3.5 Summary of findings from chapter 3 

• RIBE induction in vitro following a single fraction of 1.8 Gy x-irradiation did not 

alter mitochondrial metabolism or radiosensitivity in the radiosensitive OE33P cells. 

mtMP was elevated in OE33P cells treated with ICCM from OE33P cells that 

received a single fraction of 1.8 Gy radiation in the repeated fractionation 

experimental set up. 

• RIBE induction in vitro following a single fraction of 1.8 Gy x-irradiation did not 

alter mitochondrial metabolism or radiosensitivity in the radioresistant OE33R cell 

line. It did induce alterations in mitochondrial function, specifically increases in 

mtMP and ROS levels. 

• In vitro RIBE induction following repeated fractions of 1.8 Gy x-irradiation caused 

increases in OCR, ECAR, maximal respiration and non-mitochondrial respiration in 

OE33P cells. It did not affect cellular proliferation or the expression of the DNA 

repair genes PARP1, SMUG1, MMS19 or MLH1.  

• In OE33R cells, in vitro RIBE induction following repeated fractions of 1.8 Gy x-

irradiation caused alterations in OCR, ECAR, mtMP, cellular proliferation and 

expression of the DNA repair genes PARP1 and MLH1. 
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3.6 Discussion 

Similar to the results obtained in chapter 2 investigating the effects of RIBE induction 

following a single fraction of 1.8 Gy radiation on bystander cellular metabolism, we did 

not see any significant differences in bystander cellular metabolism in the radiosensitive 

OE33P cell line, with the exception of proton leak. In the radioresistant OE33R cell line, 

there were no significant alterations in bystander cellular metabolism following in vitro 

RIBE induction using a single fraction of 1.8 Gy radiation. We see a differential response 

in mitochondrial function between OE33P and OE33R cells following RIBE induction 

after a single fraction of a clinically relevant dose of ionising radiation. OE33R cells 

demonstrate a significant increase in mtMP and ROS in response to RIBE induction while 

mtMP and ROS remain unchanged in OE33P cells. ROS are well recognised players in 

RIBE events; therefore, it is surprising that there was no increase in OE33P cells 

following RIBE induction. However, similar results were obtained in chapter 2, whereby 

no increase in ROS was observed following in vitro RIBE induction in CRC. It is unusual 

that mtMP increased with a concomitant increase in ROS. Increases in ROS may cause 

depolarisation of mtMP and trigger mitophagy, a process whereby defective 

mitochondria are degraded to maintain a healthy population of mitochondria (275).  

Interestingly, while no significant alterations in bystander energy metabolism were 

observed following RIBE induction after a single fraction of 1.8 Gy, repeated fractions 

of 1.8 Gy induced significant alterations in bystander metabolism in both OE33P and 

OE33R cells. RIBE induction following two fractions of 1.8 Gy radiation induced 

significant increases in OXPHOS and glycolysis in OE33P cells. The enhancement of 

glycolysis persisted following RIBE induction after three fractions of 1.8 Gy radiation. 

In line with increases in OXPHOS levels, an increase in maximal respiration was 

observed following RIBE induction after two fractions of 1.8 Gy radiation. The response 

of OE33R cells to RIBE induction following repeated fractions of radiation was different 

to that of OE33P cells. OE33R cells demonstrated a reduction in OXPHOS when exposed 

to ICCM from OE33R cells that received 3 x 1.8 Gy fractions of radiation. Similar to the 

OE33P cells, there was also an enhancement of glycolysis in the OE33R cells treated 

with ICCM from OE33R cells that received 2 x 1.8 Gy fractions of radiation. However, 

this appears to be transient and did not persist following three fractions of radiation.  



145 
 

Enhanced OXPHOS has been repeatedly shown to be associated with a radioresistant 

phenotype.  Lynam-Lennon et al. have reported higher levels of OXPHOS in an isogenic 

model of OAC radioresistance (111). In head and neck squamous cell carcinoma, the 

isogenic model of radioresistance exhibited higher levels of OXPHOS compared to the 

radiosensitive parental cell line (276). While extensive evidence links enhanced 

OXPHOS to radioresistance, likely through potentiation of hypoxia, this is unlikely to be 

the case in 2-D cell culture models which are well oxygenated. It has also been reported 

that enhanced OXPHOS leads to enhanced production of ROS which in turn triggers a 

homeostatic upregulation of antioxidant systems to remove excess ROS (277). This can 

inhibit ROS-induced DNA damage and promote radioresistance (278). Glycolysis 

upregulation has also been linked to radioresistance.  In the radiosensitive OE33P cells, 

glycolysis was upregulated following RIBE induction after two and three fractions of 1.8 

Gy radiation. Similarly, in the OE33R cells, glycolysis was upregulated following RIBE 

induction after two fractions of 1.8 Gy radiation.  Bhatt et al. have shown that a transient 

increase in glycolysis confers a radioresistant phenotype owing to increased DNA repair 

in glioma, oral carcinoma and human embryonic kidney cell lines (261). Moreover, lactic 

acid accumulation is a result of upregulated glycolysis and accumulation of lactic acid in 

a mouse model of HNSCC has been shown to be associated with radioresistance (279). 

Metabolic plasticity is also a likely mechanism conferring radioresistance. The role of 

metabolic reprogramming and its function in facilitating proliferation of cancer cells was 

discussed in section 1.5, however, emerging evidence highlights a role for same in 

radioresistance (280). The ability of cancer cells to adapt to the nutrient availability 

within the TME by shifting its metabolic programming, confers a survival advantage 

(281).  

mtMP was elevated in OE33R cells following RIBE induction after a single fraction of 

1.8 Gy radiation. mtMP was reduced in OE33R cells following RIBE induction after two 

fractions of radiation. It has been shown that radioresistance may be conferred by 

elevated mtMP or a failure to decrease mtMP. Li et al. reported a radioresistant phenotype 

in head and neck cancer cells overexpressing Growth/Differentiation factor 15 (GDF15). 

They found that the mechanism of radioresistance induced by GDF15 was as a result of 

elevated mtMP and reduced ROS production in these cells (282). Similarly, Shonai et al. 

demonstrated that a failure to depolarise mtMP in Jurkat cells inhibited radiation-induced 

cell death. MEK/ERK-mediated signals were found to be responsible for the maintenance 
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of mtMP (283). Moreover, Dong et al. were able to radiosensitise an acquired model of 

radioresistance in oesophageal SCC through HDAC inhibition which resulted in the loss 

of mtMP (284).  

In order to further probe the potential importance of the observed alterations in 

mitochondrial metabolism and mitochondrial function we investigated the effect of RIBE 

induction in vitro on expression of DNA repair genes. Specifically, we investigated levels 

of PARP1, SMUG1, MMS19 and MLH1 as these have been previously shown to be 

associated with patient treatment response in OAC (262). Interestingly, we observed 

increases in the expression of PARP1 and MLH1 in our radioresistant model of disease, 

the OE33R cells, following RIBE induction using 3 x 1.8 Gy fractions of radiation. 

Expression levels of MMS19 showed a trend towards elevated levels also, though this did 

not reach statistical significance. This may indicate that RIBE induction following 

repeated fractions of radiation may confer benefits on bystander cells. As we were unable 

to conduct a clonogenic assay on bystander cells following repeated fractions of radiation 

for the reasons outlined in chapter 2, we utilised a BrdU cell proliferation assay as a 

surrogate of radiosensitivity. While no alterations in cellular proliferation were observed 

in the radiosensitive OE33P cells following RIBE induction using repeated fractions of 

radiation, we did observe a significant reduction in cellular proliferation in OE33R cells 

following RIBE induction using a single fraction of 1.8 Gy. This suggests that RIBE 

induction may have an inhibitory effect on cellular proliferation in a model of acquired 

radioresistance. This phenomenon was observed in both mock-irradiated and irradiated 

OE33R cells. This reduction in cellular proliferation coincided with a near significant 

reduction in expression levels of SMUG1 so it may be possible that RIBE induction 

following a single fraction of radiation may reduce DNA repair and inhibit cellular 

proliferation. It is also possible that cell-cycle may be affected. Parlanti et al. have 

previously demonstrated that a multiprotein complex consisting of components involved 

in DNA base-excision repair, cell cycle regulation and DNA replication (285). A 

concurrent reduction in OXPHOS was observed with enhanced DNA repair and enhanced 

cellular proliferation in this study. It has previously been shown that inhibition of PARP1 

in human keratinocytes caused an enhancement of UVB-induced OXPHOS (286). In the 

same study, PARP1 inhibition reduced cell proliferation (286). 

The clonogenic assay is the gold standard for assessing radiosensitivity in vitro. 

Surprisingly, we did not see any differences in radiosensitivity in either the radiosensitive 
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OE33P cells or the radioresistant OE33R cells following RIBE induction after a single 

fraction of 1.8 Gy radiation. The phenomenon of the radiation-induced rescue effect 

(RIRE), as discussed in chapter 1 has also been documented in the literature. This 

involves the derivation of benefits by the irradiated cells or organism from signals 

released from bystander cells (174, 175). Fibroblasts exposed to autologous ICCM 

exhibited enhanced radioresistance owing to upregulation of DNA repair (173). Evidence 

for RIRE has been discussed extensively in chapter 1 but briefly, co-culture experiments 

of irradiated cells and unirradiated bystander cells induced reductions in DNA damage in 

the irradiated cells (174-177). RIBE induction following a single fraction of a clinically 

relevant dose of radiation did not appear to induce any alterations in bystander cell 

survival. The majority of evidence discussing RIRE has utilised co-culture experiments, 

therefore it is unlikely that secreted factors may play a role in this response. The likely 

factors involved in RIRE have been outlined in chapter 1 and include NF-кB (177) and 

cAMP (176) in in vitro models and anti-apoptotic miRNA in in vivo models (178). 

RIBE-induced cell death is a well-documented occurrence in in vitro models. McMahon 

et al. developed a Monte Carlo model of cellular radiation response. This model predicted 

that the bystander response contributes significantly to cell killing even in cell 

populations that have been uniformly irradiated. At lower doses of radiation, bystander 

killing contributes to 80% of radiation-induced cell kill and this falls to between 25% and 

50% at higher doses of 4 Gy in a normal fibroblast cell line and a prostate cancer cell 

line, respectively (287).   

One potential reason for the failure to observe any alterations in clonogenic survival may 

be the mutated p53 status of OE33 cells. Hanu et al. have previously shown that OE33 

cells are capable of producing a bystander signal but are incapable of responding to that 

signal (288).  p53 status has been shown to play a role in certain bystander events. The 

HCT116 colon cancer cell line is p53 wild-type and we did not observe a bystander effect 

in terms of clonogenic survival following RIBE induction after a single fraction of 1.8 

Gy radiation in chapter 2. However, it is well known that over 50% of human tumours 

have a mutated p53 status. Furthermore, a recent systematic review and meta-analysis 

identified that 57% of OAC tumours harboured p53 mutations and this was associated 

with poorer patient outcomes (289). Therefore, the OE33P and OE33R cells are a 

clinically relevant model to investigate RIBE events as they have a mutated p53 status, 

thus representing a large proportion of OAC tumours.  Cheng et al. have shown that p53 
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wild-type lung cancer cells are more radiosensitive than their counterparts with mutated 

p53 (290). Since OAC is an inherently radioresistant malignancy with more than half of 

all tumours being p53 mutated, we felt this model was representative.  Furthermore, this 

model has previously been shown to be representative of patient tumours with alterations 

in mitochondrial metabolism and cytokine levels in vitro also demonstrated in patient 

tumours (111, 271).   

In summary, RIBE resulting from repeated fractions of radiation induced alterations in 

mitochondrial metabolism, mitochondrial function, cellular proliferation and expression 

of DNA repair genes in the radioresistant model of OAC. The results were however 

mixed in terms of the effects seen after exposure to between one and three fractions. Thus, 

it remains unclear the exact effects that RIBE has on the end-points we investigated, with 

radiosensitivity being our main end-point of interest since this has the greatest impact on 

patient care. Investigation of the effects of RIBE induction in this model on γH2AX 

kinetics may offer a greater insight into the temporal effects of RIBE on radiosensitivity. 

H2AX is a key protein involved in DNA repair. In the presence of DNA damage it is 

phosphorylated on the 139th serine residue and in this phosphorylated form it is termed 

γH2AX (reviewed in (291)). Therefore, studying the kinetics of γH2AX may offer a 

greater understanding into the level of DNA damage induced by RIBE and the level of 

DNA repair occurring. While enhanced expression of DNA repair genes and upregulation 

of glycolysis suggest a negative impact of RIBE on cancer cell growth and survival, we 

also observed reductions in mtMP and cellular proliferation. Therefore, investigation of 

RIBE events in ex vivo explant model systems with potential to further examine the 

phenomenon in animal models may further elucidate the clinical importance of RIBE in 

OAC patients.  
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Chapter 4 Radiation-induced Bystander Effect (RIBE) alters 

mitochondrial metabolism using a human rectal cancer ex 

vivo explant model 
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4.1 Introduction 

In chapter 2, we did not observe any significant alterations in bystander cellular 

metabolism, mitochondrial function or radiosensitivity using in vitro models of colorectal 

cancer (CRC) following a single fraction of 1.8 Gy x-ray radiation. While in vitro 2-D 

models undoubtedly present a useful model for studying molecular events in cancer cells, 

their limitations must also be considered. Such models comprise of a single cell type i.e. 

the cancer cells, and do not represent the complexity or architecture of the tumour 

microenvironment (TME). Tumours can be considered pseudo-organs, in that they 

consist of various cell types and extracellular matrix constituents that interact and signal 

with each other (292). It is known that the various cell types, secreted factors and 

structural components of the TME influence cancer development, progression and 

treatment response (292). Therefore, for this study, we utilised a novel ex vivo explant 

model system of both normal non-malignant rectal tissue and rectal cancer tissue to 

recapitulate the 3-D structure and microenvironment of both tissue types and assess 

radiation bystander effects.  

RIBE induction has been linked experimentally to numerous hallmarks of cancer (164) 

and the mitochondria have been centrally implicated in RIBE (204, 206). Gorman et al. 

have previously reported more pronounced effects in the mitochondria of bystander cells 

in response to RIBE induction from an ex vivo model of CRC compared to normal 

adjacent tissue in CRC patients (207). The authors in this study reported increased 

random mitochondrial mutations and decreased mtMP in bystander CRC cells in response 

to ex vivo RIBE induction, however, it is unknown whether this directly affects 

mitochondrial metabolism. As alluded to previously, mitochondrial metabolism is a key 

player in treatment response in gastrointestinal malignancies, in particular the response 

to radiation therapy (80, 111). Therapeutic targeting of OXPHOS by pharmacological 

inhibition has been shown to enhance radiosensitivity (80, 112, 113). Therefore, gaining 

an understanding of the metabolic consequences of exposure to the irradiated TME in 

rectal cancer cells may pave the way for identifying targets for enhancing treatment 

response. Moreover, we investigated if RIBE induction in normal rectal tissue exerted 

differential metabolic consequences, when compared to malignant rectal tissue. In 

addition, we profiled the metabolomic landscape in both tissue types pre- and post-

radiation to identify any associations with altered metabolic responses in bystander cells. 
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The evidence linking obesity with oesophageal adenocarcinoma (OAC) and rectal cancer 

is discussed extensively in chapter 1, however, it is emerging that obesity also plays a 

role in the treatment outcome in these malignancies (40, 79, 293, 294). Overweight and 

obese OAC patients have been shown to have an enhanced response to neo-CRT (79), 

while poorer outcomes have been reported in overweight and obese rectal cancer patients 

(40, 293, 294). The exact mechanisms underpinning these observations remain largely 

elusive, however, elements such as a more technically demanding surgery in obese 

patients with rectal cancer (40) and suboptimal dosing of chemotherapeutic agents using 

ideal body weight, though it is recommended that actual body weight is used for drug 

dosing (44) have been cited as potential mechanisms. 

Adipose conditioned media (ACM) from obese OAC patients has previously been 

demonstrated to induce a metabolic shift towards glycolysis in OAC cells. Metabolomic 

profiling revealed an altered glycolysis and amino acid-related signature in the ACM 

from obese patients. These results translated to patient samples where higher expression 

of PKM2, a glycolytic marker was associated with obesity (81). This data may suggest 

that modulation of metabolic pathways in obese patients gives rise to altered tumour 

metabolic and radiation responses. Circulating metabolites in the sera of obese CRC 

patients have been shown to be different to lean CRC patients and healthy controls (295). 

Given the evidence linking altered metabolism and metabolic landscapes in tumours of 

obese patients, we also investigated if the metabolomic signature in the TME of rectal 

cancer patients was associated with obesity status.  

To the best of our knowledge, this is the first study to investigate RIBE induction in an 

ex vivo model of rectal cancer. We investigated the effect of ex vivo RIBE induction using 

rectal cancer and normal rectal tissue on bystander cellular metabolism, mitochondrial 

function and metabolomic profiling of the normal and cancer tissue microenvironments 

to determine if the bystander effects differed between normal and malignant rectal tissue. 

We hypothesised that ex vivo RIBE induction would induce metabolic alterations and 

alter mitochondrial function and these would differ between normal compared to 

malignant tissue. We also hypothesised that obesity status would be associated with 

metabolic perturbations in these bystander cells. 
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4.2 Overall objective and specific aims of chapter 4 

The overall objective of chapter 4 was to assess the effect of ex vivo RIBE induction in a 

novel explant model system of normal rectal and rectal cancer tissue on rectal cancer 

bystander cells. We investigated if the response to RIBE signals differs between normal 

rectal tissue and rectal cancer tissue. 

The specific aims of this chapter were: 

1. Examine the effect of ex vivo RIBE induction in an explant model of both normal 

rectal tissue and malignant rectal tissue on mitochondrial metabolism in bystander 

SW837 rectal cancer cells. 

2. Evaluate the effect of ex vivo RIBE induction in the aforementioned explant 

models on mitochondrial function, specifically ROS and mitochondrial 

membrane potential in bystander SW837 rectal cancer cells. 

3. Profile the metabolome of normal rectal tissue and rectal cancer tissue both pre- 

and 24 h post-radiation using 1HNMR technology. 

4. Correlate patient anthropometric measures with metabolic parameters and 

metabolite levels from the normal rectal and rectal cancer microenvironments.  
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4.3 Materials and methods 
 

4.3.1 Patient recruitment 

 

Patients undergoing diagnostic endoscopy for rectal cancer and lower gastrointestinal 

investigations were prospectively recruited to this study between January 2018 and 

November 2018. Informed written patient consent was obtained for the use of patient 

tissue and data in this study. Ethical approval was granted by the St. James’s Hospital/ 

AMNCH Research Ethics Committee. Patient data was pseudo-anonymised prior to 

sample access and all samples were coded with a unique biobank number assigned by the 

biobank manager. Biopsies were obtained from treatment-naïve patients at diagnostic 

endoscopy. A total of 12 patients with histologically confirmed rectal cancer were 

recruited to the study and 8 patients that did not have cancer (normal, non-cancer 

controls). All clinical and pathological data was obtained following written informed 

consent. Clinical data was obtained from patient records. Histological confirmation of 

tumour tissue and non-malignant tissue in patient diagnostic biopsies was performed by 

a pathologist using routine haematoxylin and eosin staining. Tumour regression score 

(TRS) was assigned by a pathologist following surgery in all patients receiving 

neoadjuvant treatment. Visceral fat area (VFA), subcutaneous fat area, intermuscular fat 

and skeletal muscle were calculated from a pre-operative diagnostic computed 

tomography (CT) scan by an experienced radiologist. Patients with a VFA greater than 

163.8 cm2 (males) and 80.1 cm2 (females) were classified as obese (296). Patient 

characteristics for both normal (non-cancer) controls and rectal cancer patients are 

outlined in Table 4-1. 

4.3.2 Generation of tumour conditioned media and normal conditioned media 

 

Tumour conditioned media (TCM) and normal conditioned media (NCM) were generated 

by gently washing the biopsy four times in PBS supplemented with 1% penicillin-

streptomycin, 1% Fungizone® (amphotericin B) and 0.1% gentamicin. The biopsy was 

then placed in 1 ml of M199 media supplemented with 10% FBS, 1% penicillin-

streptomycin, 1% Fungizone, 0.1% gentamicin and 1 μg/ml insulin. Biopsies were 

incubated for 80 min at 37°C and 5% CO2/95% air. Following 80 min incubation, 

biopsies were either mock-irradiated (0 Gy) or irradiated with 1.8 Gy x-ray radiation 

using an XStrahl RS225 x-irradiator at a dose rate of 1.73 Gy/min (195kV, 15mA) 

[XSTRAHL, Surrey, UK]. Biopsies were then incubated for 24 h at 37°C and 5% CO2. 
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Following 24 h incubation the media was harvested and stored in 2 ml cryotubes at -80°C 

until required for analysis. The matched cultured biopsies were snap-frozen in liquid 

nitrogen and stored at -80°C. SW837 rectal cancer cells were used as bystander cells for 

all experiments. For all experiments a 1:1 dilution of TCM/NCM in M199 was used for 

all assays. This dilution was chosen based on optimisation experiments using TCM/NCM 

on SW837 cells with no differences being observed between the neat use of TCM/NCM 

and a 1:1 dilution of TCM/NCM with M199. 

4.3.3 Assessment of bystander metabolic profiles using Seahorse technology 

 

SW837 cells were seeded in duplicate at a density of 30,000 cells/well in a 24-well XFe24 

cell culture microplate [Agilent Technologies, Santa Clara, CA, USA] in a volume of 100 

μl per well and allowed to adhere at 37°C and 5% CO2/95% air. Following 3 h incubation, 

an additional 150 μl per well of complete media was added to each well.  Twenty-four 

hours after initial seeding, cells were treated with NCM or TCM from the human normal 

or rectal cancer ex vivo explants for 24 h. Metabolic analysis of cellular mitochondrial 

metabolism was performed using Seahorse technology as described in section 2.3.9. All 

metabolic measurements were normalised to cell number using the crystal violet assay, 

transferring the eluted stain to a 96-well plate before reading as described in section 2.3.8. 

