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Summary  
 Colorectal cancer (CRC) is the third most common cancer globally, accounting for 
approximately 10% of all cancer diagnoses. A third of CRCs occur in the rectum. The 
majority of CRCs are diagnosed at advanced stages and treatment for locally-advanced 
rectal cancer (LARC) is neo-adjuvant chemoradiation therapy (neo-CRT) followed by 
surgical removal of the tumour. Unfortunately, response rates to neo-CRT are modest, with 
less than 30% of patients achieving a complete pathological response (pCR). Therefore, 
there is a global unmet need to urgently elucidate the molecular factors influencing 
response to neo-CRT in rectal cancer to identify new therapeutic targets to boost response 
to therapy in this setting. Furthermore, the identification of novel predictive biomarkers of 
response to neo-CRT in rectal cancer would enable improved patient stratification prior to 
the initiation of treatment. The complement system is an essential arm of innate immunity 
which is becoming increasingly recognised in the context of cancer. Complement system 
components have been demonstrated to promote tumourigenesis and alter response to 
therapy in a number of human cancers. In this thesis, the role of the complement system in 
the radioresistance of rectal cancer was investigated, to assess the potential for complement 
as a therapeutic target and a predictive biomarker of response to neo-CRT in rectal cancer.  
 The inherent radiosensitivity of a panel of colon and rectal cancer cell lines was 
characterised, identifying HCT116 cells as an inherently radiosensitive cell line, while 
SW837, HRA-19 and SW1463 cells were inherently radioresistant. Expression of the 
complement system was characterised in these cells, demonstrating that colon and rectal 
cancer cells express the central complement components C3 and C5, which are present 
intracellularly and secreted. Complement was activated in CRC cells, with C3a and C5a 
anaphylatoxins secreted and retained intracellularly. The total intracellular concentration 
of C3 and C5 and their respective anaphylatoxins was increased in cells with increased 
radioresistance, suggesting a role for complement in the response to radiation in CRC. 
Furthermore, expression of C3 and C5 positively correlated with the surviving fraction of 
cells at a clinically-relevant dose of radiation. Expression of complement factor B (CFB), 
an alternative complement activation pathway component, suggested that complement 
activation may occur via this pathway. CRC cells were demonstrated to express the C3aR 
and C5aR complement receptors, and membrane-bound complement regulatory proteins, 
suggesting that they can respond to complement signalling and modulate complement 
activation, respectively.  
 In radiosensitive HCT116 cells and radioresistant HRA-19 cells, C3 was 
demonstrated to functionally modulate the response to radiation at a clinically-relevant 
dose of radiation. In HCT116 cells, C3 overexpression was not associated with alterations 
in viability, apoptosis, cell cycle distribution or DNA damage induction and repair, 
suggesting that C3 may modulate the response to radiation in these cells by another 
mechanism. In HRA-19 cells, C3 silencing and enhanced radiosensitivity was associated 
with increased levels of basal DNA damage and altered cell cycle distribution to a more 
radiosensitive phenotype. Immunoprecipitation of C3 from HRA-19 and HCT116 cells and 
analysis by mass spectrometry demonstrated that the C3 interactome is significantly altered 
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between these two cell lines, supporting the hypothesis that C3 may engage in different 
intracellular roles.  
 Investigation of the effect of tumour cell-derived C3 and recombinant C3a on T cell 
phenotype demonstrated that complement can maintain T cells in a naïve state. While this 
would suggest that complement does not boost effector function, assessment of T cell 
cytokine expression demonstrated that complement potentially shifts T cell responses away 
from T helper (Th)2-like towards an IFN-g producing, Th1-like phenotype. No effect on T 
cell proliferation was demonstrated by either tumour cell-derived or recombinant 
complement.  
 Investigation of complement expression in pre-treatment rectal tumour biopsies 
demonstrated that central complement cascade and complement activation pathway 
components are expressed in rectal tissue at higher levels relative to non-cancer tissue. 
Expression of C5 mRNA was elevated in the tumour tissue of obese patients suggesting a 
relationship between obesity status and complement expression in rectal cancer. 
Complement activation was detected within the circulation in pre-treatment rectal cancer 
patient sera. Sera levels of C3a were associated with clinical tumour stage. For the first 
time, pre-treatment sera levels of C3a and C5b-9 were demonstrated to correlate with 
subsequently poor patient responses to neo-CRT, suggesting that complement may have 
potential as a circulating predictive biomarker of response to neo-CRT. C5b-9 was also 
elevated in the sera of patients with worse recurrence-free and overall survival.  
 Together this thesis demonstrates a functional role for C3 in the response to 
radiation in vitro, and highlights a potential role for circulating C3a and C5b-9 as predictive 
and prognostic biomarkers in rectal cancer.  
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1.1. Colorectal cancer 

1.1.1. Epidemiology  

 Colorectal cancer (CRC) is a major contributor to the global cancer burden, 

representing the third most commonly diagnosed cancer worldwide1. In 2020, CRC 

accounted for more than 1.9 million new cancer diagnoses, approximately 10% of all 

cancer cases1. Of these, over 700,000 cases occurred in the rectum specifically. In Ireland, 

CRC is the second and third most commonly diagnosed cancer in males and females, 

respectively, responsible for almost 3000 new cancer diagnoses annually2. Of all CRCs 

diagnosed in Ireland, approximately one third occur in the rectum2. Between 2010 and 2014 

in Ireland, 54.9% of colon cancers were diagnosed at advanced stages (stage II and III), 

while 60.3% of rectal cancers were diagnosed at advanced stages3.  

CRC greatly impacts mortality. The most recent report revealed that in 2020, CRC 

was the second leading cause of cancer death worldwide, responsible for 1 in 10, or 

approximately 935,000 cancer deaths1. Of these, more than 300,000 can be attributed to 

rectal cancer. CRC demonstrates a similar trend in Ireland, representing the second most 

common cause of cancer-related mortality and resulting in over 1000 deaths annually2. 

Based on sex, CRC on average is the second most common cause of cancer death in males, 

and the third most common in women, behind lung and breast cancer2. In Ireland, the 5-

year survival rate for CRC increased from 50% between 1994-1999 to 66% between 2014-

2018 (Fig. 1-1). Both the incidence of and mortality associated with CRC is greater in 

males than females2,4,5. The 5-year survival rate for rectal cancer specifically, is 61.6% 3. 

The distribution of CRC varies globally. Highest rates of CRC occur in Europe, 

Australia/New Zealand and North American, with low incidence in most of Africa and also 

South Central Asia1. Increases in the human development index (HDI), a measure which 

encompasses life expectancy, the attainment of education and income, is accompanied by 

rising rates of CRC6. As such CRC is considered a socioeconomic developmental marker1.  

Worryingly, the incidence of CRC is rising, with new diagnoses projected to surpass 

3 million in 20405. The rising incidence of CRC is attributable to population growth and 

ageing, but increases in low HDI countries and young adults in higher-income settings are 

also linked to the adoption of a westernised diet and growing rates of obesity5. In 2020, 

more than 60% of all CRCs diagnosed globally occurred in patients between the ages of 50 

and 745. In Ireland, the majority of cases are diagnosed in those over 50, with less than 10% 

of CRCs occurring in patients under the age of 502. CRC is increasing in younger people 

(<50) in particular, with more of these patients presenting with tumours in the rectum as 
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opposed to the colon7,8. Reportedly, diagnoses of rectal cancer in younger cohorts are 

delayed, often due to being symptomatic for a period of time prior to seeking medical 

attention and as a result of slow referral to necessary specialists after presenting at the 

clinic9. While earlier studies of CRC highlighted that younger patients were often 

diagnosed at later stages and had worse outcomes10,11, more recent studies of rectal cancer 

specifically have suggested that tumour stage and 5 year survival is similar in younger and 

older patients9,12.  

It is estimated that global increases in CRC will be accompanied by a greater than 

70% increase in deaths. The majority of these deaths are predicted to occur in high or very 

high HDI regions5. In Ireland particularly, rectal cancer deaths are projected to increase by 

24.2% by the year 203513.  

 
Figure 1-1: Presentation method, stage at diagnosis and 5-year survival of CRC in Ireland. 
Data from the National Cancer Registry Ireland14. Figure created with BioRender.com. 
 
 

1.1.2. Molecular and clinical differences in colon and rectal cancers 

A major percentage of CRCs (approximately 30%), occur in the rectum1. Given their 

close anatomical relationship, colon, rectal and anal cancers are generally classified 

together as CRC1,15. Despite this, evidence demonstrates that rectal cancers differ in 

aetiology, pathology and mutational burden, when compared to colon cancers.  

It is hypothesised that colon and rectal cancers may arise at least partially via different 

mechanisms of oncogenesis16. Supporting this theory, study of tumour tissue from the 

rectum and colon has demonstrated that these cancers display differences in the expression 
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and mutation of both tumour suppressor and oncogenes. Moving from the right colon to 

the left colon to the rectum, the mutation frequencies of the p53 and adenomatous polyposis 

coli genes are demonstrated to increase, while decreasing mutational frequencies for genes 

including ataxia telangiectasia mutated (ATM) and phosphate and tensin homolog (PTEN) 

are reported17. Additionally, positive expression of p53 is more common in rectal cancers 

and significantly correlates with shorter disease-free survival (DFS) in rectal but not colon 

cancers16. Mutations in v-raf murine sarcoma viral oncogene homolog B1 (BRAF) can 

occur in both colon and rectal cancer, however they are less common in rectal tumours 

(25% of right-sided and 7% of left-sided colon vs. 3.2% of rectal)17. Furthermore, the 

majority of BRAF mutations in right and left-sided colon tumours are V600E mutations, 

compared with just 50% of rectal tumours17. Significantly greater amplification of human 

epidermal growth factor receptor 2 (HER2)/neu and lower activation of 

phosphatidylinositol-3 kinase (PI3K)/Akt/ mammalian target of rapamycin (mTOR) has 

also been noted in rectal cancers relative to colon cancers17. Rectal cancers display elevated 

nuclear expression of b-catenin, suggesting that greater activation of the b-catenin/ 

adenomatous polyposis coli pathway may occur in these tumours, relative to colon cancer16. 

These studies demonstrate that there are differences in the molecular landscape between 

colon and rectal cancers.  

Most notably, the clinical behaviour of colon and rectal cancers differs. While the 

main challenge in treating rectal cancer is risk of local recurrence, a major concern for 

colon cancer is the development of distant metastases16. The rectum is located within the 

pelvis, a far less accessible region than the peritoneal cavity where the colon is located18. 

Although both rectal and colon surgeries are high-risk19, the anatomical location of the 

rectum makes surgery more demanding, and poses increased risks of complications such 

as incontinence20. These features have led to the differences in management of colon and 

rectal cancers. While rectal cancer is treated with neo-adjuvant chemoradiation therapy 

(neo-CRT) to downstage tumours prior to resection21, colon cancer patients instead 

generally receive adjuvant chemotherapy post-surgery22. 

Colon and rectal cancers also demonstrate different patterns of metastasis23. Aside 

from anatomical location, the blood supply and drainage differs within the colon and 

rectum19. While the right (proximal) colon is supplied by the superior mesenteric artery, 

the inferior mesenteric artery supplies the left (distal) colon and the rectum18. Drainage 

from the proximal colon is via the liver, while the distal colon and rectum venous drainage 
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bypasses the liver instead entering the lungs, leading to increased risk of pulmonary and 

bone metastases19. As the colon is located within the peritoneal cavity, metastasis to this 

region is more common19. In women, colon cancer presents an elevated risk of ovarian 

metastases, when compared to rectal cancer23.  