4.3.4 Assessment of reactive oxygen species levels in bystander cells 

 

Reactive oxygen species (ROS) was assessed using the fluorescent probe 2’-7’-

dichlorofluorescien (2’-7’-DCF).  SW837 cells were seeded at 30,000 cells/well in a 96-

well plate for 24 h. Following 24 h incubation, cells were treated with 100 μl of TCM or 

NCM for 24 h. NCM/TCM was removed following 24 h incubation and ROS was 

assessed as described in section 2.3.12. All measurements were normalised to cell number 

using the crystal violet assay as described in section 2.3.8. 

4.3.5 Assessment of mitochondrial membrane potential in bystander cells 

 

Mitochondrial membrane potential (mtMP) was assessed using the fluorescent probe 

Rhodamine 123.  SW837 cells were seeded at 30,000 cells/ well in a 96-well plate for 24 

h. Following 24 h incubation, cells were treated with 100 μl of TCM or NCM for 24 h. 

Following 24 h incubation, TCM/NCM was removed and mtMP was assessed as 

described in section 2.3.10. All measurements were normalised to cell number using the 

crystal violet assay as described in section 2.3.8. 
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4.3.6 Evaluation of changes in the metabolome of normal and rectal cancer ex vivo 

explants in response to radiation using metabolomics 

 

A total of 250 µl deuterium oxide (D2O) and 10 µl sodium trimethyl [2,2,3,3-2H4] 

propionate (TSP) (0.005 g/ml) were added to each 300 µl TCM, NCM and control 

sample. Spectra were acquired on a 600-MHz Varian nuclear magnetic resonance 

(1HNMR) spectrometer (Varian Limited, Oxford, United Kingdom) by using the Carr-

Purcell-Meiboom-Gill (CPMG) pulse sequence at 25°C. Spectra were acquired with 

16384 data points and 256 scans. Water suppression was achieved during the relaxation 

delay (3.0 s). 1HNMR spectra were referenced to TSP and were processed manually with 

Chenomx NMR Suite [Version 8.3; Chenomx Edmonton, Canada] by using a line 

broadening of 0.2 Hz, and all spectra were phase and baseline corrected. Using 0.005 

ppm bins, spectra were converted into 1360 spectral regions. The water region (4.0 to 6.0 

ppm) was excluded, and data normalised to the total area of the spectral integral. 

Identification of discriminating metabolites was also performed using Chenomx NMR 

Suite. Metabolites were profiled in the Chenomx NMR Suite.  

4.3.7 Statistical analysis 

 

GraphPad Prism 5 software was used to perform statistical analysis.  All data is expressed 

as mean ± SEM.  Data was analysed by paired and unpaired t-test, as stated in each figure 

legend.  Correlation analysis was performed using Pearson’s correlation coefficient.  

Multivariate statistical analysis was performed for the metabolomics data analyses with 

Simca- P+ software [Version 13.0.3; Umetrics, Umea°, Sweden]. Unsupervised principal 

component analysis (PCA) was applied to the metabolomics data to explore any trends 

in the data for the various comparison groups, followed by partial least square 

discriminant analysis (PLS-DA) and orthogonal partial least squares discriminant 

analysis (OPLS-DA). The goodness-of-fit parameter (R2) and the predictive ability 

parameter (Q2) was used to describe the quality of all models. Discriminating metabolites 

were determined based on analysis of an S-line plot. An independent t-test was performed 

on discriminating metabolite areas between comparison groups using IBM SPSS 

Statistics version 24.  Statistical significance was considered if p ≤ 0.05.  

Figure 4.1 illustrates the methodology utilised in this chapter.
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Figure 4.1 Schematic illustration of methodology used in chapter 4 

Normal rectal and rectal cancer biopsies were either mock-irradiated or irradiated with 1.8 Gy radiation and cultured for 24 h. The resultant 

NCM and TCM was used to treat bystander SW837 cells. The metabolic profiling and examination of the mitochondrial function of the 

bystander cells was conducted. Metabolomic analysis was performed on the NCM and TCM from mock-irradiated and irradiated biopsies.
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4.4 Results 

 

4.4.1 Patient characteristics 

 

Treatment naïve endoscopic specimens were taken from 20 patients undergoing 

endoscopic assessment at St. James’s Hospital, Dublin between January 2018 and 

November 2018. Endoscopic specimens were taken from patients with rectal cancer 

(n=12) and patients that did not have rectal cancer i.e. histologically normal (n=8). All 

clinical data on these patient samples is shown in Table 4-1.   
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Table 4-1 Patient characteristics 
 

    Percent (%) 

Age (rectal cancer patients) 

 

Age (control patients) 

Mean ± SD 

Range 

Mean ± SD 

Range 

65.16 ± 9.71 

55-89 

58.75 ± 11.42 

44-76 

  

Gender (rectal cancer patients) 

 

Gender (control patients) 

Male (n) 

Female (n) 

Male (n) 

Female (n) 

8 

4 

3 

5 

66.67 

33.33 

37.5 

62.5 

Obesity status (visceral fat 

area) 

Obese 

Non obese 

8 

4 

66.67 

33.33 

Histology Adenocarcinoma (n) 12 100 

Stage of differentiation Moderate (n) 12 100 

T stage T1 (n) 

T2 (n) 

T3 (n) 

T4 (n) 

1 

2 

8 

1 

8.33 

16.67 

66.67 

8.33 

N stage N0 (n) 

N1 (n) 

N2 (n) 

6 

5 

1 

50 

41.67 

8.33 

M stage M0 (n) 

M1 (n) 

11 

1 

91.67 

8.33 

Neoadjuvant CRT Received neo-CRT (n) 6 50 

Neoadjuvant CT Received neo-CT only (n) 1 8.33 

Neoadjuvant RT Received neo-RT only (n) 1 8.33 

Surgery a Received surgery (n) 11 91.67 

TRS b 0 (n) 

1 (n) 

2 (n) 

3 (n) 

2 

3 

1 

1 

28.57 

42.85 

14.28 

14.28 

Abbreviations; CRT; chemoradiotherapy, CT; chemotherapy, RT; radiotherapy, TRS; tumour 

regression score. a One patient did not receive surgery, b TRS available for 7 patients as 4 went 

straight to surgery and 1 did not receive surgery 
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4.4.2 RIBE induction ex vivo induces significant changes in oxidative 

phosphorylation and glycolysis in bystander rectal cancer cells 

 

Following 24 h treatment with either TCM or NCM, OCR, a measure of OXPHOS, and 

ECAR, a measure of glycolysis, were assessed. Significant reductions in OCR were 

observed in bystander cells exposed to NCM from irradiated normal rectal tissue, when 

compared to those exposed to the NCM from the mock-irradiated normal rectal tissue 

(p=0.01). Similarly, there was a significant reduction in OCR in SW837 bystander cells 

exposed to TCM from irradiated rectal cancer tissue compared to those exposed to TCM 

from mock-irradiated rectal cancer tissue (p=0.03) (Figure 4.2A). Bystander SW837 

rectal cancer cells treated for 24 h with TCM from irradiated rectal cancer biopsies, 

demonstrated a significant reduction in ECAR, when compared to SW837 cells treated 

with TCM from mock-irradiated biopsies (p=0.014) (Figure 4.2B).   

OCR:ECAR ratio was not significantly different in SW837 cells treated with NCM from 

mock-irradiated or irradiated normal rectal tissue (p=0.25), or cancer tissue (p=0.38).  No 

difference was observed in OCR:ECAR ratio between SW837 cells treated with NCM or 

TCM (p=0.21) (Figure 4.2C). 

This data has demonstrated for the first time in real-time, significant metabolic alterations 

in bystander cells following exposure to TCM and NCM from human rectal biopsies.  

Moreover, we have demonstrated a differential response in bystander cells exposed to 

TCM from malignant rectal tissue and NCM from normal rectal tissue, with alterations 

in glycolysis only observed in bystander cells exposed to TCM from malignant tissue. 

4.4.3 RIBE induction ex vivo in both normal rectal tissue and rectal cancer tissue 

causes significant reductions in basal respiration, ATP production and maximal 

respiration in bystander SW837 cells 

 

Basal respiration was significantly lower in SW837 cells exposed to NCM from irradiated 

normal rectal tissue, when compared to SW837 cells exposed to NCM from mock-

irradiated normal rectal tissue (p=0.009). Similarly, basal respiration was significantly 

lower in SW837 cells treated with TCM from irradiated rectal cancer tissue, when 

compared to mock irradiated rectal cancer tissue (p=0.029) (Figure 4.3A).   

A significant reduction in OCR-linked ATP production was observed in SW837 

bystander cells treated with NCM from irradiated biopsies, when compared to SW837 

cells exposed to NCM from mock-irradiated biopsies (p=0.039). OCR-linked ATP 
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production was significantly lower in SW837 cells treated with TCM from irradiated 

rectal cancer biopsies, when compared to mock-irradiated rectal cancer biopsies 

(p=0.043). Significantly lower levels of OCR-linked ATP production were observed in 

SW837 cells treated with TCM from mock-irradiated biopsies, when compared to those 

treated with NCM from mock-irradiated biopsies (p=0.011) (Figure 4.3B).   

Maximal respiration was significantly reduced in SW837 cells treated with NCM from 

irradiated normal rectal tissue, when compared to those treated with NCM from mock-

irradiated tissue (p=0.009). SW837 cells exposed to TCM from irradiated rectal cancer 

tissue demonstrated a significant reduction in maximal respiration, when compared to 

SW837 cells treated with TCM from mock-irradiated rectal cancer tissue (p=0.017) 

(Figure 4.3C).   

Proton leak was significantly reduced in SW837 cells treated with TCM from irradiated 

rectal cancer tissue compared to mock-irradiated rectal cancer tissue (p=0.02). The 

difference in proton leak between SW837 cells treated with NCM from mock-irradiated 

or irradiated normal rectal tissue did not reach statistical significance (p=0.076) (Figure 

4.3D). 

There was no significant difference in non-mitochondrial respiration between SW837 

cells treated with NCM from either mock-irradiated or irradiated normal rectal tissue 

(p=0.59) or cancer tissue (p=0.60) (Figure 4.3E). 

To date, most of the bystander research has utilised in vitro models, however, our work 

now recapitulates the complexity of the tumour and normal microenvironment 

encompassing the 3D architecture and multiple cell types. This is the first study to profile 

real-time metabolic changes in cells following exposure to culture media from human 

rectal cancer and normal rectal biopsies.  

4.4.4 Rectal cancer secretome induces a significant increase in reactive oxygen 

species levels compared to the normal rectal secretome in bystander SW837 cells 

 

Given the observed RIBE-induced alterations in mitochondrial metabolism and the well-

documented role of the mitochondria in RIBE, we investigated the effect of ex vivo RIBE 

induction on mitochondrial function, specifically ROS and mtMP. ROS levels were 

significantly higher in SW837 cells following TCM treatment from mock-irradiated 

rectal cancer tissue, when compared to NCM from mock-irradiated normal rectal tissue 
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(p=0.04).  The difference in ROS levels in SW837 cells treated with TCM from irradiated 

rectal cancer tissue, when compared to SW837 cells treated with NCM from irradiated 

normal rectal tissue was not significant (p=0.08) nor did ROS levels change between 

SW837 cells treated with NCM from either irradiated or mock-irradiated normal rectal 

tissue (p=0.21), or between bystander cells treated with TCM from irradiated or mock-

irradiated rectal cancer tissue (p=0.54) (Figure 4.4A). No changes in mtMP were 

detected in bystander cells exposed to all ex vivo conditions (Figure 4.4B). 

These results suggest that the rectal cancer microenvironment induces higher levels of 

oxidative stress compared to the normal rectal microenvironment, but that RIBE per se 

does not alter mitochondrial function following 24 h exposure to TCM or NCM in 

bystander cells. 

4.4.5 Metabolomic profiling of NCM and TCM from mock-irradiated and 

irradiated normal rectal and rectal cancer tissue 

 

To better understand what metabolites may be driving these observed mitochondrial and 

metabolic bystander events, metabolomic screening was performed on the TCM and 

NCM pre- and post-radiation.  A weak PLS-DA model was obtained for TCM from 

irradiated rectal cancer tissue vs NCM from irradiated normal rectal tissue (R2x=0.591, 

Q2=0.153), indicating no major changes in the global metabolomic profile (Figure 4.5A-

B). No other changes in the global metabolomic profiles were observed when comparing 

the mock-irradiated and irradiated samples. However, profiling of specific metabolites 

revealed that the amino acid leucine was significantly different between NCM from 

irradiated normal rectal tissue, when compared to TCM from irradiated rectal cancer 

tissue (p=0.041) (Figure 4.6A). Leucine levels were reduced in the TCM from irradiated 

rectal cancer tissue compared to NCM from irradiated normal rectal tissue (Table 4-2). 

There were no significant changes in levels of acetate, alanine, ethanol, isoleucine, 

lactate, methionine, N-acetyl-L-alanine, phenylalanine or valine (Figure 4.6B-J) (Table 

4-2). 

No significant differences were observed in levels of any metabolite studied between the 

mock-irradiated normal rectal tissue and the mock-irradiated rectal cancer tissue (Figure 

4.7A-J) (Table 4-3).  
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Figure 4.2 Effect of ex vivo RIBE induction in normal rectal tissue and rectal cancer 

tissue on OCR, ECAR and OCR:ECAR ratio in bystander SW837 cells  

(A) Ex vivo RIBE induction in both normal rectal and rectal cancer tissue causes 

significant reductions in OCR in bystander SW837 cells, when compared to cells exposed 

to the unirradiated tissue secretome. (B) ECAR is significantly reduced in bystander 

SW837 cells treated with TCM from irradiated rectal cancer tissue compared to mock-

irradiated rectal cancer tissue. (C) OCR:ECAR ratio is not significantly different in 

bystander SW837 cells treated with NCM or TCM from irradiated ex vivo explants 

compared to their unirradiated controls.  All data expressed as mean ± SEM. Statistical 

analysis was performed by paired t-test for 0 Gy vs 1.8 Gy when comparing the same 

tissue and unpaired t-test when comparing different tissue. *p<0.05, n=8 normal, n=12 

cancer. 

  



163 
 

Basal Respiration

N
orm

al
 0

G
y

N
orm

al
 1

.8
G
y 

C
an

ce
r 
0G

y 

C
an

ce
r 
1.

8G
y 

0

50

100

150

200

250

**
**

*

O
C

R
 (

%
 O

F
 C

O
N

T
R

O
L

)

ATP Production

N
orm

al
 0

G
y

N
orm

al
 1

.8
G
y 

C
an

ce
r 
0G

y 

C
an

ce
r 
1.

8G
y 

0

100

200

300

400

*

**

*
*

O
C

R
 (

%
 O

F
 C

O
N

T
R

O
L

)

Maximal Respiration

N
orm

al
 0

G
y

N
orm

al
 1

.8
G
y 

C
an

ce
r 
0G

y 

C
an

ce
r 
1.

8G
y 

0

50

100

150

200 *
***

O
C

R
 (

%
 O

F
 C

O
N

T
R

O
L

)

H+ Leak

N
orm

al
 0

G
y

N
orm

al
 1

.8
G
y 

C
an

ce
r 
0G

y 

C
an

ce
r 
1.

8G
y 

0

50

100

150

200

250

O
C

R
 (

%
 O

F
 C

O
N

T
R

O
L

)

*

Non-mitochondrial Respiration

N
orm

al
 0

G
y

N
orm

al
 1

.8
G
y 

C
an

ce
r 
0G

y 

C
an

ce
r 
1.

8G
y 

0

50

100

150

200

O
C

R
 (

%
 O

F
 C

O
N

T
R

O
L

)

A

D

B C

E

 

Figure 4.3 Effect of ex vivo RIBE induction on SW837 bystander basal respiration, 

ATP production, maximal respiration, proton leak and non-mitochondrial respiration 

(A) RIBE induction in ex vivo normal rectal and rectal cancer tissue induces significant 

reductions in basal respiration in bystander SW837 cells, when compared to cells exposed 

to the unirradiated tissue secretome. (B) OCR-linked ATP production is significantly 

reduced in bystander SW837 cells treated with NCM and TCM from irradiated normal 

and rectal cancer tissue, respectively. OCR-linked ATP production is significantly 

reduced in bystander cells treated with TCM from the cancer secretome compared to 

NCM from the normal rectal secretome. (C) Ex vivo RIBE induction in both normal rectal 

and rectal cancer tissue significantly reduces maximal respiration in bystander SW837 

rectal cancer cells. (D) Proton leak was significantly reduced in bystander SW837 cells 

treated with TCM from irradiated compared to mock-irradiated rectal cancer tissue. (E) 

Non-mitochondrial respiration was not significantly different in SW837 cells treated with 

NCM or TCM from irradiated normal rectal and rectal cancer biopsies compared to 

mock-irradiated biopsies. All data expressed as mean ± SEM.  Statistical analysis was 

performed using a paired t-test for 0 Gy vs 1.8 Gy when comparing the same tissue and 

unpaired t-test when comparing different tissue. **p<0.01, *p<0.05, n=8 normal, n=12 

cancer. 
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Figure 4.4 The cancer secretome increases ROS levels but not mtMP in bystander 

SW837 rectal cancer cells 

(A) ROS levels are significantly higher in bystander SW837 cells treated with TCM from 

rectal cancer tissue compared to cells treated with NCM from normal rectal tissue. (B) 

mtMP levels are not significantly different in bystander SW837 cells exposed to TCM 

from rectal cancer tissue compared to NCM from normal rectal tissue. All data expressed 

as mean ± SEM. Statistical analysis was performed using a paired t-test for 0 Gy vs 1.8 

Gy when comparing the same tissue and unpaired t-test when comparing different tissue. 

*p<0.05, n=7 normal, n=11 cancer. 
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Figure 4.5 The metabolite profile differs between irradiated normal rectal tissue and 

irradiated rectal cancer tissue 

(A) Score plot model generated on NMR spectra revealing the cellular metabolite 

differences between Cancer 1.8 Gy versus Normal 1.8 Gy by principal component 

analysis (PCA -UV) model of all samples; based on NMR spectra with model parameters 

R2X, R2Y, Q2; Separation between metabolites obtained from the groups were shown as 

Normal 1.8 Gy (blue) and Cancer 1.8 Gy (green). (B) Score plot model generated on 

NMR spectra revealing the cellular metabolite differences between Cancer showing 

separation between Cancer 1.8 Gy versus Normal 1.8 Gy with model parameters R2X, 

R2Y, Q2; Separation between metabolites obtained from the groups were shown as 

Normal 1.8 Gy (blue) and Cancer 1.8 Gy (green). (OPLS-DA). n=8 for normal, n=12 for 

cancer.  

A.     

   B. 

B.     

   B. 
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Figure 4.6 Leucine levels are reduced in the secretome of irradiated rectal cancer tissue compared to irradiated normal rectal tissue 

(A) Leucine levels are significantly reduced in the secretome of irradiated rectal cancer tissue compared to irradiated normal rectal tissue. 

There was no significant difference in (B) acetate. (C) alanine (D) ethanol (E) isoleucine (F) lactate (G) methionine (H) N-acetyl-L-alanine 

(I) phenylalanine or (J) valine levels between the irradiated rectal cancer secretome and the irradiated normal rectal secretome. All data 

expressed as mean ± SEM.  Statistical analysis was performed using an unpaired t-test.  *p<0.05, n=8 normal, n=12 cancer. 
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Table 4-2 Table of metabolites discriminating NCM from irradiated normal rectal 

tissue compared to TCM from irradiated rectal cancer tissue 

Metabolite NCM 1.8 Gy TCM 1.8 Gy p-value* 

      Mean       SD     Mean       SD 

Acetate 0.7827 0.1249 0.8306 0.2283 0.662 

Alanine 0.7030 0.0635 0.6938 0.1411 0.708 

Ethanol 1.3171 0.4497 1.8056 2.1846 0.987 

Isoleucine 1.5234 0.1155 1.4831 0.3967 0.542 

Lactate 3.7899 0.6603 4.0801 1.1393 0.676 

Leucine 2.1545 0.1728 1.9359 0.2590 0.041 

Methionine 0.3837 0.0305 0.3653 0.0556 0.328 

N-Acetyl-L-Alanine 0.6235 0.0824 0.6648 0.1322 0.522 

Phenylalanine 0.5868 0.0636 0.5700 0.0704 0.567 

Valine 0.9712 0.0876 1.0369 0.1432 0.250 

*Statistical Analysis performed on log transformed variables 
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Figure 4.7 Metabolite levels do not differ between the mock-irradiated normal rectal secretome and the mock-irradiated rectal cancer 

secretome 

There was no significant difference in (A) leucine (B) acetate (C) alanine (D) ethanol (E) isoleucine (F) lactate (G) methionine (H) N-acetyl-

L-alanine (I) phenylalanine or (J) valine levels between the irradiated rectal cancer secretome and the irradiated normal rectal secretome. 

All data expressed as mean ± SEM. Statistical analysis was performed by unpaired t-test. n=8 normal, n=12 cancer 
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Table 4-3 Table of metabolites comparing NCM from mock-irradiated normal rectal 

tissue compared to TCM from mock-irradiated rectal cancer tissue 

Metabolite NCM 0Gy TCM 0Gy p-value* 

      Mean       SD     Mean       SD 

Acetate 0.7662 0.1321 0.8143 0.1748 0.517 

Alanine 0.6899 0.0769 0.6733 0.1180 0.730 

Ethanol 1.7167 0.8482 1.9263 1.7919 0.763 

Isoleucine 1.4527 0.0848 1.6706 0.3008 0.063 

Lactate 3.6969 0.6265 4.3033 0.8963 0.115 

Leucine 2.0320 0.1496 1.8410 0.4458 0.191 

Methionine 0.3700 0.0219 0.3710 0.0568 0.954 

N-Acetyl-L-Alanine 0.5666 0.0705 0.6712 0.2136 0.201 

Phenylalanine 0.5868 0.0612 0.5828 0.0601 0.887 

Valine 0.9384 0.0854 0.9982 0.1341 0.250 

*Statistical Analysis performed on log transformed variables 
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4.4.6 Linking mitochondrial function to energy metabolism 

 

In order to determine if there was any relationship between altered energy metabolism 

and mitochondrial function in bystander cells, we correlated ROS and mtMP levels with 

metabolic readouts obtained from the Seahorse.  In the bystander cells treated with NCM 

from the mock-irradiated normal rectal secretome, there was a significant inverse 

correlation between ROS and OCR (R=-0.8105, p=0.02), basal respiration (R=-0.8194, 

p=0.02), OCR-linked ATP production (R=-0.7718, p=0.04) and maximal respiration 

(R=-0.8101, p=0.02). In the bystander SW837 cells treated with NCM from the irradiated 

normal rectal secretome, non-mitochondrial respiration correlated with ROS (R=0.8315, 

p=0.02) and there was an inverse correlation between ROS and maximal respiration (R=-

0.7648, p=0.04) and proton leak (R=-0.7554, p=0.04) (Table 4-4). 

In SW837 cells treated with the mock-irradiated rectal cancer secretome, there were 

significant inverse correlations between ROS and OCR (R=-0.8101, p=0.002), basal 

respiration (R=-0.8745, p=0.0004), proton leak (R=-0.7988, p=0.003), maximal 

respiration (R=-0.6696, p=0.02) and mtMP (R=-0.7229, p=0.01) and there was a 

significant positive correlation between ROS and OCR:ECAR ratio (R=0.8136, 

p=0.002). In bystander cells treated with the irradiated rectal cancer secretome, there was 

an inverse correlation between ROS and OCR (R=-0.7223, p=0.01) and a positive 

correlation between ROS and OCR:ECAR ratio (R=0.9064, p=0.0001) (Table 4-5). 

mtMP correlated with OCR (R=0.7038, p=0.01), basal respiration (R=0.8013, p=0.003), 

H+ leak (R=0.7147, p=0.01) and maximal respiration (R=0.6305, p=0.03) in bystander 

cells treated with TCM from mock-irradiated rectal cancer tissue.  Similarly, there was a 

positive correlation between mtMP and OCR (R=0.6343, p=0.03) and maximal 

respiration (R=0.6817, p=0.02) in bystander cells treated with TCM from irradiated rectal 

cancer tissue (Table 4-6).   

All metabolic and mitochondrial function data was analysed according to T stage and N 

stage and no significant differences were detected between any metabolic readout or 

mitochondrial function parameter in either the unirradiated or irradiated malignant tissue.
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Table 4-4 Correlation between ROS levels and metabolic parameters in normal tissue 

NORMAL 0 GY NORMAL 1.8 GY 

FACTOR  R value p-value  n FACTOR R value p-value  n 

OCR -0.8105 0.02  7 Non-mitochondrial 

respiration 

0.8315 0.02  7 

Basal respiration -0.8194 0.02  7 Maximal respiration -0.7648 0.04  7 

ATP production -0.7718 0.04  7 H+ leak -0.7554 0.04  7 

Maximal respiration -0.8101 0.02  7      

 

Table 4-5 Correlation between ROS levels and metabolic parameters in cancer tissue 

CANCER 0 GY CANCER 1.8 GY 

FACTOR  R value p-value  n FACTOR  R value p-value  n 

OCR -0.8101 0.002  11 OCR -0.7223 0.01  11 

Basal Respiration -0.8745 0.0004  11 OCR:ECAR Ratio 0.9064 0.0001  11 

H+ leak -0.7988 0.003  11      

Maximal respiration -0.6696 0.02  11      

OCR:ECAR Ratio 0.8136 0.002  11      

mtMP -0.7229 0.01  11      
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Table 4-6 Correlation between mtMP levels and metabolic parameters 

CANCER 0 GY CANCER 1.8 GY 

FACTOR  R value p-value  n FACTOR  R value p-value  n 

OCR 0.7038 0.01  11 OCR 0.6343 0.03  11 

Basal respiration 0.8013 0.003  11 Maximal respiration 0.6817 0.02  11 

H+ leak 0.7147 0.01  11      

Maximal respiration 0.6305 0.03  11      
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4.4.7 Linking bystander cell metabolism to metabolite levels in the secretome of 

normal and cancer tissue 

 

To determine if there was any relationship between metabolite levels in the secretome of 

normal rectal tissue and rectal cancer tissue both pre- and post-radiation and bystander 

cellular metabolism, we conducted correlation analysis to identify any relationship 

between these factors. We found a significant correlation between OCR in bystander cells 

and methionine levels in the secretome of mock-irradiated normal rectal tissue 

(R=0.7139, p=0.04). We also demonstrated correlations between non-mitochondrial 

respiration and alanine (R=0.7452, p=0.03) and phenylalanine (R=0.8073, p=0.01) levels 

in the secretome of mock-irradiated normal rectal tissue. There was an inverse correlation 

between proton leak and phenylalanine (R=-0.7501, p=0.03). OCR:ECAR ratio in 

bystander cells correlated with levels of isoleucine (R=0.7657, p=0.02), N-acetyl-l-

alanine (R=0.8154, p=0.01), phenylalanine (R=0.7542, p=0.03), valine (R=0.8357, 

p=0.009) and alanine (R=0.7874, p=0.02) in mock-irradiated normal rectal tissue. In 

bystander cells exposed to NCM from irradiated normal rectal tissue, OCR:ECAR ratio 

correlated inversely with both acetate (R=-0.7736, p=0.02) and lactate (-0.7161, p=0.04) 

(Table 4-7).   

In bystander cells treated with TCM from mock-irradiated rectal cancer tissue, non-

mitochondrial respiration correlated inversely with ethanol levels in the secretome of 

mock-irradiated rectal cancer tissue (R=-0.7399, p=0.005).  In bystander cells treated 

with TCM from irradiated rectal cancer tissue, OCR correlated with methionine levels in 

the secretome of this TCM (R=0.5812, p=0.04). Basal respiration in bystander cells 

treated with TCM from irradiated rectal cancer tissue correlated with methionine 

(R=0.6561, p=0.02) and N-acetyl-L-alanine (R=0.5760, p=0.05). Proton leak correlated 

with methionine (R=0.8092, p=0.008) and N-acetyl-L-alanine (R=0.7029, p=0.03) while 

maximal respiration also correlated with methionine (R=0.7315, p=0.006). Interestingly, 

OCR:ECAR ratio in bystander cells treated with TCM from irradiated rectal cancer tissue 

correlated inversely with methionine (R=-0.7017, p=0.01), N-acetyl-L-alanine (R=-

0.7165, p=0.008) and alanine (R=-0.7045, p=0.01). This is a differential response to the 

cells treated with NCM from irradiated normal rectal tissue (Table 4-8).  

This highlights the differential relationship between altered metabolites and metabolic 

parameters in bystander cells treated with NCM and TCM, which was dependant on 

whether the tissues received radiation.
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Table 4-7 Correlation between metabolic parameters in bystander cells and metabolites in the secretome of normal rectal tissue 

NORMAL 0GY NORMAL 1.8GY 

FACTOR Metabolite R value p-value n FACTOR Metabolite R value p-value n 

OCR Methionine 0.7139 0.04 8 OCR:ECAR Ratio Acetate -0.7736 0.02 8 

Non mitochondrial 

respiration 

Alanine 0.7452 0.03 8 OCR:ECAR Ratio Lactate -0.7161 0.04 8 

Non mitochondrial 

respiration 

Phenylalanine 0.8073 0.01 8      

H+ leak Phenylalanine -0.7501 0.03 8      

OCR:ECAR Ratio Isoleucine 0.7657 0.02 8      

OCR:ECAR Ratio N-acetyl L-

alanine 

0.8154 0.01 8      

OCR:ECAR Ratio Phenylalanine 0.7542 0.03 8      

OCR:ECAR Ratio Valine 0.8357 0.009 8      

OCR:ECAR Ratio Alanine 0.7874 0.02 8      
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Table 4-8 Correlation between metabolic parameters in bystander cells and metabolites in the secretome of rectal cancer tissue 

CANCER 0GY CANCER 1.8GY 

FACTOR  Metabolite R value p-value n FACTOR  Metabolite R value p-value n 

Non-mitochondrial 

respiration 

Ethanol -0.7399 0.005 12 OCR Methionine 0.5812 0.04 12 

     Basal Respiration Methionine 0.6561 0.02 12 

     Basal Respiration N-Acetyl-

L-alanine 

0.5760 0.05 12 

     H+ leak Methionine 0.8092 0.008 9 

     H+ leak  N-Acetyl-

L-alanine 

0.7029 0.03 9 

     Maximal 

Respiration 

Methionine 0.7315 0.006 12 

     OCR:ECAR Ratio Methionine -0.7017 0.01 12 

     OCR:ECAR Ratio N-Acetyl-

L-alanine 

-0.7165 0.008 12 

     OCR:ECAR Ratio Alanine -0.7045 0.01 12 
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4.4.8 Linking body composition analysis to metabolism and mitochondrial function 

in bystander cells and metabolite levels in the secretome of rectal cancer tissue 

 

It has been reported that overweight or obese rectal cancer patients have a poorer response 

to neoadjuvant treatment compared to their counterparts of a normal weight (40) (293), 

in addition to worse local control following neoadjuvant treatment and surgery (294). We 

examined the relationship between body composition and bystander cellular response to 

TCM from both irradiated and mock-irradiated rectal cancer biopsies. 

We found a significant correlation between ECAR in bystander SW837 cells treated with 

TCM from irradiated rectal cancer biopsies and VFA (R=0.6446, p=0.02) and skeletal 

muscle mass (R=0.8034, p=0.001). There was also a significant correlation between 

OCR-linked ATP production in bystander SW837 cells treated with TCM from irradiated 

rectal cancer biopsies and VFA (R=0.6204, p=0.03) (Table 4-9). Of note, these 

observations only occurred in the bystander cells treated with TCM from irradiated rectal 

cancer biopsies, perhaps suggesting that obesity status may influence the behaviour of 

bystander cells following radiation. It is well-documented that upregulation of glycolysis 

is associated with a radioresistant phenotype (279) (297) (298) (299) and induces DNA 

repair pathways (261). Therefore, it may be possible that factors secreted from the TME 

of obese individuals may alter the metabolism of tumour cells and which may facilitate a 

more radioresistant phenotype resulting in poorer patient outcomes.  

We found significant correlations between VFA and leucine (R=0.6395, p=0.02) and 

ethanol (R=0.5972, p=0.04) and intermuscular fat and ethanol (R=0.6483, p=0.02) levels 

in the TCM from mock-irradiated rectal cancer tissue (Table 4-10). This data suggest 

that obesity status may influence the local milieu of rectal cancer tissue by altering 

specific metabolite levels in the TME.
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Table 4-9 Correlation between metabolic parameters and body composition analysis in 

bystander cells treated with TCM from irradiated rectal cancer biopsies i.e. Cancer 1.8 

Gy 

Body composition 

parameter 

FACTOR R value p-value n 

VFA ECAR 0.6446 0.02 12 

VFA ATP production 0.6204 0.03 12 

Skeletal muscle ECAR 0.8034 0.001 12 

Abbreviations: VF, visceral fat area; ECAR, extracellular acidification rate (glycolysis) 

Table 4-10 Correlation between body composition parameters and metabolites in the 

secretome of unirradiated rectal cancer tissue i.e. Cancer 0 Gy 

Body composition 

parameter 

Metabolite R value p-value n 

VFA Leucine 0.6395 0.02 12 

VFA Ethanol 0.5972 0.04 12 

Intermuscular fat Ethanol 0.6483 0.02 12 

Abbreviations: VFA, visceral fat area 

 

  



178 
 

4.5 Summary of findings from chapter 4 

• Ex vivo RIBE induction in an explant model system of both normal rectal tissue 

and rectal cancer tissue induces metabolic alterations in bystander SW837 cells, 

specifically reductions in OXPHOS. 

• Ex vivo RIBE induction in an explant model system of rectal cancer induces 

alterations in glycolysis in bystander SW837 cells, a phenomenon only observed 

following RIBE induction in malignant rectal tissue. 

• The rectal cancer secretome induces higher levels of ROS in SW837 bystander 

cells, when compared to the normal rectal secretome. 

• Leucine levels are significantly higher in the secretome of irradiated normal rectal 

tissue compared to irradiated rectal cancer tissue. 

• Visceral fat area correlated with ECAR and OCR-linked ATP production in 

bystander cells treated with TCM from irradiated rectal cancer tissue. 

• Visceral fat area correlated with levels of leucine and ethanol in the mock-

irradiated rectal cancer TME. 
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4.6 Discussion 

Using a novel human ex vivo explant model of rectal cancer and normal rectal tissue, we 

have shown for the first time that RIBE induction ex vivo causes significant alterations in 

cellular energy metabolism in bystander cells. We have demonstrated that metabolite 

profiles, specifically leucine concentrations, differed in the secretome between irradiated 

rectal cancer tissue and irradiated normal rectal tissue, with leucine levels being reduced 

in the irradiated cancer secretome compared to the irradiated normal secretome. We have 

demonstrated significant differences in ROS in bystander cells exposed to the rectal 

cancer, when compared to the normal rectal secretome. We demonstrated significant 

correlations between VFA and ECAR and OCR-linked ATP production in bystander cells 

treated with TCM from irradiated rectal cancer biopsies, while ECAR also correlated 

with skeletal muscle mass in these bystander cells. 

The majority of bystander work to date has employed in vitro models and 3D tissue 

models (153), with others employing in vivo models such as fish (154, 155) and rodents 

(156). Our work in this study explores the complexity of the TME in rectal cancer and in 

the normal rectal tissue microenvironment, using human ex vivo explants. Importantly, 

these whole biopsy explants recapitulate the microenvironment of both normal and 

malignant rectal tissue. This allows us to capture the effect of radiation on all cell types 

within these microenvironments and elucidate if the response of bystander cancer cells 

to RIBE signals differs between normal and malignant tissue. Failure to observe RIBE 

events in our in vitro models used in chapter 2 underpins the importance of recapitulating 

the TME and 3-D architecture of tumours to gain a greater understanding into responses 

of malignant and normal rectal tissue to radiation. 

We have shown that ex vivo RIBE induction in both normal rectal tissue and rectal cancer 

tissue causes significant reductions in OXPHOS in bystander SW837 rectal cancer cells. 

Le et al. have previously shown reduced complex I activity in the mitochondria of 

bystander HCT116 CRC cells exposed to RIBE-induced biophoton signalling (216). In 

our study, OCR-linked ATP production and maximal respiration were also significantly 

reduced following RIBE in bystander cells, which is in line with reduced OCR in these 

cells. Interestingly, a reduction in glycolysis was only observed following RIBE 

induction in malignant tissue. A more pronounced effect on glycolysis was expected in 

bystander cells exposed to TCM since malignant tissue is known to have a greater 
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tendency to employ aerobic glycolysis compared to normal tissue (300). To date, this is 

the first study to investigate the effect of RIBE induction on real-time cellular metabolism 

using Seahorse technology in real-time.   

ROS are well-recognised participants in  RIBE events (202, 204, 245). Mitochondria are 

an important source of endogenous ROS and also, traversal of the nucleus with radiation 

was not required to exert RIBE effects (205) and antioxidants can abrogate RIBE (211). 

Given the observed changes in mitochondrial metabolism observed in our study 

combined with the well-recognised role for the mitochondria in RIBE, we examined the 

effect of ex vivo RIBE induction on bystander rectal cancer cellular mitochondrial 

function, specifically ROS production and mtMP. 

RIBE-induction ex vivo did not alter the mtMP or ROS levels in bystander SW837 rectal 

cancer cells.  Similar results were obtained by Gorman et al. in bystander SW480 cells. 

However, the authors did report significantly reduced levels of mtMP in bystander cells 

exposed to TCM and NCM from irradiated CRC tissue and irradiated normal adjacent 

tissue compared to their unirradiated controls (207). ROS are known to be short-lived 

molecules and studies have shown changes in ROS and mtMP levels as early as 4 h and 

12 h, following exposure to conditioned media but levels of both ROS and mtMP returned 

to normal at 24 h (168). It may be possible in our study that ROS and mtMP returned to 

baseline levels following 24 h treatment with TCM and NCM from irradiated tissue. 

The rectal cancer secretome caused significant elevations in ROS levels in bystander 

SW837 cells, when compared to bystander cells exposed to the normal rectal secretome. 

It is well-documented that cancer cells have significantly higher levels of ROS compared 

to normal cells, owing to oncogenic transformation, including altered cellular 

metabolism, genetic mutation and a pro-tumorigenic microenvironment (301). Elevated 

ROS promotes oncogenic DNA mutations and may activate oncogenic signalling 

pathways (117). ROS may also be capable of initiating oncogenic signalling pathways 

such as EGFR (302) and MAPK (303) signalling pathways. Therefore, it is unsurprising 

that ROS levels were higher in bystander cells exposed to the rectal cancer 

microenvironment, when compared to the normal rectal microenvironment. 

To better understand what metabolites may be driving these mitochondrial and metabolic 

bystander events, metabolomic screening was performed. PCA analysis of 1HNMR 

spectra obtained from screening the TCM and NCM from both irradiated and mock-
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irradiated rectal cancer and normal rectal tissue allowed separation of the irradiated 

normal and the irradiated cancer tissue secretome. Further analysis of the metabolite 

profile of the TCM and NCM indicated reduced levels of leucine in the secretome of the 

irradiated rectal cancer tissue compared to the irradiated normal rectal tissue. The 

literature strongly supports this observation. Arenas et al. have shown that serum leucine 

levels are significantly lower in breast cancer patients compared to control patients and 

following radiation therapy, leucine levels return to levels observed in control patients 

(304). He et al. report higher levels of leucine within the pancreas of mice bearing 

pancreatic tumours compared to the pancreas of control mice (305). Ching et al. found 

significantly lower levels of leucine in the plasma of cancer patients receiving 

chemotherapy (306). The authors postulated that these observations were owing to 

enhanced uptake of leucine by cancer cells (304-306). Since the metabolites in our study 

were not labelled, it was not possible to determine whether alterations in these 

metabolites were owing to altered secretion of metabolites by the tissue or altered uptake 

by cancer tissue. However, we believe it is likely owing to enhanced uptake of leucine 

by cancer cells, as reported in the literature. Following a full course of radiation therapy, 

Arenas et al. observed that leucine levels returned to levels observed in control patients 

after a full course of radiation therapy. It is important to note that the changes in serum 

leucine concentrations post-radiotherapy were observed following a full treatment course 

of radiation therapy (304). It may be possible that a single fraction of a clinically relevant 

dose of radiation, as used in our study may be insufficient to restore metabolite levels in 

the TME to that observed in non-cancerous tissue. Overall, limited numbers of studies 

have investigated the difference in metabolites between normal and cancer tissue as well 

as the effect of radiation on metabolite levels. A limitation of our study is the number of 

participants, with 8 controls and 12 cancer patients, it may be possible that no difference 

in leucine levels was observed between the unirradiated control samples and the 

unirradiated tumour samples as a result of low power.   

There was a significant inverse correlation between ROS and mtMP in bystander SW837 

cells treated with TCM from mock-irradiated rectal cancer tissue. This result was 

expected since increases in ROS are known to cause depolarisation of mtMP, which in 

turn triggers mitophagy (275). We found significant inverse correlations between OCR 

and ROS levels in bystander SW837 rectal cancer cells treated with both NCM and TCM. 

This result however, was unexpected since previous work in our group has shown that 
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ROS levels were higher in OAC cells with higher OCR (111). However, since ROS are 

short-lived molecules it may be possible that higher ROS levels would be observed at 

earlier time-points, between 0-6 h. 

Interestingly, we observed a significant correlation between ECAR and OCR-linked ATP 

production in bystander SW837 cells treated with TCM from irradiated rectal cancer 

biopsies and the patient’s VFA.  Of note, this observation only occurred in the bystander 

cells treated with TCM from irradiated rectal cancer biopsies, perhaps suggesting that 

obesity status may influence the behaviour of bystander cells following radiation. This is 

an interesting and clinically relevant result as it has been reported that overweight and 

obese patients have poorer responses to neoadjuvant treatment and worse outcomes in 

rectal cancer (40, 293, 294). Moreover, when we correlated levels of metabolites in the 

secretome of mock-irradiated rectal cancer tissue we found significant correlations 

between VFA and leucine and ethanol. Also, intermuscular fat correlated with ethanol 

levels. This is an interesting observation and may suggest that obesity status alters the 

TME by influencing the levels of secreted metabolites, which may be functionally 

important. Correlations were also demonstrated between metabolites in the 

microenvironment of both tumour and normal tissue pre- and post-radiation and 

bystander cellular metabolic parameters, suggesting that altered metabolite levels cause 

cellular metabolism changes and obesity status impacts the levels of metabolites.  

It is well-documented that upregulation of glycolysis is associated with a radioresistant 

phenotype (279, 297-299) and induces DNA repair pathways (261). Moreover, Lynam-

Lennon et al. have demonstrated an enhancement of glycolysis when OAC cells were 

exposed to adipose conditioned media from obese patients (81). Similarly, elevated ATP 

levels are associated with enhanced radioresistance (111), while reduction of ATP levels 

have been associated with increased radiosensitivity (80, 307). While further elucidation 

of the mechanisms linking obesity with poorer response rates in rectal cancer is needed, 

this data offers insight into the effect of bystander signals from rectal cancer biopsies and 

how obesity modulates the bystander response.   