With regards to prognosis, there is no difference between early stage (I and II) colon 

and rectal cancers, however late stages (III and IV) rectal cancers demonstrate worse 

prognosis24. A seminal paper by Guinney et al. outlined four consensus molecular subtype 

(CMS) by which CRCs can be classified; CMS1 (immune), CMS2 (canonical), CMS3 

(metabolic) and CMS4 (mesenchymal)25. When compared to right and left sided colon 

cancers, rectal cancers demonstrate a greater percentage of tumours classified as CMS4, 

the most aggressive and metastatic subtype, which tend to be advanced upon diagnosis25. 

 

1.1.3. Aetiology and risk factors for colon and rectal cancers 

The differences in the incidence of colon and rectal cancers suggest that distinct risk 

factors separate tumours in these regions8. CRCs have a strong hereditary component. Two 

major familial forms of CRC exist; Lynch Syndrome or hereditary nonpolyposis colorectal 

cancer (HNPCC) and the rarer familial adenomatous polyposis (FAP), which give rise to 

tumours predominating in the right and left colon, respectively18. However, family history 

contributes less to rectal cancer than colon cancer26.  

Genomic instability is major contributor to tumourigenesis in the colorectum27,28. As 

outlined, different mutations of oncogene and tumour suppressor genes have been reported 

to predominate in colon and rectal cancers16,17 There are three main pathways that dominate 

CRC tumours; microsatellite instability (MSI) which is characterised by deficient 

mismatch repair (MMR)29, chromosomal instability (CIN)30, which is associated with 

aneuploidy, defects in chromosomal segregation and oncogene mutations31 and the 

epigenetically unstable CpG island methylator phenotype (CIMP)32. In rectal cancer, the 

majority of tumours develop as a result of the CIN pathway 21,30.  

In terms of diet, total dietary fibre intake has an inverse relationship with the risk 

of developing both colon and rectal cancer33. However, different sources of fibre have been 

demonstrated to influence the risk of colon and rectal cancers to varying extents, with fibre 

from fruit and vegetables combined associated with a significantly lower risk of colon but 

not rectal cancer33. While the consumption of beef, lamb, pork and processed meat have 

been found to be associated with colon cancer, they are not associated with rectal cancer26 
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Reduced physical activity and increases in body weight are possible contributors to 

the increased incidence of rectal cancer in younger populations34,35. However, although 

exercise is demonstrated to reduce the risk of CRC, this association appears to have a 

greater preventative effect on the development of colon cancer, relative to rectal cancer8,26 

Given the large influence of lifestyle and dietary factors on the risk of developing CRC, 

disease prevention remains the major approach in tackling the global burden of CRC1. 

Another risk factor associated with rectal cancer is smoking. Smokers have a 

significantly greater risk of developing rectal cancer, when compared to never smokers. In 

never smokers, the incidence of rectal cancer is higher in men, however in smokers, there 

is a greater association between women and incidence of rectal cancer36.  

  

1.1.4. Screening, diagnosis and staging of colon and rectal cancers  

CRC is among the few cancer types that are routinely screened by national 

programmes. Cancer screening programmes aim to detect pre-malignant conditions or early 

stage cancers and have been demonstrated to reduce cancer incidence and mortality37. In 

the United States, screening for CRC is recommended for ages 45-75, with further selective 

screening encouraged up to age 8538. At present in Ireland, those between the ages of 60 

and 69 are for eligible for BowelScreen, the national CRC screening programme that occurs 

biennially14. Uptake of BowelScreen to date has been approximately 40%, with a greater 

uptake in females than males. The working goal is to extend the programme to everyone in 

the age range of 55-7439. Between 2018 and 2019, over 8000 adenomas/polyps and more 

than 900 sessile serrated lesions were removed as a result of screening in Ireland. A total 

of 304 cancers were detected, a rate of 1.4 per 1000 individuals screened39. Importantly, 

early-stage rectal cancers have been diagnosed more frequently since the introduction of 

BowelScreen, with 58% of tumours detected being stage I-II40 . Initial screening for CRC 

involves detection of blood in stool samples, using a faecal immunochemical test (FIT) or 

a faecal occult blood test (FOBT) which are antibody and guaiac-based tests, respectively. 

It is estimated that 95% of people will require no further assessment, however the 

remaining 5% may require a colonoscopy39.  

In addition to screening, rectal cancer patients may also be identified following 

presentation in hospital with symptoms including changes in bowel habit, rectal bleeding 

and abdominal pain41. Diagnosis of rectal cancer in these patients and those with a positive 

faecal test, requires a digital rectal examination (DRE) and a colonoscopy to identify 

malignancy21. Rectal cancer is confirmed by histopathological examination of tumour 
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biopsy sample, taken at the time of colonoscopy21. Rectal cancer tumours are located £15 

cm from the anal margin, while more proximal tumours are classified as colon cancer. 

Rectal cancers can further be defined as low, middle or high based on their location from 

this margin (up to 5cm, from 5-10 cm, from 10-15 cm, respectively)21. The classification 

of rectal cancers based on anatomical location is outlined in Fig. 1-2. 

After determining tumour location and verifying malignancy from tissue biopsies, 

further clinical testing is required. A full blood count, functional tests of the liver and 

kidneys and assessment of serum carcinoembryonic antigen (CEA) should be performed21. 

Locoregional clinical staging of rectal tumours is performed using magnetic resonance 

imaging (MRI), which is the most accurate method to define clinical tumour stage (cT). 

For early stage tumours, the use of endoscopic rectal ultrasound (ERUS) together with MRI 

may be beneficial in deciding whether transanal endoscopic microsurgery (TEM) is a viable 

treatment option42. When disease is locally advanced, ERUS is of less value in defining 

treatment42. The presence of disease in regional lymph nodes, classified as clinical nodal 

stage (cN) is also assessed by MRI. To identify metastasis to the lungs, a thorax computed 

tomography (CT) scan is performed43. The abdomen and liver is also investigated using CT 

or magnetic resonance MRI21. In some instances, positron emission tomography (PET) may 

be useful to assess extensive disease spread that has occurred beyond the pelvis44. The 

Union for International Cancer Control (UICC) TNM staging classification (8th edition), 

defines the criteria for cT, cN and metastasis (M) stage. Details of this staging system are 

outlined in Fig. 1-3.  

 

 

 

 

 

 

 

 

 

 

.  

 



 8 
 
 

 

 

 

 

 

 
Figure 1-2: Anatomical classification of CRC into colon and rectal tumours. Colon and rectal 
tumours can be distinguished based on their proximity from the anal margin. Rectal tumours are 
defined as those less than or equal to 15 cm from the anal margin, and can further be sub-divided 
into low, middle or high cancers. Figure created with BioRender.com. 
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Figure 1-3: Overview of UICC TNM staging classification for rectal tumours. Rectal tumours 
are classified into stages based on the invasion of the primary tumour (T), the spread of cancer into 
lymph nodes (N) and the further dissemination of the cancer to give distant metastasis (M).  
Figure adapted from21. Figure created with BioRender.com. 
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1.2. Rectal cancer treatment 

 Treatment of rectal cancer patients is dependent on tumour stage. Very early stage 

tumours (T1), without nodal involvement, are most often suitable for TEM or another local 

excision procedure45,46. Early stage tumours (cT1-cT2 and node negative cT3a-cT3b 

middle and high rectal tumours) are advanced further than is suitable for TEM, and are at 

increased risk of recurrence and spread to mesorectal lymph nodes46. Therefore, radical 

total mesorectal excision is performed, a surgical approach that involves completely 

removing the rectum and excising all mesorectal fat, with the inclusion of the pararectal 

lymph nodes47.  

Intermediate tumours that are more locally advanced (cN1-N2, cT3a-cT3b low 

tumours) also are treated using total mesorectal excision21. The addition of preoperative 

radiation therapy (RT) either alone or in combination with chemotherapy to lower risk of 

local recurrence has been assessed in this setting, however use remains controversial21. 

Provided that a good plane of surgery is achieved when total mesorectal excision is 

performed, and lymph nodes are removed together, studies have demonstrated that risk of 

recurrence is low48,49 

 Locally advanced rectal cancers (LARC) are tumours beyond stage cT3b that are 

positive for extramural vascular invasion. To reduce the risk of local recurrence, LARC 

generally receive neo-CRT prior to total mesorectal excision21. There are two neo-adjuvant 

regimens for delivering RT. Short course RT (SCRT) consists of a total dose of 25 Gray 

(Gy), delivered in 5 fractions of 5 Gy, over a period of one week. Conventionally, surgery 

is performed within one week of completing SCRT, however, an alternative approach is to 

delay surgery for 4-8 weeks50. This is associated with fewer postoperative complications, 

and similar outcomes to immediate surgery50. Patients with LARC can also receive long 

course RT (LCRT), which is a total of 45-50 Gy delivered in 25-28 fractions. If the 

circumferential resection margin is at risk, a further boost of 5.4 Gy delivered in 3 fractions 

of 1.8.Gy may be administered21. For patients receiving neo-CRT, oral capecitabine and 5-

fluorouracil (5-FU), delivered via continuous intravenous infusion rather than a bolus dose, 

are the recommended chemotherapy agents21,51 

 

1.2.1. Response to neo-CRT 

Response to neo-CRT is determined by histopathological assessment of resected surgical 

samples. In Ireland, the tumour regression score (TRS) is determined using the modified 
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Ryan tumour regression grading system40. This score is a 4-point grading system based on 

the recommendations outlined by the American Joint Committee of Cancer (Table 1-1)52.  

 

Table 1-1: Modified Ryan tumour regression grading system. 
TRS Response Description 

0 Complete No viable tumour cells 

1 Near-complete Single or rare small groups of cancer cells 

2 Partial Residual cancer greater than single or small groups of 

cancer cells, with evident tumour regression 

3 Poor or no Residual cancer is extensive, no evident tumour 

regression 

Abbreviations; TRS, tumour regression score.  
 

A pathological complete response (pCR) to neo-CRT is associated with improved five-year 

survival, greater local control, increased metastasis-free survival and better overall survival 

(OS)53. However, unfortunately response rates to neo-CRT are modest with less than 30% 

of rectal cancer patients demonstrating a pCR54–56. This means that a majority of patients 

are subject to treatment-associated toxicities with no apparent therapeutic benefit and worse 

disease outcomes due to delay to surgery and disease progression57. 

A growing area of interest is whether surgery can be avoided in those patients who 

had a pCR following neo-CRT58. Until recently, response to therapy was only determined 

pathologically, post-surgery. More recently, evidence suggests that stringent clinical 

examination following neo-CRT may reliably identify patients with a complete clinical 

response (cCR)58. In this instance, there is an inability to detect residual tumour when 

patients are endoscopically or radiologically assessed53. For these patients, a wait-and-see 

approach as an alternative to immediate total mesorectal excision after neo-CRT has been 

proposed. Total mesorectal excision is associated with impairments in bowel, urinary and 

sexual function59,60. In addition to minimising these side-effects, motivation for a wait-and-

see policy includes the avoidance of patient overtreatment58. While a wait-and-see policy 

has been debated in the literature, several large studies have demonstrated that in patients 

identified using strict selection criteria, it may be a safe management option, providing 

adequate follow-up takes place53,61. Similar recurrence rates and outcomes have been 

reported in wait-and-see and surgically resected patient cohorts61–63. In Ireland, a wait-and-
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see approach has not been adopted for those demonstrating a cCR, however, National 

Clinical Guidelines recommend that it is discussed as an option with the patient, and may 

be a potential option following shared decision making40.  

 

1.2.2. Predictive markers of response to neo-CRT 

Several studies have attempted to identify predictive biomarkers of response to neo-

CRT in rectal tumours54. Clinical factors including tumour size, node positivity at diagnosis 

and the distance of the tumour from the anal verge have all been demonstrated to predict 

response to neo-CRT in rectal cancer64. Additionally, the length of the interval between 

neo-CRT and surgery has demonstrated predictive ability64,65. Some pathological features 

have also been noted as markers of response to neo-CRT, however, in general these 

clinicopathological features lack the necessary sensitivity and specificity required to be 

utilised as a clinical tool66.   