To the best of our knowledge, this is the first study to investigate ex vivo RIBE induction 

in normal rectal tissue from healthy controls compared to rectal cancer tissue and its effect 

on bystander cellular metabolism and mitochondrial function. While the role of the 

mitochondria and ROS are well established in RIBE events in vitro, this novel study 
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extends the understanding of the role of the mitochondria to RIBE events using a human 

ex vivo model of disease. Radiation is used in both the neoadjuvant and adjuvant setting 

in rectal cancer patients but a complete pathological response (pCR) is only observed in 

a small subset of patients in the neoadjuvant setting. Further understanding of the 

biological effects of radiation on unirradiated cells near the irradiated volume and how 

this relates to treatment response may reveal potential therapeutic targets to enhance 

radiosensitivity in the neoadjuvant setting.
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Chapter 5 The protein secretome is altered in rectal cancer 

tissue compared to normal rectal tissue and alterations in the 

secretome induce enhanced innate immune responses 
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5.1 Introduction 

Virchow observed in the 19th century that tumours often develop in a background of 

chronic inflammation (308) and accumulating evidence over the last number of decades 

has led to inflammation emerging as a hallmark of cancer (59). In chapter 4 we 

demonstrated alterations in the tumour microenvironment (TME) in response to radiation 

and the effects of these alterations on bystander cellular metabolism. Specifically, we 

investigated mitochondrial alterations including reactive oxygen species (ROS) 

production and altered metabolites in the TME. ROS and the mitochondria are tightly 

linked to inflammation with some data indicating that ROS derived from the 

mitochondria may act as endogenous carcinogens that are capable of inducing pro-

oncogenic pathways in inflammation-associated cancers (303). Colorectal cancer (CRC) 

is one such cancer that has a strong link between chronic inflammation and cancer 

development. Inflammatory bowel disease (IBD) is a risk factor for the development of 

CRC with increasing risk of CRC development with longer disease duration (309). 

Furthermore, the use of anti-inflammatory drugs is associated with a reduced incidence 

of CRC, thus underscoring the importance of inflammation in the development of CRC 

(310, 311). In this chapter, we profiled the inflammatory milieu of rectal cancer and 

identified differentially secreted factors in the rectal cancer TME compared to the normal 

rectal microenvironment. We also examined the effect of direct radiation on the levels of 

these factors secreted from the TME. Finally, we examined the effect of the normal and 

malignant rectal cancer microenvironments both pre- and post-radiation on the innate 

immune system, specifically on dendritic cell (DC) maturation.  

The TME describes the milieu of cancer cells, infiltrating immune cells, secreted factors 

and the extracellular matrix. The interaction between the tumour cells and the 

surrounding microenvironment profoundly affects tumour progression and treatment 

response (312). Much work to date has investigated the CRC TME, and while the colon 

and rectum are anatomically related, treatment regimens and response rates differ 

between the cancer types (313, 314). The interplay between the TME, secreted 

inflammatory mediators and immune cell function and how it may be altered by radiation 

is poorly understood in the context of rectal cancer. Furthermore, to fully understand the 

alterations occurring in the rectal cancer microenvironment and its interaction with the 

immune system, it is important to also gain an understanding of the microenvironment in 

a non-cancerous rectal tissue (normal) model for comparison. 



186 
 

Secreted factors from the TME may both positively and negatively impact on cancer 

development. Radiation is known to induce alterations in secreted factors from skin tissue 

(315), however, the differential effects of clinically relevant doses of radiation on the 

normal rectal tissue secretome compared to the rectal cancer tissue secretome is 

unknown. To date, a comprehensive profiling of the rectal cancer protein secretome and 

the normal rectal secretome has not been conducted. For this study we utilised an ex vivo 

explant model system which maintains the 3-D architecture of tumour and normal tissue 

and faithfully recapitulates their microenvironments.  

The importance of the immune system and its role in carcinogenesis is pivotal (316) and 

evidence supports the role of the immune system in the radiation response (226). DCs are 

professional antigen presenting cells that reside in blood and tissues in an immature state. 

Their main function is to recognise pathogens, capture, process and present antigens to T 

cells to elicit an antigen-specific immune response (317). DCs are essential for anti-

tumour immunity and it has been reported that DCs in patients with cancer are incapable 

of launching a sufficient anti-tumour response (317). It is becoming increasingly evident 

that radiation may alter the immune system and inflammatory pathways (318). 

Historically, radiation was considered immunosuppressive with the radiosensitivity of 

lymphocytes being the dominant explanation for this, however in recent years radiation 

is considered immunomodulatory (319). It is thought that radiation induces innate 

receptor signalling and subsequent maturation of DCs through tumour cell death and 

release of endogenous TLR agonists (319). Furthermore, injection of immature DCs into 

an irradiated tumour site induced strong tumour-specific cytotoxic T lymphocyte activity 

in a poorly immunogenic mouse tumour model (320). 

In this study, we have profiled for the first time the protein secretome of both normal 

(non-cancer) rectal tissue and rectal cancer tissue pre- and post-radiation and examined 

how these different secretomes affect the innate immune system, specifically DC 

maturation.  
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5.2 Overall hypothesis and specific aims of chapter 5 

We hypothesise that the protein secretome will differ between the normal rectal and rectal 

cancer tissue microenvironments and radiation will alter these secretomes. We also 

hypothesise that the normal and malignant protein secretome will interact differently with 

the innate immune system, inducing differential levels of DC maturation markers. 

Specific aims: 

1. Profile the inflammatory secretome of normal rectal tissue and rectal cancer tissue 

both pre- and post-radiation. 

2. Examine the interaction between the normal and rectal cancer secretome with 

DCs both pre- and post-radiation. 

3. Correlate inflammatory secretions from DCs incubated with TCM and NCM with 

DC maturation markers. 

4. Examine the relationship between the levels of secreted proteins and DC 

maturation markers with patient clinical characteristics including T stage, N stage 

and parameters of body composition. 
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5.3 Materials and methods 

 

5.3.1 Patient recruitment 

 

Patients undergoing diagnostic endoscopy for rectal cancer and lower gastrointestinal 

investigations were prospectively recruited to this study between January 2018 and 

November 2018. Informed written patient consent was obtained for the use of patient 

tissue and data in this study. Ethical approval was granted by the St. James’s Hospital/ 

AMNCH Research Ethics Committee. Patient data was pseudo-anonymised prior to 

sample access. Biopsies were obtained from treatment-naïve patients at diagnostic 

endoscopy. A total of 12 patients with histologically confirmed rectal cancer were 

recruited to the study and 8 patients that did not have cancer (normal, non-cancer 

controls). All clinical and pathological data was obtained following written informed 

consent. Clinical data was obtained from patient records. Histological confirmation of 

tumour tissue and non-malignant tissue in patient diagnostic biopsies was performed by 

a pathologist using routine haematoxylin and eosin staining. Tumour regression score 

(TRS) was assigned by a pathologist following surgery in all patients receiving 

neoadjuvant treatment. Visceral fat area (VFA), subcutaneous fat area, intermuscular fat 

and skeletal muscle were calculated from a pre-operative diagnostic computed 

tomography (CT) scan by an experienced radiologist. Patients with a VFA greater than 

163.8 cm2 (males) and 80.1 cm2 (females) were classified as obese (296). Patient 

characteristics are outlined in Table 5-1. 

5.3.2 Generation of tumour conditioned media and normal conditioned media 

 

Tumour conditioned media (TCM) and normal conditioned media (NCM) were generated 

as described in section 4.3.2. TCM and NCM was diluted 1:1 with M199 prior to use in 

experiments below. Any dilutions below refer to the dilution of this 1:1 media. 

 

5.3.3 Mesoscale Discovery 54-plex ELISA 

 

To assess angiogenic, vascular injury, inflammatory, cytokine and chemokine secretions, 

a 54-plex ELISA kit spread across 7 plates was used [Meso Scale Diagnostics, USA]. 

The 54-multiplex kit was used to quantify the secretions of CRP, CCL11 (Eotaxin), 

CCL26 (Eotaxin-3), FGF(basic), Flt-1, GM-CSF, ICAM-1, IFN-γ, IL-10, IL-12/IL-

23p40, IL-12p70, IL-13, IL-15, IL-16, IL-17A, IL-17A/F, IL-17B, IL-17C, IL-17D, IL-
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1RA, IL-1α, IL-1β, IL-2, IL-21, IL-22, IL-23, IL-27, IL-3, IL-31, IL-4, IL-5, IL-6, IL-7, 

IL-8, IL-8 (HA), IL-9, CXCL10 (IP-10), CCL2 (MCP-1), CCL13 (MCP-4), CCL22 

(MDC), CCL3 (MIP-1α), CCL4 (MIP-1β), CCL20 (MIP-3α), PlGF, SAA, CCL17 

(TARC), Tie-2, TNF-α, TNF-β, TSLP, VCAM-1, VEGF-A, VEGF-C and VEGF-D from 

NCM and TCM. Secretion data for all factors was normalised appropriately to rectal 

tissue protein content using the BCA assay (Pierce). All assays were run as per 

manufacturer’s recommendations, with an alternative protocol overnight supernatant 

incubation being used for all assays except vascular injury and angiogenesis.   

5.3.4 Dendritic cell isolation and culture 

 

Human monocyte-derived immature DCs were generated from peripheral blood 

mononuclear cells obtained from buffy coat preparations (National Blood Centre, St. 

James’s Hospital, Dublin) by density gradient centrifugation (Lymphoprep) as described 

(321, 322). Briefly, monocytes were isolated by positive selection using anti-CD14 

magnetic microbeads as described by the manufacturer [Miltenyi Biotec, Germany] and 

seeded at a density of 1x106 cells/mL in 6-well plates in 3 mL of RPMI-1640 medium 

containing 10% defined low-endotoxin HyClone FBS [Thermo Fischer Scientific, MA, 

USA], 1% penicillin/streptomycin, 1% Fungizone, human granulocyte macrophage 

colony-stimulating factor (50 ng/mL) [Immunotools, Germany], and human IL-4 (70 

ng/mL) [Immunotools, Germany] in a humidified atmosphere with 5% CO2 at 37°C. 

Cells were fed at day 3 by replacing half the medium made up with fresh cytokines. At 

day 6, CD11c+ cells exhibited an immature DC phenotype capable of upregulating 

maturation markers following LPS activation. 

5.3.5 Stimulation of monocyte-derived dendritic cells 

 

Freshly generated DCs were plated in 96-well plates at 2x105 cells in 200 μL RPMI 1640 

media supplemented with 10% defined HyClone FBS [Thermo Fisher Scientific, MA, 

USA] and stimulated with a 1:2 dilution of TCM or NCM, or matched background media 

controls, for 4-5 h before exposure to 10 μg/mL of ultrapure TLR4 agonist Escherichia 

coli lipopolysaccharide [LPS-EB; Invivogen] overnight. Supernatants were harvested 

and frozen, and cells were assessed for expression of surface markers as described below. 
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5.3.6 Flow cytometry 

 

DCs were stained with the following antibody panel: phycoerythrin (PE)- anti-CD80 

(2D10), PerCP-Cy5.5- anti-CD86 (IT2.2), Pe-Cy7- anti-CD83 (HB15), Brilliant Violet 

421- anti-PD-L1 (29E.2A3), Brilliant Violet 510- anti-CD11c (3.9), allophycocyanin 

(APC)- anti-CD54 (HA58), and APC-Cy7- anti-HLA-DR (L243) [Biolegend, CA, USA]. 

Samples were acquired on a DAKO CyAn ADP flow cytometer [Beckman Coulter, CA, 

USA] with compensation performed with positive and negative compensation beads [BD 

Biosciences, CA, USA]. Gating on and analysis of CD11c+ cells was performed using 

FlowJo software [Tree Star Inc., OR, USA]. 

5.3.7 Protein isolation and quantification from rectal tissue 

 

Rectal tissue samples were placed on ice and 200 μL of RIPA buffer supplemented with 

one PhosSTOP phosphatase inhibitor and one Complete Mini protease inhibitor tablet 

per 10 mL was added to each sample. Samples were ruptured using a metal bead and the 

Qiagen tissue lyser at 25 Hz for 2 min. Samples were transferred to an Eppendorf tube 

and centrifuged at 13,000 x g for 20 min at 4°C. Isolated protein was quantified using 

BCA assay as per manufacturer’s instructions. 

5.3.8 Statistical analysis 

 

GraphPad Prism 9 software was used to perform statistical analysis. All data is expressed 

as mean ± SEM. Statistical test used is indicated in the relevant figure legend. Correlation 

analysis was performed using Spearman’s correlation coefficient. Statistical significance 

considered at p<0.05. 

Figure 5.1 illustrates the methodology employed in this study.
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Figure 5.1 Schematic diagram of methodology used in chapter 5. 

Normal rectal and rectal cancer biopsies were either mock-irradiated or irradiated with a clinically relevant dose of 1.8 Gy radiation and 

cultured for 24 h before harvesting. The resultant TCM and NCM were then screened for the secretion of 54 proteins using the MSD multiplex 

platform. DCs were incubated with TCM and NCM and the effect of the TCM and NCM on DC maturation markers were examined using 

flow cytometry.
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5.4 Results 

 

5.4.1 Patient characteristics 

 

Treatment naïve endoscopic specimens were taken from 20 patients undergoing 

endoscopic assessment at St. James’s Hospital, Dublin, between January 2018 and 

November 2018. Endoscopic specimens were taken from patients with rectal cancer 

(n=12) and patients that did not have rectal cancer i.e. histologically normal (n=8). Patient 

characteristics are outlined in Table 5-1. 

  



193 
 

Table 5-1 Patient characteristics 
 

    Percent (%) 

Age (rectal cancer patients) 

 

Age (control patients) 

Mean ± SD 

Range 

Mean ± SD 

Range 

65.16 ± 10.14 

53-89 

58.75 ± 11.42 

44-76 

  

Gender (rectal cancer patients) 

 

Gender (control patients) 

Male (n) 

Female (n) 

Male (n) 

Female (n) 

8 

4 

3 

5 

66.67 

33.33 

37.5 

62.5 

Obesity status (visceral fat 

area) 

Obese 

Non obese 

8 

4 

66.67 

33.33 

Histology Adenocarcinoma (n) 12 100 

Stage of differentiation Moderate (n) 12 100 

T stage T1 (n) 

T2 (n) 

T3 (n) 

T4 (n) 

1 

2 

8 

1 

8.33 

16.67 

66.67 

8.33 

N stage N0 (n) 

N1 (n) 

N2 (n) 

6 

5 

1 

50 

41.67 

8.33 

M stage M0 (n) 

M1 (n) 

11 

1 

91.67 

8.33 

Neoadjuvant CRT Received neo-CRT (n) 6 50 

Neoadjuvant CT Received neo-CT only (n) 1 8.33 

Neoadjuvant RT Received neo-RT only (n) 1 8.33 

Surgery a Received surgery (n) 11 91.67 

TRS b 0 (n) 

1 (n) 

2 (n) 

3 (n) 

2 

3 

1 

1 

28.57 

42.85 

14.28 

14.28 

Abbreviations; CRT; chemoradiotherapy, CT; chemotherapy, RT; radiotherapy, TRS; tumour regression 

score.a One patient was unsuitable for surgeryb TRS available for 7 patients, percent expressed as total with 

TRS score 
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5.4.2 Normal rectal and rectal cancer biopsies have a heterogenous inflammatory 

secretome   

 

In order to assess the differences in the inflammatory secretome between normal rectal 

tissue and rectal cancer tissue, we cultured 12 rectal cancer biopsies and 8 normal rectal 

biopsies for 24 h and used the MSD multiplex platform to quantify the expression of 54 

inflammatory proteins from the resultant TCM and NCM. The secreted proteins were 

categorised into 7 panels; vascular injury, angiogenesis, inflammatory, Th17, chemokine, 

cytokine 1 and cytokine 2. Secreted levels of vascular injury proteins CRP, ICAM-1, 

SAA and VCAM-1 in normal rectal and rectal cancer tissue are shown in Figure 5.2A 

and Figure 5.3A. The secretion of angiogenic proteins bFGF, Flt-1, P1GF, Tie-2, VEGF-

A, VEGF-C and VEGF-D are shown in Figure 5.2B (normal) and Figure 5.3B (cancer). 

Inflammatory secretions IFN-γ, IL-10, IL-12p70, IL-13, IL-1β, IL-2, IL-4, IL-6, IL-

8(HA) and TNF-α are displayed in Figure 5.2C (normal) and Figure 5.3C (cancer). The 

Th17 proteins IL-21, IL-22, IL-23, IL-27, IL-31 and CCL20 are shown in Figure 5.2D 

(normal) and Figure 5.3D (cancer). The panel of chemokine proteins CCL22, CCL3, 

CCL4, CCL17, CCL11, CCL26, CXCL10, CCL2 and CCL13 are presented in Figure 

5.2E (normal) and Figure 5.3E (cancer). Two panels of cytokine proteins; GM-CSF, IL-

12/IL-23p40, IL-15, IL-16, IL-17A, IL-1α, IL-5, IL-7, TNF-β, IL-17A/F, IL-17B, IL-

17C, IL-17D, IL-1RA, IL-3, IL-9 and TSLP are displayed in Figure 5.2F-G (normal) 

and Figure 5.3F-G (cancer). 

Figure 5.2 and Figure 5.3 highlight the heterogenous secreted profile observed in both 

normal rectal biopsies and rectal cancer biopsies. Fifty-three of the secreted factors were 

within the limit of detection for normal rectal secretome (Figure 5.2) and in the rectal 

cancer secretome (Figure 5.3). However, three secreted factors; Tie-2, VEGF-C and 

VEGF-D were only detected in one sample each in the normal (non-cancer) samples.
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Figure 5.2 Secreted levels of 53 proteins from n=8 normal rectal biopsies showing 

heterogenous secretions of proteins 

(A) Secreted levels of vascular injury proteins CRP, ICAM-1, SAA and VCAM-1. (B) 

Secreted levels of angiogenic factors bFGF, Flt-1, P1GF, Tie-2, VEGF-A, VEGF-C and 

VEGF-D. (C) Inflammatory secreted proteins IFN-γ, IL-10, IL-12p70, IL-13, IL-1β, IL-

2, IL-4, IL-6, IL-8(HA) and TNF-α. (D) Secretion of Th17 proteins IL-21, IL-22, IL-23, 

IL-27, IL-31 and CCL20. (E) Chemokine secreted proteins CCL22, CCL3, CCL4, 

CCL17, CCL11, CCL26, CXCL10, CCL2 and CCL13. (F) Secretion of cytokine panel 1 

proteins GM-CSF, IL-12/IL-23p40, IL-15, IL-16, IL-17A, IL-1α , IL-5, IL-7, and TNF-

β. (G) Secretion of cytokine 2 panel proteins IL-17A/F, IL-17B, IL-17C, IL-17D, IL-

1RA, IL-3, IL-9 and TSLP. All protein secretions are normalised to protein content of the 

biopsies. 
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Figure 5.3 Secreted levels of 53 proteins from n=12 rectal cancer biopsies showing 

heterogenous secretion of proteins 

(A) Secreted levels of vascular injury proteins CRP, ICAM-1, SAA and VCAM-1. (B) 

Secreted levels of angiogenic factors bFGF, Flt-1, P1GF, Tie-2, VEGF-A, VEGF-C and 

VEGF-D. (C) Inflammatory secreted proteins IFN-γ, IL-10, IL-12p70, IL-13, IL-1β, IL-

2, IL-4, IL-6, IL-8(HA) and TNF-α. (D) Secretion of Th17 proteins IL-21, IL-22, IL-23, 

IL-27, IL-31 and CCL20. (E) Chemokine secreted proteins CCL22, CCL3, CCL4, 

CCL17, CCL11, CCL26, CXCL10, CCL2 and CCL13. (F) Secretion of cytokine panel 1 

proteins GM-CSF, IL-12/IL-23p40, IL-15, IL-16, IL-17A, IL-1α, IL-5, IL-7, and TNF-

β. (G) Secretion of cytokine 2 panel proteins IL-17A/F, IL-17B, IL-17C, IL-17D, IL-

1RA, IL-3, IL-9 and TSLP. All protein secretions are normalised to protein content of the 

biopsies. 
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5.4.3 The protein secretome differs between non-cancerous rectal tissue and rectal 

cancer tissue 

 

We screened the normal, non-cancerous rectal secretome and the rectal cancer secretome 

for the expression of 54 secreted factors. We identified 19 factors that were secreted at 

significantly higher levels from the rectal cancer tissue, when compared with the normal 

rectal tissue. These factors are categorised according to function; angiogenic, Th17 and 

inflammatory (Figure 5.4A-F), cytokines (Figure 5.5A-G) and chemokines (Figure 

5.6A-F). Flt-1 (p=0.001), P1GF (p=0.01), CCL20 (p=0.005), IFN-γ (p=0.04), IL-10 

(p=0.0002) and IL-6 (p=0.02) (Figure 5.4A-F), GM-CSF (p<0.0001), IL-12/IL-23p40 

(p=0.01), IL-17A (p=0.0003), IL-1α (p=0.003), IL-17A/F (p=0.003), IL-1RA (p=0.03), 

TSLP (p=0.007) (Figure 5.5A-G), CCL26 (p=0.009), CXCL10 (p=0.001), CCL22 

(p=0.007), CCL3 (p=0.002), CCL4 (p=0.0007) and CCL17 (p=0.02) (Figure 5.6A-F) are 

secreted at significantly higher levels from the rectal cancer secretome compared to the 

normal rectal secretome. This indicates that the rectal cancer secretome is more 

inflammatory compared to the normal rectal secretome.  

5.4.4 Radiation alters the protein secretome of non-cancerous rectal tissue 

 

Radiation is the standard of care for LARC, with about 50% of patients receiving this 

treatment modality, therefore, we investigated the effect of a clinically relevant dose of 

1.8 Gy radiation on protein secretions from normal rectal tissue and rectal cancer tissue. 

Interestingly, we found 2 factors that were secreted at significantly higher levels from 

irradiated normal rectal tissue compared to mock-irradiated normal rectal tissue; IL-15 

(p=0.01) and CCL22 (p=0.03) (Figure 5.7A-B). There were no significant differences in 

levels of IL-15 (p=0.052) or CCL22 (p=0.73) in the secretome of rectal cancer tissue 

following a single fraction of 1.8 Gy radiation (Figure 5.7C-D). This indicates that a 

single fraction of 1.8 Gy radiation induces inflammation in normal rectal tissue. We did 

not observe any significant alterations in secreted factors in rectal cancer tissue following 

a single fraction of a clinically relevant dose of radiation. This suggests that a single 

fraction of 1.8 Gy radiation does not further alter levels of secreted inflammatory proteins 

in rectal cancer tissue. 
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Figure 5.4 The protein secretome of rectal cancer tissue is significantly different to 

normal rectal tissue with elevated angiogenic, Th17 and inflammatory factors in the 

rectal cancer secretome 

There were significantly higher levels of (A) Flt-1, (B) P1GF, (C) CCL20, (D) IFN-γ, 

(E) IL-10 and (F) IL-6 in the rectal cancer secretome compared to the normal rectal 

secretome. All data expressed as mean ± SEM. Statistical analysis was performed using 

a Mann Whitney U-test. ***p<0.001, **p<0.01, *p<0.05. n=8 for normal, n=12 for 

cancer, n=7 for normal for P1GF, n=11 for cancer for Flt-1 and P1GF.  
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Figure 5.5 The protein secretome of rectal cancer tissue is significantly different to 

normal rectal tissue with elevated levels of cytokines in the rectal cancer secretome 

There were significantly higher levels of (A) GM-CSF, (B) IL-12/IL-23p40, (C) IL-17A, 

(D) IL-1α, (E) IL-17A/F, (F) IL-1RA, (G) TSLP. All data expressed as mean ± SEM. 

Statistical analysis was performed using a Mann Whitney U-test. ****p<0.0001, 

***p<0.001, **p<0.01, *p<0.05. n=8 for normal, n=12 for cancer and n=10 cancer for 

IL-17A/F.  
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Figure 5.6 The protein secretome of rectal cancer tissue is significantly different to 

normal rectal tissue with chemokine levels being significantly higher in the rectal 

cancer secretome 

There were significantly higher levels of (A) CCL26, (B) CXCL10, (C) CCL22, (D) 

CCL3, (E) CCL4 and (F) CCL17. All data expressed as mean ± SEM. Statistical analysis 

was performed using a Mann Whitney U-test. ***p<0.001, **p<0.01, *p<0.05. n=8 for 

normal, n=12 for cancer, and n=11 for cancer for CCL17.  
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Figure 5.7 Radiation alters the secretome of normal rectal tissue 

Following a single fraction of 1.8 Gy radiation, there were significantly higher levels of 

(A) IL-15 and (B) CCL22 in the normal rectal secretome. Following a single fraction of 

1.8 Gy radiation, there were no significant differences in levels of (C) IL-15 or (D) 

CCL22 in the rectal cancer secretome. All data expressed as mean ± SEM. Statistical 

analysis was performed using a Wilcoxon signed-rank test. *p<0.05, ns=non-significant. 

n=8 for CCL22 and n=7 for IL-15 for normal, n=12 for cancer,  
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5.4.5 The rectal cancer microenvironment alters expression of maturation markers 

on CD11c+ dendritic cells 

 

To assess the interaction between the TME and the immune system, we examined the 

effect of TCM and NCM from both irradiated and mock-irradiated biopsies on DC 

maturation markers. Following LPS-induced maturation of DCs, there was a significant 

increase in levels of CD80, CD86, CD83 and PD-L1 (p<0.05), all markers of DC 

maturation and the phenotypic marker CD11c (p<0.05). Therefore, we assessed the 

effects of TCM and NCM from both mock-irradiated and irradiated tissue on these 

markers. TCM and NCM from both mock-irradiated and irradiated biopsies had a 

significant inhibitory effect on LPS-induced expression of CD80 (p<0.0001 for all 

comparisons). However, TCM from irradiated rectal cancer biopsies had the least 

inhibitory effect on CD80 levels, inducing significantly higher expression of CD80 

compared to TCM from mock-irradiated rectal cancer (p=0.03). TCM from both mock-

irradiated (p=0.007) and irradiated (p=0.001) rectal cancer tissue significantly enhanced 

LPS-induced expression of CD86. NCM did not affect expression of CD86 compared to 

the media only control with LPS (p>0.05). CD83 levels were significantly enhanced by 

NCM from both mock-irradiated (p=0.01) and irradiated (p=0.0006) biopsies and TCM 

from both mock-irradiated (p<0.0001) and irradiated (p=0.0003) biopsies compared to 

LPS-induced stimulation. Moreover, TCM from mock-irradiated rectal cancer tissue 

enhanced expression of CD83 to a greater extent than NCM from mock-irradiated normal 

rectal tissue (p=0.02). PD-L1 levels are significantly elevated on DCs treated with TCM 

from irradiated rectal cancer tissue (p=0.002) compared to LPS-induced expression. PD-

L1 expression is significantly higher on DCs treated with TCM from irradiated tissue 

compared to TCM from mock-irradiated tissue (p=0.02). Levels of the phenotypic marker 

CD11c were significantly elevated on DCs exposed to NCM from mock-irradiated 

(p=0.007) and irradiated (p=0.009) normal rectal tissue and TCM from both mock-

irradiated (p=0.002) and irradiated (p=0.002) rectal cancer tissue (Figure 5.8A-E and 

5.9A-E). This suggests that the irradiated rectal cancer microenvironment exerts the most 

potent effect on upregulating DC maturation markers compared to the other three 

microenvironments investigated. Similar results were observed in the unstimulated 

setting without LPS whereby the irradiated rectal cancer TME had the most potent 

stimulatory effect on DC maturation markers (Figure 5.10A-E and 5.11A-E). 
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Figure 5.8 Representative experiment of histogram plots for CD80, CD86, CD83, PD-

L1 and CD11c on DCs treated with TCM and NCM in the LPS-treated setting 

One representative experiment of histogram plots for (A) CD80, (B) CD86, (C) CD83, 

(D) PD-L1 and (E) CD11c. Samples were acquired on DAKO CyAn ADP flow cytometer 

with compensation performed with positive and negative compensation beads. Gating on 

and analysis of CD11c+ cells was performed using FlowJo software.  
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Figure 5.9 The effect of NCM and TCM on LPS-induced DC maturation 

(A) NCM and TCM from both mock-irradiated and irradiated biopsies significantly 

inhibit LPS-induced expression of CD80. TCM from irradiated rectal cancer tissue has a 

less inhibitory effect than TCM from mock-irradiated rectal cancer tissue. (B) TCM from 

both irradiated and mock-irradiated rectal cancer tissue caused significant enhancement 

of LPS-induced expression of CD86. (C) NCM and TCM from both irradiated and mock-

irradiated normal rectal and rectal cancer biopsies caused a significant enhancement of 

LPS-induced expression of CD83. TCM from rectal cancer biopsies caused significant 

elevation of CD83 levels compared to NCM from mock-irradiated biopsies. (D) PD-L1 

expression was significantly enhanced by TCM from irradiated rectal cancer tissue. (E) 

LPS-induced expression of CD11c was significantly elevated by NCM and TCM from 

irradiated and mock-irradiated biopsies. All data expressed as mean ± SEM. Statistical 

analysis was performed using a Wilcoxon signed-rank test when comparing the same 

tissue type i.e. Cancer 0 Gy vs Cancer 1.8 Gy and Mann Whitney U-test when comparing 

different tissue types and comparing to media control. ****p<0.0001, ***p<0.001, 

**p<0.01, *p<0.05. n=14 for cMedia, n=8 for normal and cancer.  

  

cMedia-: M199 

without LPS 

stimulation 

cMedia+: M199 

with LPS 

stimulation 
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Figure 5.10 Representative experiment of histogram plots for CD80, CD86, CD83, PD-

L1 and CD11c on DCs treated with TCM and NCM in the unstimulated (-LPS) setting 

One representative experiment of histogram plots for (A) CD80, (B) CD86, (C) CD83, 

(D) PD-L1 and (E) CD11c. Samples were acquired on DAKO CyAn ADP flow cytometer 

with compensation performed with positive and negative compensation beads. Gating on 

and analysis of CD11c+ cells was performed using FlowJo software.  
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Figure 5.11 The effect of NCM and TCM on unstimulated dendritic cells 

(A) Levels of CD80 are significantly inhibited by NCM and TCM from both mock-

irradiated and irradiated biopsies compared to LPS-induced expression of CD80. (B) 

Levels of CD86 are significantly elevated on DCs treated with TCM from irradiated rectal 

cancer biopsies compared to LPS-induced expression of CD86. TCM from irradiated 

rectal cancer biopsies induced significantly higher levels of CD86 compared to NCM 

from irradiated normal rectal biopsies. (C) TCM from irradiated rectal cancer tissue 

induced higher expression of CD83 compared to LPS-induced expression of CD83. (D) 

PD-L1 expression is significantly elevated on DCs treated with TCM from irradiated 

rectal cancer biopsies compared to LPS-induced expression of PD-L1. TCM from 

irradiated rectal cancer tissue enhanced expression of PD-L1 compared to TCM from 

mock-irradiated rectal cancer tissue or NCM from irradiated normal rectal tissue. (E) 

CD11c levels are significantly elevated on DCs treated with TCM from irradiated rectal 

cancer tissue and NCM from mock-irradiated rectal cancer tissue compared to LPS-

induced expression of CD11c. TCM from irradiated rectal cancer tissue induced 

enhanced expression of CD11c compared to NCM from irradiated normal rectal tissue. 

All data expressed as mean ± SEM. Statistical analysis was performed using a Wilcoxon 

signed-rank test when comparing the same tissue type i.e. Cancer 0 Gy vs Cancer 1.8 Gy 

and Mann Whitney U-test when comparing different tissue types and comparing to media 

control. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. n=14 for cMedia, n=8 for 

normal and cancer.  

cMedia-: M199 

without LPS 

stimulation 

cMedia+: M199 

with LPS 

stimulation 
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5.4.6 Linking dendritic cell maturation markers with secreted factors 

 

Given the observed differences in DC maturation markers between CD11c+ DCs treated 

with the normal and cancerous rectal tissue secretomes, we correlated DC maturation 

markers in both microenvironments pre- and post-radiation with secreted factors from 

their respective microenvironment. There were no significant correlations between 

secreted factors in the mock-irradiated normal rectal microenvironment and markers of 

DC maturation. There was a significant inverse correlation between IL-10 and CD80 (R=-

0.8571, p=0.01) in the irradiated normal microenvironment (Table 5-2). In the mock-

irradiated cancer microenvironment, there was a significant correlation between CD80 

and Flt-1 (R=0.7857, p=0.04), and an inverse correlation between CD80 and IL-27 (R=-

0.8214, p=0.03). CD83 correlated with levels of SAA (R=0.7857, p=0.04). Levels of 

CD80 on DCs treated with TCM from irradiated rectal cancer tissue correlated with levels 

of ICAM-1 (R=0.8214, p=0.03) and CD11c correlated with IL-1RA (R=0.7619, p=0.03) 

(Table 5-2). These results indicate a differential relationship between DC maturation 

markers and secreted factors in the normal versus the malignant rectal microenvironment 

and suggests that radiation further alters this association. 

5.4.7 Linking DC maturation markers with secretions from DCs treated with TCM 

and NCM 

 

We performed multiplex ELISA screening on the DC-TCM/NCM supernatants of the 

DCs treated with TCM and NCM from mock-irradiated and irradiated rectal tissue. We 

then correlated these factors with DC maturation markers to identify if there was a 

differential response of DCs to TCM and NCM and if radiation altered this response. 

ICAM-1 was inversely correlated with CD83 (R=-0.7857, p=0.02) and CD11c (R=-

0.7857, p=0.02) on DCs treated with NCM from irradiated normal rectal tissue (Table 5-

3). We found a significant correlation between PD-L1 on DCs treated with TCM from 

mock-irradiated rectal cancer tissue and TNF-α levels in the supernatants of DCs treated 

with TCM from mock-irradiated rectal cancer tissue (R=0.8333, p=0.01). There was an 

inverse correlation between VEGF-C and CD86 (R=-0.9276, p=0.01) and CD11c (R=-

0.8857, p=0.03) in DCs treated with TCM from irradiated rectal cancer tissue (Table 5-

3). This highlights the differential effect of factors in the microenvironment on DC 

response.  
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Table 5-2 Correlation between DC maturation and phenotypic markers and secreted 

factors in the microenvironment  

 

Tissue DC 

marker 

Secreted factor R value p value n 

Normal 1.8 Gy CD80 IL-10 -0.8571 0.01 8 

Cancer 0 Gy CD80 Flt-1 0.7857 0.04 7 

Cancer 0 Gy CD80 IL-27 -0.8214 0.03 7 

Cancer 0 Gy CD83 SAA 0.7857 0.04 7 

Cancer 1.8 Gy CD80 ICAM-1 0.8214 0.03 7 

Cancer 1.8 Gy CD11c IL-1RA 0.7619 0.03 8 

 

Table 5-3 Correlation between DC maturation and phenotypic markers and secreted 

factors from DCs treated with NCM and TCM from mock-irradiated and irradiated 

rectal tissue 

Tissue DC 

marker 

Secreted factor R value p value n 

Normal 1.8 Gy CD83 ICAM-1 -0.7857 0.02 8 

Normal 1.8 Gy CD11c ICAM-1 -0.7857 0.02 8 

Cancer 0 Gy PD-L1 TNF-α 0.8333 0.01 8 

Cancer 1.8 Gy CD86 VEGF-C -0.9276 0.01 6 

Cancer 1.8 Gy CD11c VEGF-C -0.8857 0.03 6 
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5.4.8 Linking clinical characteristics with secreted factors and DC maturation 

markers 

 

Given the heterogeneity in the levels of secreted factors in the TME and to further explore 

the relationship between factors secreted from the rectal cancer microenvironment, we 

correlated patient clinical characteristics with secreted factors both pre- and post-

radiation. In the mock-irradiated rectal cancer microenvironment, there were several 

factors that significantly correlated with body composition parameters. Skeletal muscle 

correlated inversely with Flt-1 (R=-0.6273, p=0.04) and correlated positively with IL-

12/IL-23p40 (R=0.6573, p=0.02), IL-1α (R=0.5874, p=0.04) and VEGF-A (R=0.6224, 

p=0.03). VFA correlated with CCL20 (R=0.6783, p=0.01) (Table 5-4 and Figure 5.12A-

E). In the irradiated rectal cancer secretome, there was again a significant inverse 

correlation between skeletal muscle and Flt-1 (R=-0.7182, p=0.01) and VEGF-D (R=-1, 

p=0.01). Intermuscular fat correlated with CCL20 (R=0.7133, p=0.01), VEGF-A 

(R=0.6084, p=0.03) and IL-1RA (R=0.6084, p=0.03) and VFA correlated with CCL20 

(R=0.6643, p=0.02) and IL-1RA (R=0.6503, p=0.02) (Table 5-5 and Figure 5.13A-G).  

Levels of CD11c on DCs treated with TCM from irradiated rectal cancer tissue correlated 

significantly with VFA (R=0.8095, p=0.02) and intermuscular fat (R=0.7381, p=0.04) 

(Table 5-6). This data suggests that obesity may influence the microenvironment of rectal 

cancer tissue and the response of this microenvironment to radiation therapy. We 

analysed MSD and DC maturation data according to T and N stage. VEGF-A was 

significantly reduced in patients with node positive disease in the irradiated rectal cancer 

TME. TSLP was significantly higher in the irradiated TME of patients with T1/2 stage 

tumours compared to those with T3/4 stage tumours. CD11c was significantly reduced 

on DCs treated with TCM from irradiated rectal cancer biopsies from patients with node 

positive disease (Figure 5.14A-C).  
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Table 5-4 Correlation between body composition parameters and factors secreted from 

mock-irradiated rectal cancer tissue i.e. Cancer 0 Gy 

Body composition 

parameter 

Secreted factor R value p value n 

Skeletal muscle Flt-1 -0.6273 0.04 11 

Skeletal muscle IL-12/IL-23p40 0.6573 0.02 12 

Skeletal muscle IL-1α 0.5874 0.04 12 

Skeletal muscle VEGF-A 0.6224 0.03 12 

Visceral fat area CCL20 0.6783 0.01 12 

 

Table 5-5 Correlation between body composition parameters and factors secreted from 

irradiated rectal cancer tissue i.e. Cancer 1.8 Gy 

Body composition 

parameter 

Secreted factor R value p value n 

Skeletal muscle Flt-1 -0.7182 0.01 11 

Skeletal muscle VEGF-D -1 0.01 5 

Intermuscular fat CCL20 0.7133 0.01 12 

Intermuscular fat VEGF-A 0.6084 0.03 12 

Intermuscular fat IL-1RA 0.6084 0.03 12 

Visceral fat area CCL20 0.6643 0.02 12 

Visceral fat area IL-1RA 0.6503 0.02 12 

 

Table 5-6 Correlation between DC phenotypic markers and body composition analysis 

parameters on DCs treated with TCM from irradiated rectal cancer tissue i.e. Cancer 

1.8 Gy 

Body composition 

parameter 

DC maturation 

marker 

R value p value n 

Visceral fat area CD11c 0.8095 0.02 8 

Intermuscular fat CD11c 0.7381 0.04 8 
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Figure 5.12 Correlations between secreted factors from mock-irradiated rectal cancer 

tissue (Cancer 0 Gy) and body composition parameters 

(A)  There was a significant inverse correlation between skeletal muscle and Flt-1. There 

was a significant correlation between skeletal muscle and (B) IL-12/IL-23p40, (C) IL-1α 

and (D) VEGF-A. (E) VFA was correlated with CCL20. Correlation analysis was 

performed using Spearman correlation coefficient. n=12, n=11 for Flt-1.  
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Figure 5.13 Correlations between secreted factors from irradiated rectal cancer tissue 

(Cancer 1.8 Gy) and body composition parameters 

There was a significant inverse correlation between skeletal muscle and (A) Flt-1 and (B) 

VEGF-D. (C) CCL20, (D) VEGF-A and (E) IL-1RA were significantly correlated with 

intermuscular fat. (F) CCL20 and (G) IL-1RA correlated with VFA. Correlation analysis 

was performed using Spearman correlation coefficient. n=12, n=11 for Flt-1.  
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Figure 5.14 Influence of T stage and N stage on levels of secreted factors and DC 

phenotypic markers 

(A) VEGF-A is significantly higher in the TCM from irradiated rectal cancer tissue from 

patients with N0 (n=6) disease compared to those with N1/2 (n=6) disease. (B) TSLP is 

significantly higher in the TCM from irradiated rectal cancer tissue from patients with 

T1/2 (n=3) compared to those with T3/4 disease (n=9). (C) CD11c levels are significantly 

higher on DCs treated with TCM from irradiated rectal cancer biopsies from patients that 

have node negative disease compared to those with nodal involvement. All data expressed 

as mean ± SEM. Statistical analysis was performed using a Mann Whitney U-test. 

*p<0.05  
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5.5 Summary of main findings from chapter 5 

• The protein secretome differs between normal and malignant rectal tissue with 19 

factors secreted at significantly higher levels from rectal cancer tissue, when 

compared to normal rectal tissue. 

• A single fraction of 1.8 Gy x-irradiation induces alterations in the secretome of 

normal rectal tissue, specifically increasing IL-15 and CCL22. 

• A single fraction of 1.8 Gy x-irradiation does not alter the inflammatory 

secretome of rectal cancer tissue. 

• The irradiated rectal cancer secretome exerts the most potent induction of DC 

maturation markers of the 4 microenvironments investigated. 

• Obesity status may influence the local inflammatory milieu in rectal cancer with 

CCL20 correlating with VFA in the mock-irradiated rectal cancer secretome and 

CCL20 and IL-1RA correlating with VFA in the irradiated rectal cancer 

secretome. 
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5.6 Discussion 

The objective of this study was to profile the inflammatory secretome of human rectal 

cancer and normal rectal tissue pre- and post-radiation and to investigate the interaction 

between this secretome and the innate immune system, specifically DC maturation 

markers. By conducting this study, we identified associations between factors within the 

TME and DC maturation markers, thus providing an avenue for further exploration to 

harness the therapeutic potential of modulating the TME. Using human ex vivo explants 

as a model system, we have demonstrated that the protein secretome differs between 

normal rectal and rectal cancer tissue and this is altered following radiation in normal 

rectal tissue, highlighting variation in effects of radiation on the normal rectal compared 

to the malignant rectal tissue microenvironments. Furthermore, these protein secretome 

microenvironments interacted differentially with the innate immune system.  

We identified 19 factors that were secreted at significantly higher levels in the TME of 

rectal cancer tissue compared to normal rectal tissue. This indicates that the rectal cancer 

microenvironment is more inflammatory than the normal rectal microenvironment. 

Following radiation, two factors were elevated in the secretome of normal rectal tissue, 

while surprisingly no secreted factor was significantly altered in malignant rectal tissue 

following radiation. This indicates that malignant and normal rectal tissues respond 

differently to radiation and suggests that a single fraction of 1.8 Gy radiation induces 

alterations in inflammation in normal tissue but not in malignant tissue. Following 

exposure of DCs to NCM and TCM from both mock-irradiated and irradiated biopsies, 

we found that the irradiated rectal cancer secretome caused an enhancement in DC 

maturation markers. These results suggest that a single fraction of a clinically relevant 

dose of 1.8 Gy radiation does not have a negative impact on the inflammatory milieu of 

malignant rectal tissue and does not lead to suppression of the innate immune system. 

 

The inflammatory environment differed between non-cancer and rectal cancer tissue 

which is unsurprising given that tumour-promoting inflammation is a hallmark of cancer 

(59). Nineteen out of 54 factors quantified were found at significantly higher levels in the 

cancer secretome compared to the normal secretome. These factors have previously been 

reported to have pro-oncogenic attributes including angiogenic, pro-mitogenic and 

immunosuppressive characteristics and therefore it is expected that they are elevated in 

the rectal cancer TME compared to the normal microenvironment. Two factors; Flt-1 and 
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P1GF are angiogenic mediators. P1GF is capable of binding to Flt-1 and may displace 

VEGF, thereby facilitating enhanced angiogenesis (323). P1GF is known to have 

numerous roles in carcinogenesis including macrophage activation and recruitment, 

lymph vessel growth, DC suppression, tumour cell proliferation and migration and 

endothelial cell vessel growth (324). IL-1α secretion from CRC cells has also been shown 

to have angiogenic properties (325). The inflammatory cytokines IFN-γ, IL-6 and IL-10 

were also found at significantly higher levels in the cancer secretome compared to the 

normal secretome. IFN-γ is an important effector of anti-tumour immunity but more 

recent evidence suggests that it may play important roles in tumour progression and 

immune evasion (reviewed in (326)). IL-6 is a well-known pro-tumorigenic factor (327) 

and IL-10 was originally identified as a potent anti-inflammatory cytokine, however, it is 

now known that spatial and temporal regulation of IL-10 bestows on it anti-tumour 

responses also (328). 