Molecular biomarkers in blood have been explored in several studies for their ability 

to identify responders to neo-CRT prior to the initiation of treatment66. CEA has been 

extensively studied in rectal cancer, and CEA levels at diagnosis have been demonstrated 

to predict response to neo-CRT64,65 (and reviewed in66). Similarly, the expression of 

numerous tissue biomarkers has been demonstrated to discriminate between responders and 

non-responders to neo-CRT in rectal tumours66. Among these are p53, epidermal growth 

factor receptor (EGFR), vascular endothelial growth factor (VEGF), p21, B-cell lymphoma 

2 (Bcl2), and BCL2-associated X protein (Bax)66. Gene expression profiling has 

demonstrated potential for determining the response to neo-RT in rectal cancer66. Using a 

novel 33 gene signature, Watanabe and colleagues discriminated responders from non-

responders with an accuracy of 82.4%67. Within the signature there was an enrichment of 

genes associated with categories such as cell growth and signal transduction67. Subsequent 

studies have since demonstrated that differential gene expression may have potential to 

discriminate between responders and non-responders to neo-CRT in rectal cancer68–70. 

Despite this, no biomarkers are routinely used in the clinic to predict response to neo-CRT 

and aid in treatment decision making.  

 

1.2.3. 5-FU 

 5-FU is a widely used chemotherapeutic agent, which has been used for over 40 y 

in the treatment of CRC, where it demonstrates the greatest anti-cancer effects71. An 

analogue of uracil, 5-FU has the advantage of transporting intracellularly using the same 
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system72. Once within the cell, 5-FU is converted to three active metabolites; 

fluorodeoxyuridine monophosphate (FdUMP), fluorodeoxyuridine triphosphate (FdUTP) 

and fluorouridine triphosphate (FUTP)71. FdUMP forms a ternary complex with 5,10-

methylenetetrahydrafolate and thymidylate synthase (TS), a nucleotide synthetic enzyme. 

This blocks the nucleotide binding site of TS, preventing catalysis of deoxyuridine 

monophosphate (dUMP) to deoxythymidine monophosphate (dTMP)73,74. Inhibition of TS 

leads to imbalances in the pool of deoxynucleotides (dNTPs) and increased levels of 

deoxyuridine triphosphate (dUTP). Imbalances in the pool of dNTPs induce lethal DNA 

damage, which is understood to occur due to disruptions in DNA synthesis and repair75,76. 

Both dUTP and the 5-FU metabolite FdUTP can induce DNA damage by becoming mis-

incorporated in DNA, inducing damage. RNA is also damaged by 5-FU. Incorporation of 

the 5-FU metabolite FUTP into RNA interferes with RNA processing and function, which 

can have toxic effects71. 

 Capecitabine is an oral 5-FU pro-drug that is absorbed through the gastrointestinal 

(GI) tract. In the liver, capecitabine is sequentially converted to 5'-deoxy-5-fluorouridine 

(5'DFUR) by carboxylesterase and cytidine deaminase. Thymidine phosphorylase and/or 

uridine phosphorylase then convert 5'DFUR to 5-FU77,78. Importantly, capecitabine has 

demonstrated more favourable toxicity profiles in clinical trials, when compared to 5-FU71.  

 

1.2.4. RT 

RT is a major cancer treatment modality, received by over 50% of cancer patients79. 

Approximately 40% of patients who are cured of their cancer will have received RT80. The 

number of patients requiring RT is estimated to rise by 16% by the year 2023, given the 

current projections for new cancer cases81. RT involves delivering ionising radiation (IR) 

in the form of X-rays or g-rays79. Radiation is measured in units of Gy where 1 Gy is 

equivalent to 1 joule of absorbed energy per kg of tissue82. RT aims to induce tumour cell 

death by directly and indirectly damaging DNA. To maximise tumour kill while avoiding 

excessive damage to the surrounding normal tissue and adjacent organs, the total dose of 

radiation is administered in smaller doses, which are defined as fractions. A linear, 

quadratic formula is used in determining fractionation regimens, to ensure the time-dose 

factors for specific tumour types and normal tissues are taken into account79,83. The 

administration of RT in fractions aims to exploit the often inferior ability of cancer cells to 

repair sublethal DNA damage relative to normal cells, which proliferate slower, allowing 
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them more time to repair damaged DNA83. In the treatment of rectal cancer using LCRT, 

RT is delivered using 3-4 fields to the pelvis to ensure the tumour and a 2-5 cm margin, the 

presacral nodes and the internal iliac nodes are included84. SCRT may also include regions 

including the anal canal and lower lumbar lymph nodes84. RT is associated with both acute 

and long term side effects. Rectal cancer patients receiving either LCRT or SCRT often 

experience mild acute side effects including erythema, nausea and vomiting, which usually 

resolve in the weeks following treatment85,86. Furthermore, both regimens are associated 

with later side effects such as fecal or urine incontinence and poorer quality of life86–88.  

In 1975, Withers described the main factors that influence the cytotoxic outcome of 

fractionated RT and coined the 4 R’s of radiobiology; repair of DNA damage, repopulation 

of tumour cells, reoxygenation of hypoxic areas and redistribution in the cell cycle89. Repair 

describes how fractionation exploits the differences in DNA repair ability in normal and 

cancer cells. While normal tissue can repair sublethal DNA damage induced by RT between 

fractions, cancer cells are often deficient in mechanisms of DNA repair, leading to the 

accumulation of sublethal damage and subsequent cell death90. Repopulation describes how 

tumours proliferate between fractions. This often proceeds at an increased rate during 

prolonged courses of RT91. Reoxygenation refers to the essential role of oxygen in the 

response to RT. Under conditions of low oxygen; hypoxia, tumour cells are three times less 

sensitive to RT, therefore leading to poor patient outcomes92–94. Redistribution considers 

that fact that cells display differing sensitivities to radiation when in different stages of the 

cell cycle; cells in gap (G) 2 and mitosis (M) phases are most sensitive, cells in G0 are more 

resistant, while cells in synthesis (S) phase are most resistant95–97. Therefore, fractionated 

doses of RT allow for redistribution of cells throughout the cell cycle. The impact of cancer 

stem cells on these 4 principles likely aids tumour escape of RT89. While these 4 R’s are 

key influencers of response to RT, additional factors contribute to whether tumour control 

is achieved. In consideration of this, it has since been suggested that inherent 

radiosensitivity should be considered the 5th R of radiobiology98. Inherent radiosensitivity 

accounts for the different sensitivity between individual and cancer type specific tumours.  

Although induction of direct and indirect DNA damage is the primary cause of cancer 

cell death, radiation can modulate anti-tumour responses and tumour cell recognition99. 

Studies have demonstrated that IR modifies the tumour microenvironment (TME) and can 

alter priming and recruitment of effector T cells99–101. Tumour regression that occurs 

outside of the field of irradiation, is known as the abscopal effect, and has also been linked 

to the indirect stimulation of anti-tumour immune responses by RT. Efforts to improve 
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tumour kill have demonstrated the addition of immunotherapy to RT regimens may 

enhance the abscopal effect102,103. Taking into account these essential roles for the immune 

system in response to RT, more recently a 6th R; reactivation of the immune response has 

been proposed104 (Fig. 1-4). 

 
Figure 1-4: The 6 R’s of Radiobiology. Repopulation, repair, reoxygenation and redistribution 
were described as the 4 R’s of Radiobiology. Since then, intrinsic radiosensitivity and reactivation 
of the immune response have been proposed as the 5th and 6th R’s of Radiobiology, respectively.  
Figure adapted from104. Figure created with BioRender.com. 
 
 

1.2.4.1. Radiation-induced DNA damage 

Cellular DNA is the critical target of RT105. IR induces significant DNA damage, 

mostly in the form of single-stranded breaks (SSBs) and double-stranded breaks (DSBs), 

the latter of which is considered the most lethal event106. Several other kinds of DNA 

lesions also result, including altered or mismatched bases, the formation of adducts and 

DNA cross-links107. A 1 Gy dose of IR induces approximately 1000 SSBs, 40 DSBs and 

150 DNA-protein cross links, results in damage to 700 thymine bases and causes 

hydroxylation of 700 adenine bases108.  

IR-induced DNA damage occurs by direct and indirect mechanisms79. Direct DNA 

damage occurs due to direct energy deposition within the DNA molecule108. Indirect 
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damage to DNA occurs as a result of reactive oxygen species (ROS) formed when IR reacts 

with water in the cell. These ROS include superoxide, hydrogen peroxide and hydroxyl 

peroxyl and alkyl radicals109 and contain one unpaired electron, making them highly 

unstable and therefore reactive with DNA110. Indirect damage to DNA accounts for 

approximately 70% of all radiation-induced DNA damage111. IR also affects the plasma 

membrane, altering membrane structure and organisation and stimulating signalling events 

which induce apoptosis or modulate cellular morphology112. In particular, IR-induced 

hydrolysis of sphingomyelin produces ceramide, which can trigger apoptosis113.  

Irreparable DNA damage induced by radiation causes tumour cell death via apoptosis 

and mitotic catastrophe, or leads to cell cycle arrest and senescence114. Regardless of 

whether repair or cell death is the outcome of radiation-induced DNA damage, the 

generation of DNA damage within the cell initiates a range of response mechanisms.  

 

1.2.4.2. The DNA damage response 

The DNA damage response (DDR) represents the intracellular mechanisms, which 

have evolved to detect, signal the presence of and repair DNA damage induced daily by 

endogenous and environmental agents115. There are an estimated 450 essential proteins 

involved in the DDR116. These are organised into sensors, which recognise damaged DNA, 

transducers, which amplify the signal and effector molecules, which are responsible for 

ultimately inducing a cellular response117. This response ranges from repair of damaged 

DNA or chromatin remodelling, to the induction of apoptosis or cell cycle arrest115.  

Activation of the DDR initiates a cascade of protein kinases. The most upstream of 

these are transducers from the phosphatidylinositol-3-kinase-related kinase (PIKK) family; 

DNA-dependent protein kinase catalytic subunit (DNA PKcs), ATM and ataxia 

telangiectasia mutated-rad3-related (ATR)118. ATM is generally considered the master 

regulator in response to DSBs119, however, DNA PKcs function is also important in 

repairing DSBs, by non-homologous end-joining (NHEJ)119. ATR is activated by a wider 

range of lesions in proliferating cells and plays essential roles in DNA replication stress 

responses120. Together, these kinases are responsible for a range of essential 

phosphorylation events that drive the DDR signalling response120.  

Neoplastic transformation is associated with an accumulation of genomic instability, 

often rendering cancer cells defective in one or more DDR pathway115,121. This results in 

DDR dependencies that can be exploited by cytotoxic therapies that induce lethal DNA 

damage, such as DSBs, which are difficult to resolve106,115. However, cancer cells often 
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display alterations in DDR activity/genes, providing them with an enhanced ability to repair 

DNA damage and promoting radioresistance122–124. 

 

1.2.5. Mechanisms of resistance to treatment in rectal cancer 

1.2.5.3. DNA repair 

 Several molecular parameters have been implicated in tumour resistance to RT, 

including alterations in DNA repair122–124. DNA repair occurs by five major pathways125. 

The mechanism by which DNA is repaired is dependent on both the type of DNA lesion 

and the phase of the cell cycle the cell is in126. 

DSBs are the most lethal DNA lesion induced by IR. Two mechanisms of DNA repair 

predominate for the resolution of DSBs; NHEJ and homologous recombination (HR). HR 

is largely restricted to the later S and G2 cell cycle phases127. Alterations in HR activity 

and mediators have been linked with response to radiation. The Mre11-Rad50-Nbs1 

(MRN) complex is essential in the initiation of HR128. Elevated expression of RAD50, in 

pre-treatment rectal tumour biopsies has been demonstrated to associate with subsequently 

poor patient responses to neo-CRT129. Overexpression of the MRN complex is associated 

with worse DFS and OS following neo-CRT in rectal cancer130. The majority of DSBs are 

resolved by NHEJ which predominates in the G1 and early S phases of the cell cycle127. In 

rectal cancer, enhanced NHEJ131 and cytoplasmic versus nuclear expression of essential 

NHEJ machinery132 has also been linked with radioresistance. These data indicate that 

enhanced expression of DSB repair machinery is associated with poor responses to neo-

CRT, suggesting alterations in DNA repair are a major mechanism of resistance to RT in 

rectal cancer. 