 

Several Th17 type proteins including CCL20, IL-17A and IL-17A/F were secreted at 

higher levels from rectal cancer tissue compared to normal rectal tissue. This is 

unsurprising given the known involvement of Th17 cells in CRC. Th17 cells infiltrate 

CRCs and their density correlates with poor prognosis (329, 330). In multiple models of 

CRC, antagonising Th17 cytokines exerts anti-cancer effects but there have been mixed 

reports about the effects of blocking Th17 cytokines in murine models (reviewed in 

(331)). CCL20 is a chemokine involved in the recruitment of Th17 cells to the TME (332, 

333).  

 

A number of the elevated proteins in the rectal cancer environment are implicated in 

tumour immune evasion through recruitment of regulatory T cells (T regs) to the TME. 

CCL22, CCL17, TSLP and CXCL10 function in recruitment of T regs, with levels of 

CCL22 and CCL17 correlating with T reg infiltration in gastrointestinal cancers (334, 

335). TSLP production by cancer associated fibroblasts in pancreatic cancer induces Th2 

type inflammation and is associated with poorer patient outcome (336). CXCL10 has 

been associated with an immunosuppressive phenotype in pancreatic cancer (337).  

 

Two factors; CCL22 and IL-15 were secreted at significantly higher levels following 

radiation in normal rectal tissue. CCL22 is involved in recruitment of T regs through its 

receptor CCR4 and is therefore reported as being immunosuppressive (338). IL-15 is an 
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immunostimulatory cytokine and is involved in development, differentiation and survival 

of natural killer cells (339). Therefore, our data suggests that a single fraction of 1.8 Gy 

x-irradiation may alter the microenvironment of normal rectal tissue to promote an 

inflammatory response but that homeostatic mechanisms may be at play in limiting the 

extent of the inflammation. Surprisingly, no factor was significantly altered in rectal 

cancer tissue following radiation. When taken in combination with our results on DC 

maturation markers, whereby the irradiated rectal cancer TME caused enhancement of 

expression of DC maturation markers relative to the normal microenvironment, this data 

suggests that irradiating the TME with a single fraction of 1.8 Gy radiation does not have 

an inflammation-induced immunosuppressive effect. It has been reported that 

chemotherapy-induced inflammation may contribute to treatment resistance in cancer 

(340) and enhanced inflammation has been implicated in poor treatment response in 

patients (271, 341). Taken together, we hypothesise that this is a positive result since an 

enhancement of inflammation and tumour suppressive mechanisms would have negative 

consequences on the anti-tumour immune response. However, a limitation of this study 

was the use of a single fraction of 1.8 Gy radiation. Comparison of the inflammatory 

secretome of rectal cancer tissue obtained at surgical resection from treatment-naïve 

patients and those that received a full course of neo-CRT would offer greater insight into 

the effect of clinical radiotherapy regimens on secreted factors and DC maturation 

markers. 

 

Having observed alterations in the inflammatory mediators, cytokines and chemokines 

between the secretome of rectal cancer tissue and non-malignant rectal tissue and the 

differential effects of radiation on the secretome of non-malignant and malignant rectal 

tissue, we investigated the effect of the secretome on immune cell function, specifically 

DC maturation markers. DCs are antigen-presenting cells capable of inducing a T cell 

response and maturation levels have been associated with patient survival and response 

to targeted therapies in CRC patients (321, 342). It has previously been reported that the 

TME in CRC causes inhibition of DC maturation (343, 344). On the contrary however, 

we found stimulation of DC maturation markers by the rectal cancer TME, which is in 

line with results published by Morrissey et al (344). We demonstrated a significant 

increase in CD80 and PD-L1 on the DCs exposed to the irradiated rectal cancer 

secretome, when compared to the mock-irradiated rectal cancer secretome. CD83 was 

significantly higher on DCs exposed to the mock-irradiated rectal cancer secretome 
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compared to the mock-irradiated normal rectal secretome. Our results are in line with a 

study by Kulzer et al. where the supernatants of irradiated SW480 colon cancer cells 

resulted in significant enhancement of DC maturation markers compared to supernatants 

from mock-irradiated SW480 cells (224). However, our study presents results from a 

more translational model system as we used human ex vivo explants. We found similar 

results in the unstimulated setting without LPS whereby TCM from the irradiated rectal 

cancer secretome had the most potent effect on DC maturation. 

Given the observed differences in the protein secretome of the microenvironments 

investigated and the differential response of DCs to these microenvironments, we 

conducted correlation analysis to identify any relationship between secreted factors and 

DC maturation markers and the phenotypic marker CD11c. In the irradiated normal rectal 

tissue, there was a significant inverse correlation between IL-10 and CD80. IL-10 has 

been previously shown to have an immunosuppressive role on circulating DCs in patients 

with hepatocellular carcinoma (345). While in the rectal cancer TME, CD80 levels on 

DCs correlated positively with Flt-1 and inversely with IL-27. VEGF is known to 

adversely affect DC maturation (346) and blockade of Flt-1 on DCs curtails this effect 

(347). It may be possible that VEGF is binding to elevated levels of Flt-1 in the TME and 

is therefore unavailable to exert inhibitory effects on DC maturation. IL-27 has previously 

been reported to upregulate PD-L1 on DCs in the absence of DC maturation and is 

accompanied by a decreased capacity to stimulate T cells (348). There was a positive 

correlation between CD83 and SAA and in the mock-irradiated rectal cancer TME. SAA 

has been shown to enhance DC maturation (349). In the irradiated rectal cancer TME, 

CD80 correlated with ICAM-1 and CD11c correlated with IL-1RA. These results indicate 

that the response of DCs to their microenvironment differs between normal and malignant 

rectal tissue and that radiation further modifies this response. It is possible that the 

interplay between the relative concentration of cytokines in the distinct 

microenvironments examined exerts differential effects on DC maturation. 

Overweight and obese rectal cancer patients have been reported to have poorer outcomes 

than their counterparts of a healthy weight (40, 293). To identify if obesity had a direct 

effect on secreted factors within the TME and subsequent immune response, we 

correlated body composition parameters with secreted factors and markers of DC 

maturation. We found positive correlations between VFA and CCL20 in the mock-

irradiated TME and CCL20 and IL-1RA in the irradiated TME. Moreover, intermuscular 
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fat, a marker which is associated with insulin resistance and metabolic dysfunction (350) 

was correlated with CCL20, IL-1RA and VEGF-A. There were positive correlations 

between levels of the phenotypic marker CD11c on the DCs treated with TCM from 

irradiated rectal cancer tissue and VFA and intermuscular fat. These data suggest that 

obesity status may directly alter the milieu of inflammatory proteins in the TME and these 

factors may be differentially altered by radiation in obese individuals. Further exploration 

of the relationship between obesity and the inflammatory microenvironment of rectal 

cancer patients may reveal novel therapeutic targets. 

Strengths of this study include the use of whole biopsies as experimental models since 

these models recapitulate the microenvironment and the 3-D architecture of human 

tumours and normal tissue. However, a limitation associated with these models, is their 

long-term viability ex vivo (up to 72 h). Our study was limited to the use of a single 

fraction of a clinically relevant dose of radiation, though it must be acknowledged that 

repeated fractions of radiation may induce different responses. Future study utilizing 

biopsy specimens obtained at surgical resection from both treatment-naïve patients and 

from patients that received a full course of neo-CRT would provide important 

information on the effect of neo-CRT on the inflammatory milieu and its interaction with 

the innate immune system. 

We have conducted, for the first time, a comprehensive profile of the rectal cancer and 

normal rectal secretome and demonstrated differential expression of cytokines, 

chemokines and inflammatory markers in the secretome of rectal cancer tissue compared 

to normal rectal tissue. This study is novel as it assesses the secreted proteins in the 

microenvironment of malignant and non-malignant rectal tissue therefore identifying 

aberrant expression of factors in the immediate vicinity of the tumour, while most studies 

to date investigate just the circulating levels of such inflammatory proteins. Investigating 

the secretome of the tissue offers insight into the locally acting factors involved in the 

disease process as well as potentially identifying factors involved in the disease at an 

early stage. Furthermore, we have demonstrated that a single fraction of a clinically 

relevant dose of radiation exerts differential effects on the secretome of normal rectal 

tissue compared to malignant rectal tissue. Finally, DC maturation status is enhanced by 

the irradiated rectal cancer secretome compared to the irradiated normal rectal secretome, 
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indicating an immunogenic stimulatory effect of radiation in the rectal cancer secretome 

that could potentially be harnessed to improve therapeutic response.   
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Chapter 6 Profiling the immune-metabolic signature of 

visceral and subcutaneous adipose tissue in oesophageal 

adenocarcinoma patients 
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6.1 Introduction 

In chapters 4 and 5 we identified significant associations between measures of obesity 

and direct biological alterations in the tumour microenvironment (TME) of rectal cancer 

patients. Oesophageal adenocarcinoma (OAC) is an exemplar model of obesity-

associated cancer with central obesity presenting a major risk factor for the development 

of the disease (351). To further decipher how obesity status might drive alterations in the 

end-point measurements, including alterations in the metabolomic and immune landscape 

of tumours, we wanted to specifically examine the metabolic and inflammatory profiles 

of adipose tissue depots, specifically visceral adipose tissue (VAT) and subcutaneous 

adipose tissue (SAT), taken from OAC patients at surgical resection.  

Most patients with locally-advanced OAC at presentation receive neoadjuvant 

chemotherapy with or without radiation prior to surgery (352). The attainment of a 

complete pathological response (pCR), characterised by no viable tumour present in the 

resection specimen, and a proxy for improved survival outcomes, is achieved in 23% of 

patients (353, 354). While the influence of obesity on disease risk is well-documented, 

the effect of obesity status on treatment response to chemotherapy and radiation therapy 

is poorly understood. A study by Mongan et al. suggests that overweight or obese OAC 

patients were more likely to have a better response to neoadjuvant chemoradiation (neo-

CRT) compared to patients of normal weight (79). This in vitro study reported that the 

addition of adipose conditioned media (ACM) from VAT resulted in an improved 

radioresponse in a radioresistant OAC cell line, irrespective of the obesity status of the 

patient or whether or not the patient had cancer (79). Only ACM generated from VAT 

from patients that received neo-CRT induced radiosensitisation in a radiosensitive OAC 

cell line (79). These results suggest that radiosensitive and radioresistant tumours may 

have a differential response to factors secreted from VAT. It appears that in a 

radioresistant OAC model, the radiosensitising effects are owing to factors secreted from 

VAT as opposed to cancer effects or bystander effects following cancer treatment (79). 

The mechanistic basis of this enhanced response is unclear. However, it was possible to 

discriminate between ACM from non-cancer patients and ACM from OAC patients 

receiving surgery only or receiving neo-CRT, based on metabolite profiles. Higher levels 

of threonine, lysine and valine and lower levels of glucose were observed in the ACM of 

OAC patients receiving surgery as their only treatment modality compared to their 

cancer-free counterparts. When compared to a cohort of OAC patients receiving neo-
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CRT, the ACM from the non-cancer controls had elevated levels of glucose and reduced 

levels of threonine, lysine, valine, isoleucine and glycine (79). Given the role of these 

metabolites in energy metabolism, it suggests that mitochondrial metabolism is altered in 

adipose tissue from OAC patients and that neo-CRT can cause further alterations in this 

metabolic profile.   

Improved response to therapy has also been reported in overweight and obese patients 

with metastatic melanoma, whereby obese patients treated with BRAF-targeted or 

immune checkpoint inhibitors have improved outcomes (355). Similarly, in a cohort of 

patients treated with PD-1/PD-L1 blockade, obese patients had improved outcomes, 

despite evidence demonstrating that obesity had negative effects on tumour progression 

and induced PD-1-mediated T cell dysfunction (356). These observations were supported 

in a recent meta-analysis of >4000 patients, whereby a BMI>30 kg/m2 was a prognostic 

indicator for improved response to immune checkpoint inhibitors, as measured by 

increased overall survival and progression-free survival (357). The exact mechanisms 

underpinning these observations are largely elusive, however, there is evidence of 

increased expression of PD-1 on T cells in obese individuals and PD-1 levels are 

correlated with leptin, which is elevated in obese individuals (356). 

To date, our understanding of adipose tissue metabolism and its connection to 

inflammation is scant. However, alterations in metabolism, angiogenesis and 

inflammatory mediators have previously been shown to be implicated in treatment 

response in OAC (80). Furthermore, it is known that alterations in factors secreted from 

adipose tissue from obese OAC patients result in altered cellular metabolism and 

mitochondrial function (81). Moreover, ACM generated from obese patients had an 

altered metabolomic landscape with significantly higher levels of lactate and reduced 

levels of alanine, ethanol, isoleucine, leucine and valine compared to ACM from a non-

obese cohort of OAC patients (81). There is a highly dynamic inter-relationship between 

inflammation and metabolism, wherein cellular metabolites can drive the nature of the 

inflammatory response, but equally inflammatory signals can disrupt metabolism. 

Cellular metabolism defines immune cell functionality, wherein anaerobic glycolysis 

versus oxidative phosphorylation (OXPHOS) promotes a pro-inflammatory milieu (82). 

Conversely, interrupting immune metabolism inhibits the capability to mount a pro-

inflammatory macrophage response (83, 84). Elucidating the metabolic and 

inflammatory signatures of VAT and SAT may help to reveal the mechanisms underlying 
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the observed enhanced response to neo-CRT in overweight and obese patients. This 

descriptive study aims to profile for the first time, the metabolic pathways utilised in VAT 

and SAT of OAC patients and explore a link between real-time adipose tissue energy 

metabolism profiles and inflammatory signatures.   

We hypothesise that different metabolic pathways will be present and functional in VAT 

compared to SAT and that the secretome of VAT will contain higher levels of 

inflammatory mediators compared to the SAT secretome. This study profiles the 

immune-metabolic signature of VAT and SAT in OAC patients for the first time. Gaining 

an understanding of the metabolic profile of VAT and SAT and its connections with the 

inflammatory secretome may begin to unravel the molecular mechanisms underlying the 

improved treatment response observed in overweight and obese OAC patients.   
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6.2 Overall hypothesis and specific aims of chapter 6 

We hypothesise that different immune-metabolic pathways predominate in VAT 

compared to SAT and that the secretome of VAT will contain higher levels of 

inflammatory mediators compared to the SAT secretome. 

Specific aims: 

1. Determine if it is possible to assess real-time metabolic pathways in VAT and 

SAT using Seahorse technology. 

2. Elucidate the metabolic profile of VAT and SAT in OAC patients. 

3. Determine the inflammatory secretome of both VAT and SAT in OAC patients. 

4. Correlate inflammatory secretions with metabolic parameters in VAT and SAT 

in OAC patients. 

5. Correlate metabolic and inflammatory protein secretion data with patient clinical 

characteristics, including obesity status. 
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6.3 Materials and methods 

 

6.3.1 Patient recruitment 

 

Twelve patients with histologically confirmed OAC and oesophagogastric junction 

(OGJ) carcinoma patients were prospectively recruited to this study between October 

2018 and June 2019. Informed written patient consent was obtained for the use of patient 

tissue and data in this study. Ethical approval was granted by the St. James’s Hospital/ 

AMNCH Research Ethics Committee. Patient data was pseudo-anonymised prior to 

sample access. All samples were coded with a unique biobank number by the biobank 

manager. VAT and SAT were excised at the beginning of the surgical resections. Adipose 

tissue resections were obtained from the midline excision. Omentum, representing VAT 

was excised from around the greater curvature of the stomach.  

Adipose tissue samples used in this chapter were acquired from patients that were either 

treatment-naïve or patients that received neoadjuvant treatment. Neoadjuvant treatment 

consisted of either the CROSS chemoradiotherapy regimen, which comprises paclitaxel 

and carboplatin and 41.4 Gy of radiation in 23 fractions, or the FLOT or FOLFOX 

chemotherapy regimen which comprises docetaxel, leucovorin, oxaliplatin and 5-

fluorouracil (5-FU) or leucovorin, 5-FU and oxaliplatin, respectively. 

6.3.2 OCR and ECAR measurements in visceral and subcutaneous adipose tissue 

 

VAT and SAT were cut into small pieces (~20-25 mg) and plated one piece per well in 1 

mL of M199 (supplemented with 0.1% gentamicin) media in a 24-well islet cell 

microcapture plate [Agilent Technologies, Santa Clara, CA, USA]. The adipose tissue 

was allowed to equilibrate for 20 min at 37°C and 5% CO2/95% air in the islet cell 

microcapture plate prior to insertion of an islet screen above the adipose tissue to prevent 

the tissue coming in contact with the sensors during the assay. Prior to the assay the 

Seahorse XFe24 cartridge plate was hydrated for 1 h at 37°C in a CO2-free incubator. 

Three measurements of oxygen consumption rate (OCR) and extracellular acidification 

rate (ECAR), measures of OXPHOS and glycolysis respectively, were taken over 24 min 

consisting of three repeats of mix (3 min)/wait (2 min)/measure (3 min) to establish basal 

OXPHOS and glycolysis levels. Upon completion of the assay the M199 media was 

harvested and stored at -80°C and the adipose tissue was harvested and snap frozen in 

liquid nitrogen prior to storage at -80°C. All measurements were normalised to protein 
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content of the adipose tissue. OCR and ECAR measurements were calculated as the 

average readout of each piece of VAT and SAT over the three readings.  

6.3.3 Protein isolation and quantification from adipose tissue 

 

Adipose tissue samples were placed on ice and 200 μL of RIPA buffer supplemented with 

1 PhosSTOP and 1 Complete Mini protease inhibitor cocktail tablet per 10 mL was added 

to each sample. Samples were ruptured using a metal bead and the Qiagen tissue lyser at 

25 Hz for 2 min. Samples were transferred to an Eppendorf tube and centrifuged at 13,000 

x g for 20 min at 4°C. Isolated protein was quantified using BCA assay (Pierce) as per 

manufacturer’s instructions. Bovine Serum Albumin (BSA) standards were prepared as 

follows;  

Table 6-1 Protein standards for BCA assay 

Tube Volume diluent (μL) Volume & Source BSA (μL) BSA concentration (μg/mL) 

A 0 300 2000 

B 125 375 1500 

C 325 325 1000 

D 175 175 tube B 750 

E 325 325 tube C 500 

F 325 325 tube E 250 

G 325 325 tube F 125 

H 400 100 tube G 25 

I 400 0 0 

 

BCA working reagent was prepared using 50 parts Reagent A and 1-part Reagent B. The 

volume of working reagent required was calculated according to the following formula; 

 

(No. of standards + no. of samples) x 2 x volume working reagent per well 

 

10 μL of each standard/sample was added to each well in duplicate to a 96-well plate. 

200 μL of working reagent was added. 

6.3.4 Mesoscale Discovery 54-plex ELISA 

 

To assess angiogenic, vascular injury, inflammatory, cytokine and chemokine secretions, 

a 54-plex ELISA kit spread across 7 plates was used [Meso Scale Diagnostics, USA] as 
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described in section 5.3.3. MSD analysis was performed on 5 randomly selected pieces 

of VAT and SAT and the average of the five pieces was used as the readout for that 

patient sample. All protein secretion data was normalised to the protein content of the 

piece of adipose tissue using the BCA assay (Pierce), as described above in section 6.3.3. 

6.3.5 Body composition analysis by computed tomography 

 

Computed tomography (CT) scans were obtained at diagnosis and prior to surgery using 

a Discovery ST CT scanner (GE Healthcare, Little Chalfont, UK). Images were analysed 

at L3 and the cross-sectional area in cm2 of the various tissue compartments was 

determined using TomoVision Sliceomatic version 5.0 (TomoVision, Montreal, Canada). 

Total body fat mass was calculated as; 0.042 x [total fat area [L3] (cm2)] + 11.2 

Total body fat free mass was calculated as; 0.30 x [total skeletal muscle [L3] (cm2) + 6.06 

Visceral fat area (VFA) was calculated by a radiologist and patients with a VFA greater 

than 163.8 cm2 (males) and 80.1 cm2 (females) were classified as obese (296). 

6.3.6 Statistical analysis 

 

GraphPad Prism 9 software was used to perform statistical analysis. All data is expressed 

as mean ± SEM. Data was analysed by Wilcoxon signed-rank test or Mann Whitney U-

test, as stated in each figure legend. Correlation analysis was performed using 

Spearman’s correlation coefficient. Statistical significance considered at p<0.05. 

Figure 6.1 describes the methodology used in this study. 
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Figure 6.1 Schematic illustration of the methodology employed in this chapter 

VAT and SAT were excised from patients undergoing resectional surgery for cancer of the oesophagus and oesophagogastric junction. 

Metabolic analysis using Seahorse technology was used to profile the metabolic pathways in VAT and SAT and the resultant supernatants 

were screened for the secretion of 54 proteins using the MSD multiplex system. 
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6.4 Results 

 

6.4.1 Patient characteristics 

 

Matched VAT and SAT samples were taken from 12 patients undergoing surgical 

resection for OAC or adenocarcinoma of the OGJ at St. James’s Hospital, Dublin between 

October 2018 and June 2019. The cohort was predominantly male (75%) and had a mean 

age of 65.6 years. T3 was the most common T-stage (41.6%) while N0 was the most 

common N-stage (50%). Eight of the 12 patients received neoadjuvant treatment. 

Twenty-five percent of patients that received neoadjuvant treatment had a good response 

to treatment as indicated by a tumour regression grade (TRG) of 1 or 2 while 75% of 

patients had a poor response to treatment with a TRG of 3 or 4 (Table 6-2).   

Body composition analysis revealed a significant loss in total body fat free mass and 

skeletal muscle mass from time of diagnosis to time of surgery. No significant differences 

were observed between total body fat mass, VFA, subcutaneous fat area or intermuscular 

fat from time of diagnosis to time of surgery (Table 6-3). Figure 6.2 is a representative 

image of body composition analysis by CT with the various fat depots, skeletal muscle 

and intermuscular fat indicated in colour as per figure legend. Figure 6.2A is a 

representative image of a viscerally obese sarcopenic patient and Figure 6.2B is a 

representative image of a non-viscerally obese non-sarcopenic patient. 
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Table 6-2 Patient characteristics 

n=12   Percent 

(%) 

Age Mean ± SD 

Range 

65.6 ± 11.8 

46-83 

 

Gender Male (n) 

Female (n) 

9 

3 

75 

25 

Obesity status (pre-

treatment)a 

Non-obese 

Obese (n) 

7 

5 

58.33 

41.67 

 

Cancer Oesophageal adenocarcinoma 

(OAC) (n) 

Oesophageal gastric junction (n) 

6 

6 

50 

50 

T stage T0 (n) 

T1 (n) 

T1a (n) 

T1b (n) 

T2 (n) 

T3 (n) 

T4b (n) 

1 

1 

1 

2 

1 

5 

1 

8.33 

8.33 

8.33 

16.67 

8.33 

41.67 

8.33 

N stage N0 (n) 

N1 (n) 

N2 (n) 

6 

5 

1 

50 

41.67 

8.33 

M stage Mx (n) 12 100 

Stage of 

differentiationb 

Moderate (n) 

Moderate to poor (n) 

Poor (n) 

4 

1 

6 

33.33 

8.33 

50 

Treatment received Surgery only (n) 

FLOT + Surgery (n) 

FOLFOX + Surgery (n) 

CROSS + Surgery (n) 

4 

3 

1 

4 

33.33 

25 

8.33 

33.33 

TRGc 1 (n) 

2 (n) 

3 (n) 

4 (n) 

1 

1 

4 

2 

12.5 

12.5 

50 

25 
a Obesity status determined at diagnosis by CT defined as VFA >80.1 cm2 for females 

and >163.8 cm2 for males 

b Stage of differentiation unavailable for one patient 

c TRG available for 8 patients. Expressed as a % of patients with a TRG 
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Table 6-3 Changes in body composition from time of diagnosis to surgery 

 Diagnosis  At surgery  p value 

Total body fat 

mass 

(kg) 

23.03 ± 4.9 

 

24.44 ± 7.75 

 

>0.99 

Total body fat free 

mass (kg) 

52.27 ± 10.9 

 

49.11 ± 10.54 

 

0.0078 

Visceral fat area 

(cm2) 

157.1 ± 123.5 

 

148.7 ± 119.3 

 

0.21 

Subcutaneous fat 

area (cm2) 

163.5 ± 71.99 

 

167.5 ± 100.7 

 

>0.99 

Skeletal muscle 

(cm2) 

154 ± 36.34 

 

143.5 ± 35.15 

 

0.0078 

Intermuscular fat 

(cm2) 

11.69 ± 7.22 9.24 ± 3.67 0.68 

Statistics performed on n=8 patients that received neoadjuvant treatment. Intermuscular 

fat (cm2) only available for 7 patients. 
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A        

 

    

    

   B 

 

 

Figure 6.2 Computed tomography assessment of body composition 

Abdominal CT images at L3 indicating subcutaneous adipose tissue in red, skeletal 

muscle in green, intermuscular fat in blue and visceral adipose tissue in pink. (A) 

Abdominal CT image at L3 from a viscerally obese sarcopenic patient. (B) Abdominal 

CT image at L3 from a non-viscerally obese non-sarcopenic patient. 

  

 

Visceral adipose tissue 

Subcutaneous adipose tissue 
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6.4.2 Metabolic profiles differ in visceral and subcutaneous adipose tissue 

 

To determine if metabolic profiles differed in VAT and SAT, we measured OCR and 

ECAR, measures of OXPHOS and glycolysis, respectively, using a Seahorse XFe24 

analyser. Interestingly, OCR was significantly higher in VAT compared to matched SAT 

(p=0.01) (Figure. 6.3A). ECAR, a measure of glycolysis demonstrated a trend towards 

higher levels in SAT, when compared to VAT, although this did not reach statistical 

significance (p=0.09) (Figure. 6.3B). OCR:ECAR ratio was significantly higher in VAT 

when compared to SAT, indicating a greater dependence on OXPHOS in the VAT 

(p=0.003) (Figure. 6.3C).   

Given the tight association between OAC and obesity, we compared the metabolic profile 

of VAT and SAT in overweight/obese patients with those of non-obese patients and did 

not find any significant differences between levels of OCR, ECAR or OCR:ECAR ratio 

in the VAT, using VFA as a measure of obesity (p>0.05) (Figure 6.4). There were no 

significant differences in OCR or ECAR in SAT based on obesity status (Figure 6.5A-

B). However, we found a significantly reduced OCR:ECAR ratio in SAT of patients that 

were obese (p=0.03) (Figure 6.5C). We also examined the effect of cytotoxic treatment 

on metabolic profiles in VAT and SAT in our cohort of OAC patients. There were no 

significant differences in metabolic profiles in VAT based on whether patients received 

cytotoxic therapy or not (p>0.05) (Figure. 6.6). We found that patients receiving 

neoadjuvant chemotherapy with or without radiation therapy had significantly higher 

levels of OCR (p=0.04) and a trend towards higher ECAR (p=0.07) in their SAT 

compared to the cohort of patients that received surgery only (treatment-naïve). 

OCR:ECAR ratio was not significantly different between the treatment-naïve cohort and 

the cohort that received neoadjuvant treatment (p>0.05) (Figure. 6.7).  
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Figure 6.3 Visceral and subcutaneous adipose tissue have different metabolic profiles 

(A) VAT has higher rates of OXPHOS compared to SAT. (B) There is a trend towards 

higher levels of glycolysis in SAT compared to VAT. (C) The OCR:ECAR ratio was 

significantly higher in VAT compared to SAT. Statistical analysis was performed using 

a Wilcoxon signed-rank test. All data expressed as mean ± SEM. **p<0.01, *p<0.05. 

n=12.  
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Figure 6.4 Metabolic analysis of visceral adipose tissue by obesity status 

There was no significant difference in (A) OCR, (B) ECAR or (C) OCR:ECAR ratio in 

VAT between non-obese and obese OAC patients. Statistical analysis was performed 

using a Mann-Whitney U-test. All data expressed as mean ± SEM. n=7 for non-obese 

patients, n=5 for obese patients. 
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Figure 6.5 Metabolic analysis of subcutaneous adipose tissue by obesity status 

(A) There was no significant difference in OCR in SAT between non-obese and obese 

OAC patients. (B) There was no significant difference in ECAR in SAT between non-

obese and obese OAC patients. (C) OCR:ECAR ratio was significantly reduced in SAT 

of obese compared to non-obese OAC patients. Statistical analysis was performed using 

a Mann-Whitney U-test. All data expressed as mean ± SEM. *p<0.05. n=7 for non-obese, 

n=5 for obese.  
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Figure 6.6 Metabolic analysis of visceral adipose tissue by treatment modality 

There was no significant difference in (A) OCR, (B) ECAR or (C) OCR:ECAR ratio in 

VAT between the treatment-naïve cohort and those receiving cytotoxic neoadjuvant 

therapy. Statistical analysis was performed using a Mann-Whitney U-test. All data 

expressed as mean ± SEM. n=4 for treatment naïve cohort, n=8 for cytotoxic neoadjuvant 

therapy cohort.  



239 
 

Tx naïve Neo-tx

0

50

100

150

OCR SAT

O
C

R
(p

m
o

l/
m

in
 p

e
r 

m
g

/m
l 

p
ro

te
in

)

✱

Tx naïve Neo-tx

0

50

100

150

ECAR SAT

E
C

A
R

 (
m

p
H

/m
in

 p
e

r 
m

g
/m

l 
p

ro
te

in
)

0.0727

Tx naïve Neo-tx

0.0

0.5

1.0

1.5

2.0

OCR:ECAR Ratio SAT

O
C

R
:E

C
A

R
 r

a
ti

o

A

B

C

 

Figure 6.7 Metabolic analysis of subcutaneous adipose tissue by treatment modality 

(A) OCR was significantly higher in SAT in patients receiving cytotoxic neoadjuvant 

therapy compared to the treatment-naïve cohort. (B) There was no significant difference 

in ECAR in SAT between patients receiving cytotoxic neoadjuvant therapy compared to 

the treatment-naïve cohort. (C) OCR:ECAR ratio was not significantly different in SAT 

between the treatment-naïve cohort and those receiving cytotoxic therapy. Statistical 

analysis was performed using a Mann-Whitney U-test. All data expressed as mean ± 

SEM. *p<0.05. n=4 for treatment naïve cohort, n=8 for cytotoxic neoadjuvant therapy 

cohort. 
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6.4.3 Comparison of the protein secretome between VAT and SAT 

 

To assess if inflammatory, cytokine, chemokine and angiogenic secretions differed 

between VAT and SAT, MSD multiplex ELISAs were performed assessing the secretion 

of 54 mediators in VAT and SAT. A readout was obtained for 51 out of the 54 mediators, 

with the remainder being outside the limit of detection of the assay. Of the 51 detected 

mediators, 16 were secreted at significantly higher levels from VAT, when compared to 

SAT, namely FGF(basic), Flt-1, P1GF, VEGF-A, VEGF-C, CRP, SAA, ICAM-1, 

VCAM-1, IL-15, IL-16, IL-17A, IFN-γ, IL-13, IL-2 and CCL4. VEGF-D showed a trend 

towards higher levels being secreted from SAT compared to VAT.   

6.4.4 Angiogenic factors are secreted at significantly higher levels from VAT, when 

compared to SAT 

 

Among the 16 factors secreted at higher levels in VAT, 5 of these factors are angiogenic 

markers; bFGF (p=0.0005), Flt-1 (p=0.001), P1GF (p=0.0005), VEGF (p=0.01) and 

VEGF-C (p=0.003) (Figure. 6.8A-E). VEGF-D is also an angiogenic marker and is 

showing a trend towards secretion at higher levels from SAT compared to VAT (p=0.053) 

(Figure. 6.8F).  

6.4.5 Vascular injury markers were found at significantly higher levels in the 

visceral adipose tissue secretome compared to the subcutaneous adipose tissue 

secretome 

 

MSD vascular injury assay was used to assess if there was a difference in vascular injury 

markers between VAT and SAT. Vascular injury secretions were found at significantly 

higher levels in the secretome of the VAT compared to SAT. Specifically, CRP 

(p=0.0005), SAA (p=0.01), ICAM-1 (p=0.002) and VCAM-1 (p=0.001) (Figure. 6.9A-

D) were secreted at significantly higher levels from the VAT compared to SAT. 

6.4.6 Visceral adipose tissue secretes higher levels of inflammatory mediators, 

cytokines and chemokines compared to subcutaneous adipose tissue 

 

To test the hypothesis that cytokine secretion would differ between VAT and SAT, we 

screened the supernatants for the secretion of 18 cytokines and 10 chemokines using the 

MSD multiplex system. Fifteen of the 18 cytokines and all chemokines were within the 

detection range of the assay. IL-15 (p=0.002), IL-16 (p=0.0005) and IL-17A (p=0.001) 

(Figure. 6.10A-C) were secreted at significantly higher levels from VAT compared to 

SAT.  
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To test whether VAT was more inflammatory than SAT, we screened the secretome of 

both adipose tissue depots for inflammatory mediators. Out of the 10 inflammatory 

mediators, all were within the detection range of the assay. Significantly higher levels of 

IFN-γ (p=0.003), IL-13 (p=0.02) and IL-2 (p=0.009) (Figure. 6.10D-F) were found in 

the VAT secretome compared to the SAT secretome. CCL4 was secreted at significantly 

higher levels from VAT compared to SAT (p=0.03) (Figure 6.10G). 

6.4.7 Secreted factors from visceral adipose tissue are altered in obese patients 

 

Having observed significantly higher levels of inflammatory secretions from VAT, when 

compared to SAT, we examined whether obesity alters the secretion of these factors from 

the VAT. Significantly higher levels of bFGF (p=0.01), CCL26 (p=0.03) and TNF-α 

(p=0.04) were found in the secretome of VAT from obese patients compared to non-

obese patients (Figure 6.11). 

6.4.8 Secreted factors from subcutaneous adipose tissue are altered in obese patients 

 

Similarly, we investigated the association between obesity and altered secretion of 

inflammatory mediators from SAT. Elevated levels of CCL17 (p=0.04) and IL-23 

(p=0.03) were found in the secretome of SAT from patients that were obese compared to 

their non-obese counterparts (Figure 6.12). 
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Figure 6.8 Angiogenic factors are secreted at higher levels from VAT, when compared 

to SAT 

Significantly higher levels of (A) bFGF, (B) Flt-1, (C) P1GF, (D) VEGF-A and (E) 

VEGF-C were secreted from VAT, when compared to SAT. (F) VEGF-D is showing a 

trend towards elevated levels in SAT compared to VAT. Statistical analysis was 

performed using a Wilcoxon signed-rank test. All data expressed as mean ± SEM. 

***p<0.001, **p<0.01, *p<0.05, ns = non-significant. n=12 for bFGF, Flt-1 and P1GF, 

n=11 for VEGF-D, n=9 for VEGF-A and VEGF-C.  
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Figure 6.9 Vascular injury secretions are higher in VAT, when compared to SAT 

(A) CRP, (B) SAA, (C) ICAM-1 and (D) VCAM-1 were secreted at significantly higher 

levels from VAT compared to SAT. Statistical analysis was performed using a Wilcoxon 

signed-rank test. All data expressed as mean ± SEM. ***p<0.001, **p<0.01, *p<0.05. 

n=12.   
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Figure 6.10 Inflammatory, cytokine and chemokine secretions are higher in VAT, 

when compared to SAT tissue 

There were significantly higher levels of (A) IL-15, (B) IL-16, (C) IL-17A, (D) IFN-γ, 

(E) IL-13, (F) IL-2 and (G) CCL4 secreted from VAT, when compared to SAT. All data 

expressed as mean ± SEM. Statistical analysis was performed using a Wilcoxon signed-

rank test. ***p<0.001, **p<0.01, *p<0.05. n=12 for IL-16, IL-2 and CCL4, n=11 for IL-

17A and IL-15, n=10 for IFN-γ and IL-13.  
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Figure 6.11 Secreted factors are altered in the VAT based on the obesity status of the 

patient 

(A) bFGF was secreted at significantly higher levels from the VAT of obese patients 

compared to non-obese patients. (B) CCL26 was secreted at significantly higher levels 

from the VAT of obese patients, when compared to non-obese patients. (C) TNF-α was 

secreted at significantly higher levels from the VAT of obese patients compared to non-

obese patients. Statistical analysis was performed using a Mann-Whitney U-test. All data 

expressed as mean ± SEM. *p<0.05. n=5 for obese patients, n=7 for non-obese patients, 

n=4 for non-obese patients for CCL26. 
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Figure 6.12 Secreted factors are altered in the subcutaneous adipose tissue based on 

obesity status of the patient 

(A) CCL17 was secreted at significantly higher levels from the SAT of obese patients 

compared to non-obese patients. (B) IL-23 was secreted at significantly higher levels 

from the SAT of obese patients compared to non-obese patients. Statistical analysis was 

performed using a Mann-Whitney U-test. All data expressed as mean ± SEM. *p<0.05. 

n=5 for obese patients and n=7 for non-obese patients.  
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6.4.9 Linking energy metabolism to secreted factors in VAT to derive an immune-

metabolic signature 

 

To examine the relationship between adipose tissue metabolism and secreted 

inflammatory mediators, we investigated the correlation between metabolic parameters 

and secreted factors.  Table 6-4 outlines the relationship between the factors. TNF-β 

correlated with OCR in VAT (R=0.7667, p=0.02). ECAR correlated with CRP 

(R=0.7203, p=0.01) and P1GF (R=0.6294, p=0.03) while CCL11 (R=-0.8667, p=0.004) 

was found to inversely correlate and TNF-β (R=0.7167, p=0.03) to positively correlate 

with OCR:ECAR ratio.  

6.4.10 Linking energy metabolism to secreted factors in SAT to derive an immune-

metabolic signature 

 

The link between energy metabolism and secreted inflammatory mediators differed 

between VAT and SAT. IL-2 (R=-0.5874, p=0.04) and CCL26 (R=-0.7857, p=0.04) 

inversely correlated with OCR in SAT. There was an inverse correlation between ECAR 

and IFN-γ (R=-0.7817, p=0.01), IL-17D (R=-0.6294, p=0.03) and IL-8 (R=-1, p=0.01) 

and a positive correlation between ECAR and ICAM-1 (R=0.6154, p=0.03), bFGF 

(R=0.6294, p=0.03) and VEGF-D (R=0.7455, p=0.01). OCR:ECAR ratio in SAT 

correlated inversely with the secretion of CXCL10 (R=-0.5874, p=0.04) and Tie-2 (R=-

0.8857, p=0.03) from SAT (Table 6-4). 

6.4.11 Linking anthropometric parameters to secreted factors in VAT  

 

We identified correlations between secretions of different analytes from VAT and 

anthropometric parameters. Subcutaneous fat area was positively correlated with CCL11 

(R=0.8333, p=0.008). Skeletal muscle was inversely correlated with CCL11 (R=-0.7167, 

p=0.03), CCL2 (R=-0.5874, p=0.04), IL-12p70 (R=-0.6014, p=0.04), IL-1β (R=-0.8571, 

p=0.02), IL-6 (R=-0.6084, p=0.03) and IL-8 (R=-0.5874, p=0.04). Intermuscular fat 

correlated with bFGF (R=0.6182, p=0.04), CCL26 (R=0.7857, p=0.02) and IL-8 

(R=0.8810, p=0.007). VFA correlated with bFGF (R=0.6503, p=0.02) and VEGF-C 

(R=0.75, p=0.02) (Table 6-5). 
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6.4.12 Linking anthropometric parameters to secreted factors in SAT 

 

Skeletal muscle significantly inversely correlated with VEGF-A secretion from SAT 

(R=-0.7667, p=0.02) and intermuscular fat correlated with TNF-α secretion from SAT 

(R=0.6727, p=0.02) (Table 6-6). 
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Table 6-4 Correlation of metabolic parameters with secreted factors in VAT and SAT 

Adipose 

depot 

 Metabolic 

parameter 

Factor R value P value n 

VAT  OCR TNF-β 0.7667 0.02 9 

VAT  ECAR CRP 0.7203 0.01 12 

VAT  ECAR P1GF 0.6294 0.03 12 

VAT  OCR:ECAR TNF-β 0.7167 0.03 9 

VAT  OCR:ECAR CCL11 -0.8667 0.004 9 

SAT  OCR IL-2 -0.5874 0.04 12 

SAT  OCR CCL26 -0.7857 0.04 7 

SAT  ECAR IFN-γ -0.7818 0.01 10 

SAT  ECAR IL-17D -0.6294 0.03 12 

SAT  ECAR ICAM-1 0.6154 0.03 12 

SAT  ECAR IL-8 -1 0.01 5 

SAT  ECAR bFGF 0.6294 0.03 12 

SAT  ECAR VEGF-D 0.7455 0.01 11 

SAT  OCR:ECAR CXCL10 -0.5874 0.04 12 

SAT  OCR:ECAR Tie-2 -0.8857 0.03 6 

  

Table 6-5 Anthropometric parameters correlating with secreted factors from VAT 

Anthropometric 

parameter 

Factor R value P value n 

SFA CCL11 0.8333 0.008 9 

Skeletal muscle CCL11 -0.7167 0.03 9 

Skeletal muscle CCL2 -0.5874 0.04 12 

Skeletal muscle IL12p70 -0.6014 0.04 12 

Skeletal muscle IL-1β -0.8571 0.02 7 

Skeletal muscle IL-6 -0.6084 0.03 12 

Skeletal muscle IL-8 -0.5874 0.04 12 

IMF bFGF 0.6182 0.04 11 

IMF CCL26 0.7857 0.02 8 

IMF IL-8 0.8810 0.007 8 

VFA bFGF 0.6503 0.02 12 

VFA VEGF-C 0.75 0.02 9 

Abbreviations: SFA, subcutaneous fat area; IMF, intermuscular fat; VFA, visceral fat 

area 

Table 6-6 Anthropometric parameters correlating with secreted factors from SAT 

Anthropometric 

parameter 

Factor R value P value n 

Skeletal muscle VEGF-A -0.7667 0.02 9 

IMF TNF-α 0.6727 0.02 11 

Abbreviations: IMF, intermuscular fat 
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6.5 Summary of main findings from chapter 6 

• Seahorse technology offers a useful instrument for the analysis of metabolic 

profiles in adipose tissue depots in real-time. 

• The real-time metabolic profile differs between VAT and SAT. 

• OXPHOS is higher in VAT compared to SAT. 

• The angiogenic markers bFGF, Flt-1, PIGF, VEGF-A and VEGF-C are secreted 

at significantly higher levels from VAT compared to SAT. 

• The vascular injury markers CRP, SAA, ICAM-1 and VCAM-1 are secreted at 

significantly higher levels from VAT compared to SAT. 

• Secretion of inflammatory cytokines IFN-γ, IL-13 and IL-2 occurs at higher levels 

from VAT compared to SAT. 

• IL-15, IL-16, IL-17A and CCL4 secretion is higher from VAT compared to SAT. 