 

1.2.5.4. The cell cycle and radioresistance 

Alterations in cell cycle distribution and progression are also recognised as 

contributors to radioresistance. Four phases; G1, S, G2 and M compose the cell cycle, 

together with the G0 phase, which is outside the cell cycle107. Sensitivity to radiation is 

altered depending on phase of the cell cycle (Fig. 1-5), with cells in the G2 and M phases 

being most sensitive to radiation, cells in G0 being more resistant, while cells in S phase 

are most resistant95–97. Progression through the cell cycle is governed by various cell cycle 

checkpoints, which are activated during the DDR to halt progression to the next phase107. 

Activation of cell cycle checkpoints allows for repair of damaged DNA126. IR induces arrest 

in the G1, S and G2 phases of the cell cycle133.  
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Radioresistance in rectal cancer related to cell cycle alterations often involves p53 and 

p21134. Rectal tumours positive for p53 both prior to135 and following136 IR are 

radioresistant, while p53 negative tumours demonstrate radiosensitivity136–138. In addition, 

tumour expression of p21 has been highlighted as a marker of radiosensitivity in rectal 

cancer139. Cell cycle checkpoint targeting drugs have been proposed as a viable method to 

enhance response to therapy including RT140.  

 

 

 
Figure 1-5: Cell cycle phases and sensitivity to radiation. The four cell cycle phases gap (G) 1, 
synthesis (S), G2 and mitosis (M), and also the G0 phase which is outside the cell cycle are shown. 
The G2/M phases are the most sensitive to radiation, G1 is more sensitive, while S is the most 
sensitive to radiation. Figure created with BioRender.com. 

 

 

1.2.5.5. Apoptosis and radioresistance 

 If DNA damage cannot be repaired, cell death will occur115. This can occur as a 

result of mitotic catastrophe114, when micronucleated interphase cells result from a 

combination of IR-induced DNA damage and defective cell cycle checkpoints141,142. 

Apoptosis may also be induced, which is a p53-dependent process114.  
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 The contribution of apoptosis to radiation-induced cell death is controversial and 

thought to play a modest role at least in the elimination of solid tumours114. However, in 

several cancer types including lung, breast and neuroblastoma, reduced apoptosis has been 

associated with radioresistance143–145. A study by Rödel et al. demonstrated that pre-

treatment apoptosis was elevated in rectal tumours with good responses to neo-CRT, and 

therefore the pre-treatment apoptotic index, which relates the percentage of apoptotic cells 

within a tumour to the total number of tumour cells, was predictive of subsequent pCR146. 

Investigations by Scott et al. and Adell et al.147,148 have similarly observed how increased 

pre-treatment tumour cell apoptosis is associated with reduced local recurrence147,148.  

 

1.2.6. The TME and radioresistance 

Beyond cancer cells themselves, the TME is also implicated in radioresistance149. The 

TME refers to the biological interactions that take place between the tumour and its 

surrounding stroma, and includes the local vasculature and infiltrating immune cells150. The 

tumour not only shapes but dominates the TME, influencing a variety of molecular and 

cellular processes, altering immune cell infiltration and promoting hypoxia150.  

 Hypoxia refers to oxygen deprived (< 2% O2)151 tumour regions, which arise due to 

the disorganised tumour vasculature and rapid proliferation of neoplastic cells152. Hypoxia-

inducible transcription factor (HIF) signalling contributes to both the initiation and 

progression of tumour growth151. Tumour hypoxia is a major challenge to RT109,153,154. 

Hypoxic cancer cells are three times less sensitive to killing by radiation, when compared 

to oxygenated cancer cells, and as a result hypoxia is associated with poor patient prognosis 

and treatment outcomes92–94. Areas of hypoxia are present in rectal tumours155,156. Makers 

of hypoxia such as HIF-1a associate with DFS and OS in LARC157,158 and in pre-treatment 

rectal tumour biopsies, HIF-1 expression is significantly elevated in patients with 

subsequently poor responses to neo-CRT159. This suggests that tumour hypoxia may at least 

in part contribute to radioresistance in rectal cancer.  

 Stromal cells recruited to the TME including immune cells, cancer-associated 

fibroblasts (CAFs) and angiogenic vascular cells contribute to the majority of the hallmarks 

of cancer and can promote resistance to therapy160. RT is an immunogenic process, 

initiating both innate and adaptive immune responses 99,114. In rectal cancer, a subset of 

patients with immune ‘hot’ (immune infiltrated) tumours have previously been 

demonstrated to have good responses to neo-CRT and greater DFS, when compared to 
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those with poorly infiltrated, immune ‘cold’ tumours161. More recently, components of the 

complement system have been implicated in tumourigenesis and the response to cancer 

therapy162. This demonstrates that the immune TME is extensively involved in the response 

to treatment, and that immune cells themselves are not alone in promoting resistance to 

cancer treatment162.  

 

1.3. The complement system 

1.3.1. Introduction to the complement system 

The complement system is an essential arm of the innate immune system, which also 

functions to enhance adaptive immunity163. Early discovery of the complement system 

involved several key immunologists including Buchner, Bordet and Ehrlich164. In 1901, 

complement was described by Jules Bordet as a heat-labile factor present in serum, that 

augmented antibody-mediated bacterial lysis165. Although initially regarded as a single 

entity, a large body of research within the 20th century redefined complement as a family 

of many proteins166. Ferrata and Brand were the first to demonstrate that complement is 

separated into various components; describing ‘midpiece’ and ‘endpiece’ complement 

fractions, which are now known as complement (C)1 and C2, respectively166–168.  

 

1.3.2. Components of the complement system 

Complement components are primarily produced by the liver before systemic 

dissemination via the bloodstream169. However, not all complement is hepatic in origin, 

with the majority of cell types capable of producing complement components locally170. T 

cells171,172, macrophages173, endothelial cells174, CAFs175 and tumour cells176 have all been 

demonstrated to produce complement. This locally produced complement engages in 

context-dependent, often non-canonical roles177.  

The complement system is composed of approximately 50 soluble and membrane-

bound complement effectors, regulators and receptors, with the main complement proteins 

numbered C1-C9163. Several complement components exist as zymogens, which require 

cleavage in order to gain functionality178. Cleavage of these components takes place 

following complement system activation, and is the responsibility of complement 

convertases, which are sequentially activated as part of an enzymatic cascade. Two 

enzymes, the C3 and C5 convertases are central to the complement cascade, cleaving C3 

and C5 respectively to generate anaphylatoxins (C3a, C5a) and opsonins (C3b, C5b)163,179. 

Anaphylatoxins are small, potent, inflammatory mediators with many effector 
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functions178,180. Their activity is regulated by carboxypeptidases, which cleave the C3a and 

C5a C-terminal arginines to generate C3a desArg and C5a desArg, respectively181,182. C3a 

desArg has little functional ability183, however, C5a desArg has been demonstrated to retain 

some activity184,185. C3a signals through the C3a receptor (C3aR)/CD88. while C5a can 

interact with both the C5a receptor (C5aR)1 and C5aR2, all of which are 7 trans-membrane 

receptors186. C3aR and C5aR1 are G-protein coupled receptors, however, in contrast, 

C5aR2 recruits b-arrestin187–189. The function of C5aR2 is less defined, when compared to 

C5aR1, however, it is generally considered to act as a negative modulator of C5aR1 

signalling190,191.  

 

1.3.3. Systemic activation of complement  

 Systemic activation of complement can occur by three pathways; the classical, the 

lectin and the alternative pathways186 (Fig. 1-6). The pathway of activation that takes place 

is dependent on the pathogen or foreign body initiating the cascade.  

 C1q, a component of the C1 complex is the pattern recognition molecule of the 

classical pathway (CP). The C1 complex is composed of C1q together with two copies of 

the C1r and C1s proteases192. The major initiating factors of CP are antigen-antibody 

(immunoglobulin (Ig) G or IgM containing) immune complexes. Activation of the CP can 

also be initiated via interaction of C1q with antibody-independent ligands such as c-reactive 

protein or viral proteins193–199. Conformational changes induced following interaction of 

C1q with its target antigen leads to activation of C1r, which subsequently activates C1s192. 

C1s can then cleave C4 and C2 to yield the C4a anaphylatoxin, the C2b opsonin and C2a 

and C4b, which assemble to form C4bC2a, the C3 convertase186. 

 Viral and bacterial carbohydrate-based pathogen-associated molecular patterns 

(PAMPs) activate the lectin pathway (LP) by binding to mannose-binding lectin (MBL), 

ficolins or collectins186,200–202. MBL and ficolins circulate in association with MBL-

associated serine proteases (MASPs). Similarly to C1s, target binding of MBL allows for 

MASP-mediated cleavage of C2 and C4, allowing for assembly of the C3 convertase192.  

 Unlike the classical and lectin pathways, the alternative pathway does not contain 

a specific recognition molecule to identify foreign antigens. Instead, in a process known as 

‘tick-over’, C3 is spontaneously hydrolysed to C3H2O203,204. This functions as a constant 

surveillance mechanism for pathogens in healthy individuals186, and can act as an activation 

loop for the CP and LP179,205. The AP may be amplified by bacterial and yeast 
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polysaccharides and damaged tissue206,207. An initial C3 convertase complex is formed 

when tick-over occurs in the presence of Factor B (FB) and Factor D (FD)179. C3H2O is 

bound by FB, which is then cleaved by FD to produce C3H2OBb. C3 cleavage by 

C3H2OBb and FB by FD leads to assembly of C3bBb, the final AP C3 convertase179.  

 All three activation pathways converge at a central point of the C3 convertase, from 

which is often referred to as the terminal pathway (TP). Cleavage of C3 yields the C3a 

anaphylatoxin and C3b, which joins the C3 convertase to form the C5 convertase 

(C4bC2aC3b in the CP and AP, and C3bBbC3b in the LP). The TP culminates with C5 

cleavage and the assembly of C5b-9 to form a membrane attack complex (MAC), otherwise 

known as the terminal complement complex (TCC)208,209. MAC insertion into target cell 

membranes can trigger lysis known as complement-dependent cytotoxicity (CDC)210, or at 

sub-lytic doses may activate signalling pathways to promote cell survival211,212. 