• Body composition parameters correlated with secreted factors from both VAT 

and SAT, including a correlation between VFA and the angiogenic factors bFGF 

and VEGF-C from VAT. 
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6.6 Discussion 

This study demonstrates for the first time that Seahorse technology provides a useful tool 

for the analysis of real-time metabolic profiles in adipose tissue. We also describe for the 

first time the real-time metabolic profiles of both VAT and SAT from OAC patients. We 

have shown that levels of OXPHOS are significantly higher in the VAT compared to 

SAT of OAC patients.  In addition, angiogenic markers, inflammatory markers and 

cytokine secretions are significantly enhanced from VAT compared with SAT. We found 

positive correlations between factors secreted from VAT and anthropometric 

measurements including a correlation between angiogenic factors including bFGF and 

VEGF-C and VFA. OAC is an obesity-related cancer with visceral adiposity and 

associated metabolic syndrome particularly incriminated in carcinogenesis, but whether 

the cancer biology of established tumours is altered by adipose tissue has not heretofore 

been studied. Intriguingly, obesity may enhance responses to chemotherapy and radiation 

therapy for OAC (79), and this analysis of a differential metabolic and 

immunoinflammatory profile between VAT and SAT may provide novel insights into 

key underlying mechanisms.   

To date, studies investigating the metabolic profile of adipose tissue have largely been 

limited to obese patients undergoing bariatric surgery. We have elucidated the energy 

metabolism profiles of VAT and SAT in OAC patients for the first time in fresh fat tissue 

and have shown that OXPHOS is higher in VAT compared to SAT. These results are in 

line with a study comparing the metabolic profiles of VAT and SAT in adipose tissue 

from obese patients undergoing bariatric surgery, whereby levels of OXPHOS were 

higher in VAT compared to SAT when normalised per weight of tissue (358). 

Interestingly however, VAT had twice the number of mitochondria per milligram of 

tissue compared to SAT but VAT also had double the amount of cells per milligram of 

tissue as SAT (358). Since this study population fell into the category of morbidly obese 

with a mean BMI of 40.7 kg/m2, it is unknown whether these results can be extrapolated 

to a population with a lower BMI. While OAC is an obesity-associated disease, the mean 

BMI of the patient cohort in our study is 25.5 kg/m2 and therefore is considerably lower 

than in the aforementioned study, the same trend was observed. Moreover, analysis of 

the metabolic profiles of VAT did not differ based on the obesity status of the patient 

using VFA as a determinant of obesity. The similarity in findings suggest that these 
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pathways are not dependent on the tumour being present and may apply to other obesity-

associated cancers and obesity-related diseases.  

Profiling the secretome of VAT and SAT in our cohort of OAC patients demonstrated 

that a panel of angiogenic markers including VEGF-A, bFGF, P1GF, VEGF-C and Flt-1 

were secreted at higher levels from the VAT compared to the SAT. These results are in 

line with a previous study by Lysaght et al. which found that VEGF was significantly 

higher at both the protein levels in the secretome and the RNA level from VAT compared 

to SAT (359). Flt-1 is thought to play a role in obesity-related tumour progression that is 

unrelated to the angiogenic process. Flt-1TK-/- mice exhibit an altered immune phenotype 

and a shift in tumour associated macrophages from an M2 to M1 phenotype (360). 

Therefore, it may be possible that certain angiogenic factors influence the adipose 

microenvironment and the phenotype of infiltrating immune cells which may in turn 

impact tumour progression and treatment response. Of note, P1GF is a ligand for Flt-1. 

Deletion of P1GF in a mouse model reproduced the effects observed upon Flt-1 deletion 

with an altered phenotype of infiltrating immune cells (360). Guiu et al. reported VFA as 

being an independent predictor of response to first-line anti-angiogenic treatment with 

bevacizumab (361). Bevacizumab is a monoclonal antibody that binds to VEGF and 

blocks VEGF interacting with the VEGF receptors. It inhibits tumour growth by 

normalising tumour vasculature and prevents new vasculature forming (362). However, 

it is not clear if the observed association between VFA and bevacizumab response is due 

to enhanced production of angiogenic factors in VAT, increased volume of distribution 

of the drug or a combination of both (361). The inter-connectivity between adipose tissue 

and angiogenesis has previously been reported in mouse models, whereby adipose tissue 

mass has been shown to be regulated by vasculature with anti-angiogenic treatment 

inducing weight loss (363). Furthermore, our data indicates a positive correlation between 

the secretion of angiogenic factors from VAT and VFA. bFGF and VEGF-C secretion 

from VAT correlated with VFA. Blood vessel density has previously been reported as 

being higher in VAT than SAT when normalised to the area of fat examined (364), this 

may support the elevated levels of angiogenic factors we observed in VAT compared to 

SAT. The angiogenic potential of VAT compared to SAT is unclear with conflicting 

results reported in the literature. Murine models have demonstrated higher VEGF in VAT 

compared to SAT (365) whereas the opposite has been reported in humans (366).   
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Vascular injury markers CRP, SAA, ICAM-1 and VCAM-1 were found to be 

significantly higher in VAT compared to SAT. Exposure of HUVECs to ACM resulted 

in increased adhesion of monocytes to the endothelium while simultaneously increasing 

expression of VCAM-1 and ICAM-1 in endothelial cells, two important factors in the 

adhesion process (367). Numerous studies have reported a positive association between 

VAT levels and serum CRP levels in populations of various ethnicities (368, 369). 

Circulating SAA levels were assessed in a cohort of bariatric surgery patients both pre- 

and post-surgery. SAA levels decreased post-operatively with a concomitant decrease in 

circulating hsCRP and reduction in BMI (370). SAA mRNA levels were found to be 

significantly higher in SAT compared to VAT (370). 

A further difference between VAT and SAT is the augmented inflammatory cytokine 

profile for IL-2, IL-13 and IFN-γ in VAT. The immune-phenotype of adipose tissue, 

attributable to the stroma vascular fraction (SVF) or non-fat cell components of adipose 

tissue, is well-documented and are responsible for the secretion of certain adipokines and 

inflammatory cytokines (84, 371). The enhanced secretion of inflammatory markers from 

VAT compared to SAT is unsurprising given the finding that there are twice the number 

of infiltrating macrophages in VAT compared to SAT, therefore it may be possible that 

the source of the inflammatory secretions may be the infiltrating macrophages (372). 

IFN-γ transcripts were previously reported to be 8.2-fold higher in VAT relative to SAT 

(373). The same study reported an increased frequency of IFN-γ-producing natural killer 

cells in VAT relative to SAT (373). Therefore, it may be possible that the non-fat cell 

component is the source of these inflammatory cytokines, as has been reported 

previously. IL-13 is a cytokine involved in insulin resistance (374, 375) and elevated 

serum levels of IL-13 have been associated with insulin resistance (376). Furthermore, 

IL-13 levels have been found to correlate strongly with BMI and waist circumference, 

with a weaker correlation between IL-13 and waist-to-hip ratio and body-fat percentage 

(376). While it was previously thought that adipokines were secreted from the fat cell 

component of adipose tissue, it is now known that the SVF component is responsible for 

the secretion of a plethora of adipokines, including ICAM-1, VCAM-1, CRP and VEGF 

(371). Greater numbers of macrophages accumulate in VAT compared to SAT (372) and 

this may account at least partially for the observed elevated levels of inflammatory 

mediators.  
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IL-15, IL-16 and IL-17A are significantly higher in the secretome of VAT compared to 

SAT. IL-15 knock-out has been previously shown to protect against obesity and diet-

induced insulin resistance. Furthermore, expression of inflammatory cytokines including 

TNF-α and IL-6 were reduced in the white adipose tissue of IL-15 knock-out mice (377). 

IL-16 has been shown to be secreted at higher levels from mast cells of obese patients 

compared to lean patients (378). IL-17A has been implicated in obesity in recent years, 

with obese women exhibiting elevated levels of IL-17 compared to their non-obese 

counterparts (379), therefore it is unsurprising that levels are higher in the secretome of 

VAT compared to SAT.  

Our data indicates that patients lost a significant amount of skeletal muscle and overall 

fat free mass from time of diagnosis to time of surgery. This phenomenon has been 

reported previously in oesophageal cancer patients by Guinan et al. (380) and Elliott et 

al. (381). Sarcopenia, which is the loss of skeletal muscle mass, is associated with adverse 

outcomes such as dose-limiting toxicity in neoadjuvant treatment (381, 382), disease 

progression and post-operative complications (383). Cancer cachexia is a progressive 

wasting condition characterised by sarcopenia with or without loss of fat mass and is 

characterised by systemic inflammation (384). Therefore, we investigated if factors 

secreted from VAT or SAT correlated with measurements of body composition. There 

was an inverse correlation between skeletal muscle and the inflammatory markers IL-1β, 

IL-6 and IL-8. IL-6 has been implicated in the systemic inflammatory response of 

cachexia (385). It is not overly surprising therefore that there was an inverse correlation 

between IL-6 secretion from VAT and skeletal muscle in this cohort. IL-8 serum 

concentrations have been shown to be elevated in cachectic pancreatic cancer patients 

(386). Interestingly, elevated IL-1β in the SAT has been reported in cachectic 

gastrointestinal cancer patients (387). 

To the best of our knowledge, this is the first study to profile an immune-metabolic 

signature of both VAT and SAT in a cohort of OAC patients. Both compartments are 

markedly different and offer insights as to how adipose tissue and the obese 

microenvironment may both promote carcinogenesis and impact on tumour biology and 

clinical responses to standard therapy. Further study of VAT in particular and its impact 

and clinical relevance to standard therapies, as well as anti-angiogenic and 

immunotherapy may reveal novel insights that may be therapeutically applied in the 

clinic.   
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Chapter 7 Concluding Summary and Future Directions 
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7.1 Concluding summary 

Radiation therapy is a pillar of cancer therapy with approximately 50% of all patients 

receiving this treatment modality (85). However, resistance to therapy presents a huge 

clinical challenge in oncology, not least so in rectal and oesophageal cancers with only, 

at best, 27-30% of patients with either of these cancers achieving a complete pathological 

response (pCR) to treatment (22, 72), which will impact overall patient outcomes. A good 

response to treatment has favourable long-term outcomes for patients, therefore 

elucidating the mechanisms underlying this therapeutic resistance could potentially yield 

new therapeutic targets with the overall objective of improving patient outcome. The 

radiation-induced bystander effect (RIBE) describes the plethora of biological events 

occurring in unirradiated cells adjacent to irradiated cells (131). RIBE has been linked 

experimentally to numerous hallmarks of cancer (164) however, the examination of RIBE 

induction using human ex vivo models on bystander cellular metabolism and 

mitochondrial function remains largely unknown in the literature.  

Radiation resistance may be inherent or acquired and can result from the complex 

interplay of biological processes occurring in and adjacent to the tumour. Multiple 

mechanisms of radiation resistance have been identified with our group focussing 

extensively on the role of energy metabolism and inflammation, two processes that 

demonstrate a strong inter-relationship. In a novel isogenic model of acquired OAC 

radioresistance developed in our lab, it has been demonstrated that upregulated oxidative 

phosphorylation (OXPHOS) and inflammatory pathways have been linked to the 

radioresistant phenotype (80, 111, 271). Moreover, this model has been shown to be very 

clinically relevant and reflective of patient tumours with higher levels of the OXPHOS 

marker ATP5B being elevated in the tumours of OAC patients who have a poor response 

to neoadjuvant treatment (111). Similarly, upregulation of IL-6 type cytokines associated 

with radioresistance have been identified both in the isogenic model and in OAC patients 

(271), highlighting the role of altered metabolism and altered inflammation in the 

treatment response of OAC.  

To that end, in this thesis, we examined the effect of RIBE on mitochondrial metabolism 

and inflammatory and immune pathways in rectal cancer tissue using in vitro and human 

ex vivo models.  
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In chapter 2 we examined the effect of secreted factors both pre- and post-radiation from 

a radiosensitive and a radioresistant in vitro model of colorectal cancer (CRC) on 

mitochondrial metabolism and function and radiosensitivity. We did not observe any 

changes in any biological end-points examined in response to secreted factors from in 

vitro CRC models after a single fraction of a clinically relevant dose of radiation. 

Following repeated fractions of a clinically relevant dose of radiation, a scenario that is 

more relevant to the clinical setting, we did not observe any alterations in metabolism in 

the radioresistant SW837 cell line. We did however observe increases in ROS levels 

following treatment with irradiated cell conditioned media (ICCM) from cells that 

received 2 x 1.8 Gy fractions of radiation in this cell line. In the radiosensitive colon 

cancer cell line, the HCT116 cells, we observed alterations in mitochondrial metabolism 

following treatment with ICCM from HCT116 cells that received a single fraction of 1.8 

Gy in this experimental set up, suggesting that RIBE responses vary depending on the 

cell density of the irradiated cells. We also observed an enhancement in cellular 

proliferation, used as a surrogate marker for radiosensitivity, following treatment with 

ICCM from cells that received 3 x 1.8 Gy fractions of radiation. However, we did not 

observe any alterations in the expression of four DNA repair genes; PARP1, SMUG1, 

MMS19 and MLH1 following RIBE induction. Failure to observe any robust RIBE 

responses in our cell lines following exposure to ICCM from irradiated cell lines 

prompted us to investigate the effect of the tumour microenvironment (TME) using a 

human ex vivo explant model on RIBE induction in chapter 4. 

OAC and rectal cancer have similar response rates to neoadjuvant therapy and 

deregulated cellular bioenergetics are known to play a role in the response of OAC 

tumours to radiation (111). Therefore, we examined the same RIBE end-points 

investigated in chapter 2 in an isogenic model of acquired radioresistance in OAC. 

Similar to that seen in CRC cells, we did not observe any alterations in mitochondrial 

metabolism following RIBE induction after a single fraction of a clinically relevant dose 

of radiation in either the radiosensitive or the radioresistant cell line. We did however 

identify a differential mitochondrial function between the radiosensitive and the 

radioresistant model, with elevations in mtMP and ROS observed in the radioresistant 

cell line but not the radiosensitive cell line, suggesting that RIBE induction may induce 

mitochondrial alterations that have been associated with a more radioresistant phenotype. 

Following RIBE induction using repeated fractions of clinically relevant doses of 
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radiation delivered at 24 h intervals we observed alterations in mitochondrial metabolism 

in both cell lines following two fractions of 1.8 Gy. RIBE induction had differential 

effects on cellular proliferation in both cell lines with an inhibition of cellular 

proliferation observed in the radioresistant cell line following a single fraction of 

radiation. DNA repair efficiency appeared to be enhanced in the radioresistant model 

following 3 x 1.8 Gy fractions of radiation. Therefore, it appears from the results of this 

chapter that RIBE responses are spatially and temporally regulated events and differ in 

response to fractionation of doses. 

In chapter 4 we identified a RIBE response in rectal cancer cells in response to signals 

from whole biopsies from both normal and malignant rectal cancer tissue. We 

hypothesise that this indicates that the TME is vitally important in determining and 

activating RIBE responses. The complexity of the tumour content and the cell-to-cell 

communications are key in inducing RIBE. This is an important finding and should be 

considered when choosing appropriate model systems to study RIBE events. It has 

previously been reported that p53 mutant cells do not respond to RIBE signals, however 

we have shown that the SW837 cells, a p53 mutant cell line, are capable of responding 

to RIBE signals in ex vivo conditioned media. We have also shown that obesity directly 

impacts the microenvironment of rectal cancer tissue with leucine and ethanol correlating 

with visceral fat area (VFA), a measure of obesity status. This warrants further 

investigation since obese rectal cancer patients have been reported to have poorer 

outcomes in response to neoadjuvant treatment (293) and may yield therapeutic targeting 

strategies. Though the literature reports on this topic are mixed. As alluded to previously, 

work in our group has demonstrated that overweight and obese OAC patients have an 

improved response to neoadjuvant treatment compared to their counterparts of a healthy 

weight (79). Furthermore, it has been demonstrated that obese patients have enhanced 

responses and improved outcomes to immunotherapy and targeted therapy (355-357). 

In chapter 5, to determine what soluble factors may be key to driving RIBE, we profiled 

the inflammatory secretome of both normal and malignant rectal tissue both pre- and 

post-radiation. We identified 19 secreted factors that were found at higher levels in the 

secretome of rectal cancer tissue compared to normal rectal tissue. Unsurprisingly many 

of these altered factors had pro-tumorigenic properties including pro-angiogenic, pro-

mitogenic and immunosuppressive attributes. We did not observe any alterations in 

inflammatory secretions in the rectal cancer TME post-radiation. The irradiated rectal 
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cancer TME was the most potent stimulator of dendritic cell (DC) maturation. This 

indicates that radiation does not have an immunosuppressive effect on the rectal cancer 

TME which is important in terms of regulating treatment response. We have shown that 

there was a differential interrelationship between secreted factors in the normal and 

malignant rectal microenvironments and DC maturation markers. This chapter 

highlighted the importance of the interplay between relative levels of inflammatory 

factors in the TME and the implication of this on the innate immune system. 

Having observed correlations between measures of obesity and response of bystander 

cells to radiation, levels of metabolites in the TME and altered levels of inflammatory 

proteins in the TME of obese individuals we investigated if it was possible to profile the 

metabolic signatures of ex vivo adipose tissue using Seahorse technology. We 

demonstrated that it was possible to determine the metabolic profiles of ex vivo adipose 

tissue depots using Seahorse technology and that OXPHOS predominates in visceral 

adipose tissue (VAT) while there is a trend towards higher utilisation of glycolysis in 

subcutaneous adipose tissue (SAT). Since inflammation and metabolism are inter-related, 

we then profiled the inflammatory protein secretions from both adipose tissue depots and 

found that there were significantly higher levels of angiogenic, vascular injury and pro-

inflammatory secretions in the VAT compared to SAT. There were also early indications 

in this preliminary study that obesity may alter the metabolic profile and inflammatory 

secretome of adipose tissue.  

Overall, the findings of this thesis have identified the interplay of secreted factors and 

cell types within the TME as important determinants in regulating bystander cellular 

metabolism and innate immune responses in rectal cancer. We have also identified 

correlations between cellular behaviour, the metabolomic landscape and inflammatory 

protein secretions and obesity status in patients. We have shown that Seahorse technology 

is a useful tool for profiling the metabolic signature of adipose tissue for future functional 

studies. The findings of this thesis are summarised in Figure 7.1 below. 
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Figure 7.1 Concept diagram of main findings from thesis 

Schematic illustration of main findings from thesis. In SW837 cells RIBE was not observed. In HCT116 cells RIBE induction caused 

alterations in metabolism. In OE33R cells, RIBE induction altered expression of DNA repair genes, metabolism and mitochondrial function 

while only mitochondrial function and metabolism was altered in OE33P cells. The irradiated normal and rectal cancer microenvironment 

altered mitochondrial metabolism, DC maturation and secretion of inflammatory proteins. Visceral adipose tissue has higher levels of 

OXPHOS and elevated secretion of inflammatory mediators when compared to subcutaneous adipose tissue.
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7.2 Future directions 

The results generated from this Ph.D. thesis have generated a number of future research 

possibilities which are described below. 

1. We have shown that rectal cancer cells exhibit altered mitochondrial metabolism 

in response to the irradiated rectal tissue secretome of both normal and malignant 

rectal cancer tissue. It would be interesting to assess the effect of RIBE induction 

on mitochondrial metabolism and function on various cells within the vicinity of 

the tumour including immune cells, fibroblasts and normal cells since aberrant 

metabolism in these cells may have implications for tumour progression and 

treatment response.  

 

2. We have demonstrated that whole tissue biopsies produce RIBE signals that 

induce metabolic perturbations in bystander cells. However, it would be important 

to investigate the metabolism of whole biopsies in response to RIBE signals from 

irradiated rectal cancer tissue. This would capture the entire TME and offer 

insight into the cumulative effect of the interplay between the response of various 

cell types to RIBE signals from the tumour architecture. Given the 

aforementioned importance of metabolism in treatment response in 

gastrointestinal cancers, gaining an understanding of the metabolic consequences 

of RIBE induction using an ex vivo model would offer insight into potential 

therapeutic targets for enhancing radiosensitivity. 

 

3. We have profiled the inflammatory microenvironment of normal rectal tissue and 

rectal cancer tissue and identified differential effects of these secretomes on DC 

maturation. It would be important to conduct a screen in a larger cohort of patients 

and obtain matched blood samples to identify if altered levels of inflammatory 

proteins in the TME correlated with levels in the blood. By then following up this 

larger cohort of patients over time, it would be possible to investigate if altered 

levels of these proteins in the TME and/or blood had prognostic value in 

stratifying patients into good and poor responders to neoadjuvant treatment.  

Furthermore, our data indicates that the irradiated rectal cancer TME is the most 
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potent stimulator of DC maturation, therefore investigating the effect of the 

altered secreted factors may identify important inducers of innate immunity.  

 

4. We investigated the effect of a single fraction of a clinically relevant dose of 1.8 

Gy radiation on the protein secretome in rectal cancer tissue but it would be 

important to compare pre-treatment protein secretions in the TME and blood with 

those obtained post-treatment following a full course of neoadjuvant therapy. This 

could potentially allow for segregation of good versus poor responders to 

neoadjuvant therapy based on an altered pattern of protein secretions, which has 

the potential for improved stratification of patients and in turn has the potential to 

identify therapeutic targets.  

 

5. We have demonstrated that it is possible to assess the metabolic profiles of 

adipose tissue depots in real-time using Seahorse technology. Previous work in 

our group has revealed that OAC patients that are overweight or obese have a 

better response to neoadjuvant treatment compared to their non-obese 

counterparts but the mechanisms underlying this are largely unknown. Prof. 

O’Sullivan’s group has secured funding to investigate the effect of neoadjuvant 

radiation on metabolic profiles in VAT. Prof. O’Sullivan’s group is also assessing 

the metabolic profiles of adipose tissue in CRC patients to investigate if altered 

adipose tissue metabolism is linked to patient outcome.  

 

6. We screened VAT and SAT depots for the secretion of 54 inflammatory proteins. 

It would be interesting to conduct this screen in a larger cohort of patients and 

segregate patients according to obesity status and treatment response to identify 

any associations between secreted factors and outcome which may be of 

prognostic value. As with the rectal study, it would be useful to conduct the screen 

in matched blood samples owing to the ease of access of blood samples for future 

prognostic use.  
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