 

 

 

 

 

 

 

 

 

 

 

 



 23 
 
 

 
Figure 1-6: Complement activation pathways. There are three routes by which the complement 
system can become activated: the classical, the lectin and the alternative pathways. Classical 
pathway activation is initiated primarily by antigen-antibody immune complexes. C1q of the C1 
complex (C1q, C1r and C1s) interacts with the fragment crystallisation (Fc) portion of antigen-
bound immunoglobulins, activating C1r, which subsequently cleaves and activates C1s. Activated 
C1s cleaves C4 into C4a and C4b, and C2 into C2a and C2b leading to assembly of C4bC2a, the 
C3 convertase. Carbohydrate-based pathogen-associated molecular patterns (PAMPs) trigger 
activation of the lectin pathway. Mannose-binding lectin (MBL), ficolins or collectins recognise 
PAMPs, activating MBL-associated serine proteases (MASPs). Similar to the classical pathway, 
C4 and C2 are cleaved to generate C4bC2a. The classical and lectin complement activation 
pathways converge at this point to cleave C3 into the potent anaphylatoxin C3a, and C3b, which 
joins the C3 convertase to form C4bC2aC3b, the C5 convertase. Cleavage of C5 yields the C5a 
anaphylatoxin and C5b, which polymerises with C6, C7, C8 and C9 to form the membrane-attack 
complex (MAC). This inserts into target cell membranes to induce lysis. Spontaneous hydrolysis 
of C3 into C3H2O occurs in the alternative pathway. Cleavage of factor B (FB) by factor D yields 
Bb, which associates with C3H2O to form a C3 convertase. Cleavage of C3 and FB produces C3b 
and Bb, respectively. The binding of properdin to microbial surfaces recruits C3b, facilitating the 
assembly of the C3 convertase (C3bBb), and initiating pathway activation. Subsequent cleavage of 
C3 produces C3b, which combines with the C3 convertase to form a C5 convertase (C3bBbC3b). 
From this point, the terminal pathway is initiated to assemble the MAC, similarly to the classical 
and lectin pathways. Complement activation is regulated at various stages of the pathways by 
several membrane-bound complement regulatory proteins (Complement receptor 1 (CR1), CD46, 
CD55 and CD59) and circulating factors (C1- inhibitor (C1-INH), complement factor H (CFH), 
complement factor I (CFI), C4-binding protein (C4BP), clusterin and vitronectin), which are 
depicted in red, and properdin, in green, which stabilises the alternative pathway C3 convertase. 
Figure adapted from O’Brien et al. 2020162. Figure created with BioRender.com. 
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1.3.4. Regulation of complement activation

Activation of the complement system and subsequent amplification of this response 

induces a powerful inflammatory response. Within the complement system, there are 

numerous soluble and membrane-bound effector molecules, which modulate the pathway 

at various critical stages in order to minimise damage to host cells. These include the widely 

expressed membrane-bound complement regulatory proteins (mCRPs), (Table 1-2) and the 

fluid phase proteins, C1 inhibitor (C1-inh), C4b-binding protein (C4BP), complement 

factor H (CFH) and complement factor I (CFI) (Table 1-3), which negatively regulate 

complement activation 186,213,214. Properdin positively regulates the AP via stabilisation of 

the C3 convertase215,216 

 
 
Table 1-2: Membrane-bound complement regulatory proteins. 

mCRP Alternative Name (s) Distribution Function 

CD35  Complement receptor 1 
(CR1) 

Lymphocytes, 
erythrocytes, 
phagocytes & dendritic 
cells primarily 

Cofactor for C3b & C4b 
degradation by Factor H217–

221 
Accelerates decay of C3 and 
C5 convertases 

CD46  Membrane cofactor 
protein (MCP) All nucleated cells 

Cofactor for C3b and C4b 
degradation by Factor H222–

224 

CD55  Decay accelerating 
factor (DAF) Ubiquitously expressed Accelerates decay of C3 and 

C5 convertases225–227 

CD59 

Membrane-inhibitor of 
reactive lysis (MIRL),  
MAC inhibitory protein 
(MAC-IP), Protectin,  

Ubiquitously expressed Binds C5b-9 to prevent 
polymerization of C9228,229 

Abbreviations; mCRP, membrane-bound complement regulatory protein 
Table adapted from O’Brien et al. 2020162. 
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Table 1-3: Fluid phase complement regulatory proteins. 
Regulator Pathway regulated Function 

C1 inhibitor (C1-inh) CP & LP Inactivation of C1r and C1s/ 
MASP-1 and MASP-2230 

Complement Factor I (CFI) CP, LP & AP  Degradation of C3b and C4b in 
the presence of a cofactor 231 

Complement Factor H (CFH) AP Accelerates decay of C3bBb. 
Acts as a cofactor for FI232 

Factor H- like 1 (FHL-1) AP Accelerates decay of C3bBb. 
Acts as a cofactor for FI233,234 

 C4-binding protein (C4BP) CP/LP 
Accelerates decay of C4b-
containing convertases. Cofactor 
for FI235–237 

Clusterin TP Binds to C5b-9 preventing 
assembly238 

Vitronectin  TP Prevents assembly of C5b-9 via 
binding to C7-C9239 

Abbreviations; CP, classical pathway; AP, alternative pathway; LP, lectin pathway.  
Table adapted from163. 
 
 
1.3.5. Complement functions in innate immunity  

The complement system plays several key innate immune functions240. Constant low-

level complement activation that occurs in the tick-over loop of the AP pathway acts as 

constant surveillance mechanism for microbial challenge to healthy cells241. The central 

event resulting from activation of the complement system is MAC-induced lysis of target 

cells, however, complement anaphylatoxins and opsonins play essential roles in host 

defence via recruitment of phagocytic cells and promotion of phagocytosis, respectively178. 

C3a and C5a have been demonstrated to induce chemotaxis of mast cells242,243 and 

eosinophils244, with C5a additionally acting as a chemoattractant for macrophages245, 

monocytes246 neutrophils246,247, basophils248, and T and B lymphocytes249,250. Complement 
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opsonins including C3b and its degradation products iC3b and C3d aid phagocytosis by 

coating target cells and subsequently facilitating the engagement of phagocytes via 

complement receptor (CR) 1, CR3, CR4 and CR1g163,251. Furthermore, the phagocytic 

response to immune complexes may be enhanced by C5a-mediated upregulation of 

activating fragment crystallisation (Fc) g receptors (FcgR) on the surface of 

phagocytes180,252. Complement is also intrinsically linked with toll-like receptors (TLRs), 

and has been demonstrated to cooperate with several TLRs including TLR2, TLR4 and 

TLR9 to promote inflammation253.  

 

1.3.6. Complement functions in adaptive immunity 

1.3.6.6. Systemic complement 

Complement cascade components also play key roles in orchestrating adaptive 

immunity. The complement receptors CR1 (CD35) and CR2 (CD21) are essential in the 

generation of B cell and follicular dendritic cell (DC) responses254. B cell responses are 

enhanced via CR2, which binds iC3b, C3dg and C3d255. In addition to an antigen receptor, 

B cells express a co-receptor complex composed of CR2, CD19 and CD81256. Binding of 

C3d-opsonised antigen results in co-engagement of the B cell receptor and this coreceptor 

by antigen and opsonin, respectively. This leads to enhanced signalling through the B cell 

receptor and subsequent lowering of the threshold for activation257,258. Additionally, CR1 

and CR2 play important roles in the humoral response within lymphoid tissues, where they 

localise antigens to follicular DCs254.  

 

1.3.6.7. Locally produced complement 

Complement components also play essential roles in T cell responses, however, this 

complement is produced locally. Firstly, complement is important during the stimulation 

of naïve T cells. Following cognate interactions between antigen-presenting cells (APCs) 

and T cells, complement components are produced and activated locally171,259,260. Both 

APCs and T cells express the AP components FB, FD and also C3, C5, C3aR and C5aR1171. 

Additionally, local activation of C3 and C5 generates C3a and C5a, respectively. Early 

studies observed that T cells stimulated with APCs deficient in DAF/CD55, which 

dissociates C3 and C5 convertases, demonstrated reduced proliferation and differentiation 

into effector cells259,260 Subsequent investigations revealed that signalling via C3aR and 

C5aR1 enhances the expression of costimulatory molecules by both APCs and T cells171. 
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Following these discoveries, complement was recognised as an important regulator of T 

cell homeostasis. Signalling via C3a/C3aR and C5a/C5aR1 axes enhances T cell 

proliferation through activation of PI3K-g and subsequent phosphorylation of AKT171. 

Complement promotes the viability of T cells by limiting the induction of apoptosis172. 

Locally produced C5a engages C5aR1 expressed on the surface of T cells to upregulate 

Bcl-2, limiting Fas expression and preventing apoptosis172. In addition, several key studies 

identified that complement promotes the induction of a T helper (Th) 1 phenotype. 

Alongside upregulation of costimulatory molecules, C3a and C5a signals have been 

demonstrated to promote expression of innate cytokines including IL-12, which foster 

differentiation into an IFN-g producing phenotype171,260. Importantly, complement also aids 

in the contraction of T cell responses. Engagement of CD4+ T cell expressed CD46 by C3b, 

promotes Th1 induction, however, as a result of IL-2 accumulation, a switch occurs 

whereby IL-10 is expressed, switching cells instead to a regulatory phenotype and initiating 

a contraction phase261.  

 

1.3.6.8. Intracellular complement – the ‘complosome’ 

Shortly after the importance of locally-produced complement in the immune response 

was recognised, complement was discovered intracellularly, providing greater functional 

insights into complement-mediated regulation of T cell responses262. This intracellular 

complement pool was coined the ‘complosome’169.  

 Liszewski et al. were the first to demonstrate that resting CD4+ T cells contained 

intracellular stores of C3. They demonstrated that intracellular C3 is cleaved by cathepsin 

L (CTSL), resulting in intracellular stores of C3a and C3b263. This intracellular C3a 

engages lysosomal expressed C3aR, inducing homeostatic mTOR signals, which sustain T 

cell survival. Furthermore, following stimulation of the T cell receptor (TCR), this 

intracellular system translocates to the surface and CTSL cleaves C3, generating C3a and 

C3b, which engage extracellular C3aR and CD46, respectively263. Autocrine signalling 

through CD46 has been demonstrated to drive Th1 induction via regulation of glucose and 

amino acid transporters, thereby regulating nutrient intake and metabolic programming264.  

Intracellular C5a also orchestrates the induction of a Th1 phenotype265. Upon TCR and 

CD46 stimulation, intracellular C5 within CD4+ T cells is cleaved by a currently unknown 

protease to generate C5a, which signals via intracellular C5aR1 to produce ROS and 

subsequently trigger NOD- LRR- and pyrin domain-containing protein 3 (NLRP3) 
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assembly265. This culminates with the production of IL-1b, which is necessary for Th1 

induction. Surface bound C5aR2 acts as a negative regulator of this process265.  

Together, these studies demonstrate that intracellular activation of complement and 

subsequent anaphylatoxin signalling can alter key cellular phenotypes in immune cells, 

shaping the adaptive immune response. Additionally, recent work has also highlighted that 

an intracellular mitochondrial C5a/C5aR1 signalling axis modulates sterile inflammation 

in myeloid cells266. This novel role for intracellular complement in the induction of immune 

responses suggest that complement may also activate intracellular signalling pathways to 

drive disease pathogenesis. In general, the discovery of intracellular complement highlights 

that complement signalling is more complex than the well-defined canonical complement 

activation pathways, which function in an extracellular fashion.  

 

1.3.7. Complement in homeostasis and beyond 

In addition to orchestrating both innate and adaptive immune responses, the 

complement system ‘complements’ the resolution of immune responses and promotes 

homeostasis163. Complement can play a protective role by promoting tissue repair 

following damage to host cells267,268. Evidence also supports a role for complement in the 

developing nervous system. C1q and C3 facilitate complement-mediated elimination of 

unwanted synapses early in the postnatal period269.  

 

1.4. The complement system in cancer 

As newer roles for the complement system in immunity have been elucidated, our 

understanding of complement in the context of cancer has also evolved. Chronic 

inflammation is now considered an enabling hallmark of developing tumours270 and can 

promote angiogenesis, facilitate genomic instability and remodel the local immune cell 

populations within the TME271. This paradox, where a system designed to defend the host 

can act as a tumour promoter272, has now too been recognised for the complement system. 

While the complement system is a key player in host defence, a growing body of evidence 

illustrates that dysregulated complement can contribute to tumour development. 

 

1.4.1. Activation of the complement system in cancer 

As a key mediator in host defence, traditionally complement has been considered to 

engage in anti-tumour immune functions. Indeed, several studies have demonstrated that 
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the complement system is activated systemically and within the TME. Increased 

MBL/MASP activity and MBL levels have been observed in the serum of patients with 

CRC, when compared to non-cancer controls273. In lung cancer cell lines, incubation with 

normal human serum activates complement and is associated with C5 deposition, when 

compared to cell lines derived from the normal bronchial epithelium, demonstrating 

complement recognition of tumour cells274. Furthermore, increased C5a levels have been 

reported in the plasma of non-small cell lung cancer (NSCLC) patients, when compared to 

healthy controls, suggesting that local activation of complement may be followed by 

systemic diffusion274. Complement components are deposited in many tumour tissues, for 

instance C4d, a C4-derived fragment, has been reported in oropharyngeal squamous cell 

carcinomas275 and follicular and mucosal-associated lymphoid tissue lymphomas276. 

Similarly, others have demonstrated that C3c is abundantly deposited in tumour tissue from 

glioblastoma multiforme patients, when compared to non-malignant controls277. In 

addition, this study reported deposition of C5b-9 on tumour cells. The presence of C5b-9 

in tumour tissue has also been reported in breast278, gastric279 and thyroid280 cancers, and 

within ovarian cancer-associated ascitic fluid281, demonstrating local complement 

activation up to advanced stages of disease. The complex relationship between cancer cells 

and the C5b-9 MAC has recently been reviewed in detail, including the pro-lytic signals 

responsible for mediating the necrotic cell death induced by MACs282.  

Collectively, these observations provide evidence for tumour-induced activation of 

the complement system. Given the role of complement in immune defence, it may be 

expected that complement activation within the TME would be associated with favourable 

outcomes. Paradoxically, complement system activity is observed to correlate with poor 

prognosis in several cancers including cervical283, colorectal284 and ovarian cancer285. This 

suggests that dysregulation of the complement system occurs in a number of human 

cancers. It is widely accepted that a chronic inflammatory state facilitates neoplastic 

transformation271 and current evidence suggests that complement activity, even if primarily 

initiated as a mechanism of host defence, may become tumour promoting as a result of 

sustained inflammation within the TME.  

 

1.4.2. Tumour expression of complement regulators 

During tumour development, cancer cells employ a range of mechanisms to avoid 

immune destruction270. As outlined, host cells express mCRPs to limit complement 

activation and avoid damage to healthy tissue214. This strategy is exploited by cancer cells, 
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which often express complement regulators at levels higher than those observed in non-

malignant tissue286–289. For example, head and neck squamous cell carcinoma (HNSCC) 

cells express significantly elevated levels of CD46, CD55 and CD59, when compared to 

benign keratinocyte cells. Furthermore, tumour infiltrating lymphocytes (TILs) from 

HNSCC patients have significantly increased expression of mCRPs, when compared to 

those from healthy controls290. Although there is evidence for complement activation in 

cancer, the expression of mCRPs within the TME provides evidence for tumour evasion of 

the complement system. In particular, analysis of 30 cancer types by Roumenina et al. 

identified CD59 as one of the most highly expressed complement genes, suggesting 

malignant cells efficiently evade complement-mediated attack177. This is further supported 

by evidence that mCRP expression correlates with poor clinical outcomes in cancer more 

often than not291. An extensive overview of the contribution of mCRPs to tumour growth 

and their current status as biomarkers is presented in a recent review by Geller and Yan292.  

Soluble complement regulators are also employed by tumours in a bid to regulate 

complement activation. Lung cancer cells produce and secrete CFH, and CFI is secreted by 

NSCLC cells providing them with protection from complement-mediated lysis293–295. 

Together with evidence for expression of mCRPs in the TME, this demonstrates a 

consistent and active attempt by tumours to evade detection by complement.  

 

1.4.3. Roles for complement in tumour growth  

Aside from evidence for a detection-evasion interplay between complement and the 

immune system, direct roles for complement in tumour growth have been identified. 

Several excellent reviews have recently discussed the role of complement in tumour growth 

and dissemination in detail177,296,297, however, broadly speaking, mechanistic insights have 

mostly been obtained through the study of mouse models. 

 

1.4.3.9. Tumour-promoting modulation of the immune milieu 

 A seminal paper in 2008 from Markiewski and colleagues provided the first clear 

evidence for a functional role for complement in tumourigenesis. Using a syngeneic TC-1 

mouse model, they demonstrated that tumour growth was significantly impeded in C3-/-, 

C4-/- and C5aR-/- mice298. It is well established that local cells within the TME, and the 

mediators they produce, play key roles in tumour growth150. In this model, they 

demonstrated that in the absence of C5a signalling, migration of myeloid-derived 

suppressor cells (MDSC) to tumours was reduced, allowing increased infiltration of CD8+ 
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T cells298. Since then, several others have demonstrated pro-tumour roles for complement, 

in particular providing evidence for complement-mediated modulation of the anti-tumour 

immune response (Table 1-4). Signalling through the C3a/C3aR and C5a/C5aR axes has 

been observed to remodel the TME, altering immune infiltrates and inducing 

immunosuppressive phenotypes. Complement-mediated regulation of T cell function is the 

most well described relationship between the complement system and an immune cell. This 

is likely due to the roles played by autocrine complement in T cell homeostasis, 

differentiation and metabolism171,261,263,264.  

 

1.4.3.10. Immune-independent promotion of tumour growth  

 Other immune-independent roles for complement in tumour growth have been 

identified. Expression of C1q in the TME of melanoma promotes proliferation and 

migration of tumour cells299. In a mouse model of ovarian cancer, autocrine activation of 

the C3a/C3aR and C5a/C5aR signalling axes resulted in elevated proliferation of cancer 

cells due to PI3K/AKT signalling300. C3, CFI and complement factor B (CFB) have been 

demonstrated to enhance proliferation and migration of cutaneous squamous cell 

carcinoma (cSCC) cells via autocrine signalling through extracellular signal regulated 

kinase (ERK) 1 and ERK2301,302 Furthermore, complement has also been reported to induce 

angiogenesis173,299,303 and foster acquisition of an epithelial-mesenchymal transition (EMT) 

phenotype by promoting expression of stemness genes304, enhancing invasion305–307 and 

increasing motility308–311 of cells in several cancer types. Evidence for complement in 

metastasis has been presented in several cancers (reviewed in296 and312). It is notable that 

whilst the majority of murine studies have demonstrated pro-oncogenic roles for 

complement, a small number of studies have reported anti-tumour functions for 

complement. In murine breast cancer models, protective roles for C3, C5a, C1q and Factor 

P have been demonstrated313–316. 

 Expression of complement components has been demonstrated in human tumour 

tissue. At the gene level, mutations, in particular driver mutations, as well as alterations 

and deletions in complement system genes are prevalent across at least 32 cancer types 

including lung, pancreatic and haematological malignancies287. Complement appears to 

modulate disease progression, given that these alterations are associated with outcomes287. 

In gastric cancer, tumours exhibit enhanced deposition of C3 and C3a relative to adjacent 

healthy tissue317. This demonstrates activation of complement within tumours locally, 

which is occurring at increased rates relative to healthy tissue. With regards to functional 
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evidence, increased C5aR expression and phosphorylated PI3K/AKT has been observed in 

gastric cancer tissue, when compared to matched normal tissue, with in vitro studies 

demonstrating C5a-mediated activation of PI3K/AKT318. This suggests that complement-

mediated signals may drive proliferation in gastric tumours. Similarly, C5a has been 

demonstrated to promote proliferation of breast cancer cell lines, suggesting a role for 

complement signalling in breast cancer progression319.  

 

Table 1-4: Functional effects of complement on immune cells that promote tumour growth in 

mouse models. 

Immune 
Cell 

Model Component Observation Mechanism Ref 

MDSC 
CD8+ T cell 

Ovarian cancer, 
syngeneic 
(TC-1 cells) 

C5a, C5aR Tumour growth is 
impaired in C5aR-/- 
mice 
Pharmacological 
blockade of C5aR 
reduces tumour growth 

Recruitment of PMN 
MDSCs to tumours 
and production of 
ROS/RNS by MO 
MDSCs, suppresses 
CD8+ T cell 
responses 

298 

CD8+ T cell Melanoma, 
syngeneic  
(B16 cells)  
Breast cancer 
syngeneic 
(E0771) 

C3, C3aR 
C5aR 

Tumour growth is 
impaired in C3-/- mice 
C3aR and C5aR 
antagonism reduces 
tumour growth 
 

Complement 
signalling  
inhibits IL-10 
expression by CD8+ 
TILs, hindering the 
anti-tumour response  

320 

CD8+ T cell Breast cancer, 
syngeneic 
(4T1 and 4TI-
GFP cells) 

C5a, C5aR Reduces lung and liver 
metastases in C5aR-/- 

mice 
C5aR antagonism 
reduces lung 
metastases 
 

Recruitment of 
MDSCs, and 
induction of TGFB 
and IL-10 production, 
leads to suppression 
of CD8+ T cell 
function by Treg cells 

321 

CD8+ T cell Lung cancer, 
syngeneic  
KrasLSL-G12D/+ 
mice 
(393P cells) 

C5aR Decreased tumour 
volume in C5aR-/- mice 
Pharmacological 
blockade of C5a and 
PD-1 impairs tumour 
growth 

Fewer MDSCs 
accompanied by an 
increase in CD8+ T 
cells, which had 
lower levels of 
exhaustion markers 

322 

CD8+ T cell Colon cancer, 
syngeneic 
(MC38) 

C3 Complement (C3) 
depletion using CVF 
impairs tumour growth 

C3 contributes to the 
generation of an 
immunosuppressive 
environment 
(Increased MDSCs, 
fewer CD8+ T cells, 
lower expression of 
CCL5, CXCL10 and 
CXCL11) 

323 

MDSC 
CD8+ T cell 

Colitis-
associated 
colorectal 
cancer 
(Induced by 
azoxymethane 

C5aR Tumour growth is 
impaired in C5aR-/- 
mice 
C5aR antagonism 
reduces tumour growth 

C5a recruits MDSCs 
to CRC tissue, 
inhibiting CD8+ T 
cell responses 

324 
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and dextran 
sulfate sodium) 

CD4+ T cell 
CD8+ T cell 

Lymphoma, 
syngeneic  
(RMA-3CF4 
and RMA-1474 
cells) 

C5a Tumour growth is 
impaired in mice with 
lymphoma cells 
producing low C5a 
levels 

Increase in effector 
(IFN-y producing) 
CD4 and CD8+ T 
cells 

325 

CD4+ T cell Lung cancer, 
syngeneic and 
orthotopic 
(LLC-luc, 
CMT-luc and 
EML4-ALK 
cells) 

C3, C3aR, 
C5aR 

Tumour growth is 
impaired and 
metastases are reduced 
in C3-/- mice 
C3aR or C5aR 
antagonism reduces 
tumour growth 

Signalling of C3 
prevents cytokine 
production by CD4+ 
T cells 

326 

MDSC Lung cancer, 
syngeneic 
(3LL cells) 

C5a, C5aR C5aR antagonism 
reduces tumour growth 

C5a contributes to the 
generation of an 
immunosuppressive 
microenvironment  

274 

MDSC Hepatocellular 
carcinoma, 
syngenic 
(H22 cells) 

C3 Tumour growth is 
impaired in mice with 
C3-/- hepatic stellate 
cells 

Hepatic stellate cells 
produce C3 leading 
to MDSC 
accumulation and 
immunosuppression 

327 

Neutrophil Small intestine 
tumourigenesis 
(APCMin/+ mice) 

C3aR Tumour growth is 
impaired in C3aR-/- 
mice 
 

Engagement of C3aR 
on neutrophils drives 
NETosis and 
coagulation pathways 
to induce 
protumourigenic low 
density neutrophils 

328 

Neutrophil Colitis-
associated 
colorectal 
cancer 
(Induced by 
azoxymethane 
and dextran 
sulfate sodium) 

C3, C5, 
C5aR 

Tumour growth is 
impaired in C3-/-, C5-/- 
and C5aR-/- mice 
 

C5a induces 
neutrophil infiltration 
and IL-1B expression 
which drives IL-17A 
production 

329 

Neutrophil Melanoma, 
syngeneic 
(B16F10) 

C3aR Tumour growth is 
impaired in C3aR-/- 
mice. 
C3aR antagonism 
arrests growth of 
established tumours 

C3aR signalling 
reduces infiltrating 
neutrophils and CD4+ 
T cell populations 

330 

Macrophage Melanoma, 
syngeneic 
(B16F10) 

C3a, C3aR C3a neutralization 
impairs tumour growth 

C3a recruits 
macrophages which 
suppress the CD8+ T 
cell response 

331 

Macrophage Sarcoma 
(Induced by 3-
methylcholanthr
ane) 

PTX3, C5a PTX3 controls 
complement activation 
by recruiting Factor H.  
Ptx3-/- mice are more 
susceptible to 
carcinogenesis 

In the absence of 
PTX3, C5a 
generation is 
uninterrupted. An 
increase in CCL2 
skews macrophages 
to an M2 phenotype 

332 

Macrophage Colon cancer 
(metastatic), 
syngeneic 
(SL4 cells) 

C5a, C5aR Growth of hepatic 
metastases is impaired 
in C5aR-/- mice or when 
C5 is downregulated or 
targeted via 

C5a induces MCP-1 
production by 
macrophages via the 
Akt pathway and 
promotes an 

333 
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Colon cancer 
xenograft 
(HCT116 and 
SW116 cells) 

pharmacological 
blockade 

immunosuppressive 
microenvironment  

Macrophage Pancreatic 
neuroendocrine 
tumours, 
transgenic  
(BT2B6) 

C5aR C5aR antagonism 
reduces tumour growth.  
 

Increased infiltration 
of macrophages  
 

334 

Macrophage Colon cancer, 
syngeneic 
(SL4-luc) 

C5aR Growth of hepatic 
metastases is impaired 
in C5aR-/- mice 

C5a polarises tumour 
associated 
macrophages to an 
M2 phenotype via 
NF-kB signalling 

335 

Macrophage 
and  
Mast cells   

Squamous cell 
carcinoma, 
transgenic 
(K14-HPV16)  

C5aR Tumour growth is 
impaired in C5aR-/- 
mice. 
 

C5aR signalling 
activates 
macrophages and 
mast cells, promoting 
a pro-tumour 
microenvironment 
and limiting CD8+ T 
cell responses 

336 

Natural 
Killer cell 

Colorectal 
cancer, 
syngeneic 
(CT26 cells) 
Breast cancer,  
Syngeneic (JC 
cells) 

C3a/C3aR Tumour growth 
inhibited in C3aR-/- 

mice 

C3a/C3aR signalling 
inhibits NK cell 
migration to tumours 

337 

Natural 
Killer cell 

Pancreatic 
cancer, 
syngeneic 
(Pan02 cells) 
Xenograft 
(PANC-1 and 
MIAPaCa-2) 

C3a/C3aR Tumour growth is 
delayed when 
C3a/C3aR signalling is 
inhibited 

C3a/C3aR signalling 
inhibits NK cell 
migration to tumours 

338 

Natural 
Killer cell 

Melanoma, 
syngeneic 
(B16gp33 cells) 

C3 Complement (C3) 
depletion using CVF 
impairs tumour growth 

Complement limits 
NK cell-mediation of 
the CD8+ T cell anti-
tumour immune 
response 

339 

Natural 
Killer cell 

Melanoma, 
syngeneic 
(B16-luc cells) 

CR3 Metastases were 
reduced in CD11b-/- 

(CR3 deficient) mice 
and mice with CR3 
deficient NK cells  

Interaction of iC3b 
with CR3 supresses 
NK cells by 
activating SHIP and 
JNK pathways  

340 

Abbreviations; APC, adenomatous polyposis coli; C3aR, C3a receptor; C5aR, C5a receptor; CCL, 
chemokine (c-c motif) ligand; CR. Complement receptor; CVF, cobra venom factor; CXCL, 
chemokine (c-x-c motif) ligand; IL, interleukin; MDSC, myeloid-derived suppressor cell; MO, 
mononuclear; NET, neutrophil extracellular trap; NK, natural killer; PMN, polymorphonuclear; 
PTX, pentraxin 3; RNS, reactive nitrogen species; ROS, reactive oxygen species; TIL, tumour-
infiltrating leukocyte. Table adapted from O’Brien et al. 2020162.  
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1.4.3.11. Intracellular complement and the complosome in tumour growth 

 Recently, evidence for the complosome in cancer cells was presented by Ding et 

al.341. In CRC cells, they demonstrated intracellular cleavage of C5 by cathepsin D (CTSD) 

to generate C5a. Interestingly, they provide mechanistic insights that β-catenin, a known 

promoter of oncogene transcription and contributor to CRC carcinogenesis, is stabilised by 

intracellular C5a/C5aR signalling341. These findings illustrate that neoplastic 

transformation may be driven by intracellular complement signalling. In support of this, in 

patient tumour tissue, elevated expression of C5aR1, C5a and CTSD was accompanied by 

high β-catenin expression and poor prognosis. This provides evidence that intracellular 

complement may have roles in disease progression and/or patient response to treatment in 

cancer.  

 CFH has been identified in lysosomes in clear cell renal cell carcinoma (ccRCC) 

and lung adenocarcinoma, and this intracellular form engages in a pro-tumour role distinct 

from its membranous counterpart342. Intracellular CFH has been reported to promote 

tumour cell proliferation, migration and survival and is associated with poor patient 

outcomes342. 

 C4BP-A is another complement component that has been identified 

intracellularly343. Within cells, C4BP-A has been observed to associate with the NF-kB 

family member RelA, to promote survival. This provides further evidence that location can 

influence the function of complement components344. An overview of the roles for 

autocrine and intracellular complement in cancer is presented in Fig. 1-7. 
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Figure 1-7: Autocrine and intracellular roles for complement in cancer cells. Summary of 
autocrine roles for complement in cancer including novel intracellular roles. Figure adapted from 
O’Brien et al. 2023344. Figure created with BioRender.com. 
 

 

1.5. Complement and response to cancer therapy 

1.5.1. Complement and the response to chemotherapy 

 Given that complement contributes to tumour growth and progression, it is 

unsurprising that complement has been implicated in the tumour response to anti-cancer 

therapy (Fig. 1-8). The interactions between complement and local immune cells may play 

a key role in this process. Medler et al. identified a role for macrophage-produced C5a in 

squamous cell carcinogenesis, whereby signalling through the C5aR activates mast cells 

and macrophages, promoting a pro-tumour, immunosuppressive microenvironment336. 

They demonstrated in a murine model that tumour response to paclitaxel (PTX) 

chemotherapy was improved following treatment with a C5aR antagonist, PMX-53. The 

combination of PTX and PMX-53 resulted in transcriptional reprogramming of tumour-

associated macrophages and subsequent recruitment of CXCR3+ effector and memory 

CD8+ T cells to significantly reduce tumour burden, when compared to treatment with PTX 

alone336. This suggests that C5a signalling remodels the TME by restricting CD8+ T cell 
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infiltration. Therefore, inhibiting complement within the TME of squamous cell 

carcinomas and other cancers therefore may have potential for improving response to 

chemotherapy.  

 More recently, a role for complement signalling in the response to chemotherapy in 

breast adenocarcinoma was identified. Transcriptomic analysis of intratumoural B cells 

highlighted an inducible T cell costimulatory ligand (ICOSL) positive B cell population, 

which was enriched following initiation of neo-adjuvant chemotherapy, when compared to 

pre-treatment345. In agreement, murine studies demonstrated a doxorubicin (DXR)-induced 

increase in ICOSL+ CR2+ B cells345. Importantly, ICOSL+ B cells were clinically 

significant, correlating with improved DFS and OS, and were also associated with 

complement activation. Chemotherapy-associated immunogenic cell death was 

demonstrated to induce complement activation, generating activation fragments, which 

promote B cell switching to an ICOSL+ phenotype by interacting with CR2. Expression 

levels of CD55, an mCRP that limits complement activation, negatively correlated with 

complement activation and infiltration of ICOSL+ B cells, and elevated levels corresponded 

with chemoresistance and poorer patient outcomes345. Complement largely appears to 

protect against tumour growth in breast adenocarcinoma313–316. These data support that in 

this cancer type, complement activation has an anti-tumour function and is essential for 

chemotherapeutic efficacy345. Further study of the impact of ICOSL+ B cells in the TME is 

required to determine their relevance in the response to therapy of other cancers 346.  

 In triple negative breast cancer (TNBC), targeting complement signalling has 

demonstrated potential in protecting against lung metastases. In murine models, adjuvant 

DXR treatment has been observed to promote immunosuppression in the lungs, where it 

fails to control tumour spread175. Within this metastatic niche, Monteran and colleagues 

demonstrated that T cells were dysfunctional and exhausted, C3aR and C5aR1 expressing 

MDSCs were present and CAFs demonstrated upregulated expression of complement 

components175. Therefore, they hypothesised that CAF-mediated complement signalling 

may promote immunosuppression. Interestingly, both C3aR or C5aR antagonism in 

combination with DXR attenuated metastatic burden and progression175. This study 

provides contrasting evidence to the aforementioned work, which demonstrates essential 

roles for complement in the response to chemotherapy in breast cancer. With regards to 

prognosis, breast cancer is among a group of cancers in which complement is of uncertain 

significance177. The impact of complement may also be uncertain in breast cancer in terms 

of subtype, and disease stage.  
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 Complement has also been demonstrated to alter response to chemotherapy 

independent of immune cells. In glioblastoma, C5 has been demonstrated to promote repair 

of DNA damage induced by the chemotherapeutic agent temozolomide (TMZ), leading to 

chemoresistance347. Antagonism of the C5aR has a chemosensitising effect, providing 

evidence for complement signalling in resistance to chemotherapy347. Other complement 

components in addition to anaphylatoxins have been implicated in the response to cancer 

treatment. Endometrioid tumours overexpress CD55, relative to benign tissue348. This 

expression is associated with resistance to cisplatin chemotherapy, with CD55 positive cells 

exhibiting markedly increased self-renewing ability, when compared to CD55 negative 

cells349. In particular, CD55 is highly expressed by cancer-stem cells and cisplatin-resistant 

cancer cells. Functional studies have demonstrated that CD55 localises to lipid rafts to 

activate ROR2-JNK and lymphocyte-specific protein tyrosine kinase (LCK) pathways349. 

Signalling through these pathways drives self-renewal and resistance to cisplatin, 

respectively. LCK signals were associated with the induction of expression of DNA repair 

genes349. This tumour-promoting role for CD55 is in contrast with that elucidated by Lu et 

al. whereby expression of CD55 inhibits complement activation required for the B cell 

response to chemotherapy in breast cancer345. Together these studies provide further 

evidence of context-dependent roles for complement in the response to chemotherapy.  
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Figure 1-8: Roles for complement in the response to chemotherapy, immunotherapy and RT. 
The current understanding of the roles for complement in the response to radiotherapy, 
chemotherapy and monoclonal-antibody based immunotherapies are depicted. Green arrows 
illustrate events where complement component(s) have been demonstrated to activate an immune 
cell or signalling pathway, while inhibitory effects are shown in red. Black arrows indicate the 
observed influence of complement activities on the therapeutic efficacies of the designated 
chemotherapy, radiotherapy or immunotherapy treatment, in specified cancer types. Abbreviations; 
CIS, cisplatin; DXR, doxorubicin; IR, ionising radiation; PD-1, programmed cell death protein-1; 
PD-L1, PD-ligand 1; TMZ, Temozolomide.  
Figure adapted from O’Brien et al. 2020162. Figure created with BioRender.com. 
 

 

1.5.2. Complement and the response to RT 

 Recent evidence also suggests a role for complement in the tumour response to 

RT338,350,351. Irreparable DNA damage induced by IR causes tumour cell death via apoptosis 

and mitotic catastrophe, or cell cycle arrest leading to senescence114. Elvington et al. 

hypothesised that inhibiting complement would reduce complement-mediated clearance of 

apoptotic cells, resulting in increased inflammation and necrotic cells, and a more 

immunogenic environment350. In a murine model of lymphoma, they demonstrated that 

complement inhibition in combination with RT significantly reduced the tumour growth 
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rate, decreased tumour burden and improved survival, when compared to RT alone 350. 

Although complement activation is an inflammatory process, in this model, inhibition of 

complement in combination with RT promoted inflammation, when compared to RT alone. 

This was characterised by increased levels of IFN-g, IL-6 and IL-17350. Furthermore, early 

neutrophil infiltration followed by later infiltration of mature DCs and CD8+ T cells was 

observed, resulting in an enhanced anti-tumour immune response350. Ultimately, targeting 

complement improved therapeutic efficacy, suggesting that complement can alter response 

to RT by restricting immune cell infiltration and the anti-tumour immune response 350.  

 Inhibition of complement has also been demonstrated to augment the tumour 

response to RT, in murine pancreatic cancer models338. In pancreatic cancer, exclusion of 

natural killer (NK) cells from the tumour is common and is associated with worse 

survival338. Complement signalling via the C3a/C3aR axis has previously been 

demonstrated to restrict tumour infiltration of NK cells in mouse models of CRC and breast 

cancer337. Similarly, using murine models of pancreatic cancer, Sodji et al. demonstrated 

that inhibition of the C3aR signalling axis is associated with elevated numbers of NK cells 

within the TME and delayed tumour growth338. To investigate the potential for targeting 

complement signalling in controlling tumour growth, C3aR antagonism was combined with 

RT. A combination of RT and C3aR antagonism demonstrated superior tumour control, 

when compared to RT alone338. These data further support a role for complement in 

negatively modulating the immune component of the TME, which impacts on the tumour 

response to RT. Other evidence supporting a role for complement inhibition in boosting 

RT responses has been demonstrated in models of subcutaneous glioblastoma, where 

combination use of C1-INH and RT significantly increased survival and resulted in 

decreased tumour size352.  

 While these studies suggest that inhibiting complement may potentiate RT, 

evidence has also been provided for an essential role of complement in the response to RT. 

It is well established that RT induces immunogenic cell death and promotes anti-tumour 

immunity by enhancing T cell priming and effector phases99–101,353. However, the earliest 

step triggered by radiation that is responsible for initiating an immune response is unclear. 

A potential mechanism involving complement was uncovered by Surace et al. who 

demonstrated that radiation activated the complement system, producing anaphylatoxins, 

which were essential for the subsequent response to RT351. In both mouse and human 

tumours, the classical and alternative complement pathways were activated following 
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treatment with radiation. RT failed to control tumours in mice deficient in either C3, C3aR 

or C5aR, indicating a functional role for complement in treatment efficacy351. Analysis of 

tumour infiltrating immune cells, demonstrated that radiation induced complement 

expression in DCs and upregulated C3aR and C5aR expression351. In line with previous 

reports, complement signals were essential for DC activation171. In C3aR and C5aR 

deficient mice, CD8+ T cells produced less IFN-g post-radiation, when compared to 

controls351. These data demonstrate that in this model, complement is functionally 

important for activating DCs and promoting an efficient anti-tumour CD8+ T cell 

response351. Combination RT and treatment with dexamethasone, a glucocorticoid that 

inhibits complement activation, abolished the therapeutic effect of RT, further highlighting 

the essential role for complement in the response to RT351.  

 These studies present conflicting results with regards to whether complement 

enhances or hinders the tumour response to radiation. This is likely due to the context-

dependent effects of complement in cancer, the models used and the radiation schedule. 

Importantly, these data highlight that complement regulates immune cells within the TME, 

which can influence response to RT.  

 

1.5.3. Complement and the response to immunotherapy 

  Immune checkpoint inhibitors (ICI) target immune cell receptors or ligands which 

engage in inhibitory interactions that downregulate immune responses, such as cytotoxic T 

lymphocyte-associated protein 4 (CTLA-4) and programmed death-1 (PD-1) expressed by 

activated T and B cells354,355. Resistance to ICIs is a clinical challenge, with populations of 

patients displaying primary resistance and others acquiring resistance overtime to anti-PD-

1 or anti-programmed death -ligand 1 (PD-L1) therapy356,357 

 A synergistic, combination approach to inhibit both the PD-1/PD-L1 axis and 

another immunomodulatory pathway has been suggested as potential way to overcome this 

resistance358. Within the TME, complement components including C1q and C5a have been 

linked with tumour expression of immune checkpoints including PD-L1, LAG3 and 

CTLA-4173,274. In metastatic melanoma, serum complement is associated with resistance to 

anti-PD-1 therapy359. Several studies have demonstrated that targeting complement in 

combination with ICIs may be an effective strategy to boost responses. Wang et al. 

demonstrated that complement signalling suppresses the CD8+ T cell anti-tumour immune 

response320. In a model of melanoma, they demonstrated that C3aR and C5aR antagonism 



 42 
 
 

in combination with PD-1 blockade was superior in controlling tumour growth, when 

compared to either alone320. This suggests that inhibition of complement signalling 

synergises with PD-1 blockade to overcome immunosuppression and restore anti-tumour 

immunity320. Similarly, in CRC, the C3a/C3aR signalling axis has been proposed as a 

potential mechanism by which to boost responses to anti-PD-1 immunotherapy360. Ajona 

et al. demonstrated in a model of lung cancer that combination C5aR and PD-1 inhibition 

more effectively controlled tumour growth, when compared to monotherapy322. In murine 

colon and melanoma models, evidence suggests that inhibition of C5aR signalling 

improves response to PD-L1 blockade, by relieving complement-mediated, MDSC 

suppressive activity361. C3 activity has also been implicated in resistance to PD-L1 therapy. 

In a colon cancer model, tumour cell-derived C3a has been demonstrated to engage C3aR 

expressed by TAMs to promote an M2 phenotype, suppressing effector CD8+ T cells362. 

Study of C3-deficient colon tumours, indicated that PD-L1 therapy was more effective in 

these mice, when compared to controls362.  

 Collectively, these studies establish complement as a modulator of immune cells 

within the TME, which subsequently may affect response to treatment.  

 

1.6. Complement as a cancer biomarker  

1.6.1. Prognostic biomarker 

 In patients, the expression of complement components is commonly associated with 

adverse features and poor outcomes274,283,291,363. Mutations in complement genes appear to 

functionally impact cancer progression, given the correlation between groups of 

complement mutations and survival; for example, the association of complement mutations 

with poor OS in low grade glioma287. In gastric cancer, high C3 deposition correlates with 

worse 5 year OS317. Similarly, in breast cancer, expression of C5aR is associated with larger 

tumours, metastases in the lymph nodes and advanced clinical stages319. Furthermore, 

patients with C5aR negative tumours had improved survival rates, when compared to those 

with C5aR positive tumours. In CRC, CMS4 tumours have the worst outcomes25,161. 

Interestingly, tumours within this subtype, demonstrate upregulated complement 

expression25, suggesting that complement may associate with worse outcomes. 

 Conversely, complement has also been correlated with favourable clinical 

outcomes, suggesting a role for protection against tumour growth. High C3 levels are 

indicative of good prognosis in NSCLC, with greater numbers of infiltrating CD4+ and 

CD8+ T cells reported in tumours with increased C3 expression364. These studies 
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demonstrate that the relationship between complement and prognosis is inconsistent. This 

has been addressed by Roumenina et al. who identified that four groups could be defined 

based on the observed prognostic impact of complement on the cancer type; protective 

complement, protective C3, aggressive complement and complement of uncertain 

significance177. CRC is among the cancer types defined by ‘aggressive complement’177. 

 

1.6.2. Predictive biomarker of treatment response  

 There is global interest in identifying biomarkers of response to chemotherapy, RT 

or combined chemoradiation therapy (CRT) with the aim of reducing treatment-associated 

toxicities and ensuring optimal treatment strategies for patients.  

The expression of several complement cascade genes has recently been correlated 

with the chemosensitivity of soft tissue sarcomas (STS)365. Analysis of TCGA by Zhang et 

al. indicated that several genes were differentially expressed between STS subtypes with 

varying chemosensitivities, many of which encoded complement system components. 

Those STS that were relatively insensitive to chemotherapy treatment, expressed high 

levels of complement system genes, and this had clinical significance365. High expression 

of C3aR, C1QC and CFI, correlated with poor OS. Upregulation of C3aR was also 

associated with worse DFS, suggesting that these complement components play a role in 

the tumour response to chemotherapy in STS365. These genes thus represent novel 

biomarkers of tumour chemosensitivity and patient survival in STS.  

 Complement has also demonstrated predictive potential as a circulating biomarker 

of response to cancer therapy. In breast cancer, resistance to neo-adjuvant chemotherapy 

remains a clinical challenge. Proteomic analysis of human plasma from breast cancer 

patients has demonstrated that complement is modulated by epirubicin and docetaxel, with 

alterations in complement components reported as early as 24 h following the initiation of 

treatment366. Interestingly, the levels of C3 isoforms in plasma differed between responders 

and non-responders. As the immediate response in plasma correlated with the final tumour 

response to treatment, this suggests that C3 isoforms may have potential as early predictive 

biomarkers of response to epirubicin and docetaxel in breast cancer366.  

 Within our Department, similar predictive potential of tumoural and circulating 

complement was identified in oesophageal adenocarcinoma (OAC). Proteomic profiling of 

pre-treatment serum samples from OAC patients was performed, demonstrating that 

increased C3a and C4a levels predict a subsequent poor response to neo-CRT367. This study 

was the first to implicate these anaphylatoxins in the response to neo-CRT. In support of 
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this, OAC patients with a subsequent poor pathological response to neo-CRT had increased 

pre-treatment tumoural expression of C3, when compared to good responders368. This 

suggests that complement may have potential as a tumoural and/or circulating biomarker 

of response to treatment. To determine the full potential of complement components as 

predictive markers of therapeutic response, further validation studies encompassing 

multiple cancer types and treatment regimens is required.  

 

1.7. Mechanisms by which complement may modulate response to treatment 

1.7.1. DNA repair 

 Alterations in DNA repair capabilities have been identified to associate with 

resistance to RT122–124. Previous studies in our Department demonstrated that C3 mRNA 

expression was significantly increased in pre-treatment tumour biopsies from OAC patients 

with a subsequent poor responses to neo-CRT368. Global micro-RNA (miR) profiling 

revealed that miR-187 was significantly decreased in these tissue samples. In miR-187-

overexpressing OAC cell lines, C3 mRNA expression was downregulated, suggesting 

negative regulation of C3 by miR-187368. Interestingly, these in vitro studies demonstrated 

that overexpression of miR-187 sensitised OAC cells to both RT and cisplatin and this was 

accompanied by downregulation of several DDR genes368. MiR-187 mediated-regulation 

of C3 expression and DDR genes suggests that complement potentially interacts with the 

DDR to influence response to therapy368. Evidence suggests that C5 may also play a role 

in the DDR. In glioblastoma, C5 has been demonstrated to promote the repair of TMZ-

mediated DNA damage347. C5aR1 antagonism in combination with TMZ induced 

significantly greater levels of DNA damage, when compared to TMZ alone, highlighting 

that complement signalling limited chemotherapy efficacy.  

 Further evidence that complement proteins play roles in DNA repair comes from 

the finding that C1q subcomponent binding protein (C1QBP) is implicated in HR repair of 

DSBs. Study of C1QBP demonstrated that it associates with MRE11, stabilising it and 

influencing the assembly and activation of the MRN complex369. Deficiency of C1QBP 

was associated with impaired activation of ATR and ATM and inefficient repair of IR-

induced DNA damage, demonstrating that C1QBP plays an essential role in the repair of 

DNA damage369. These findings have relevance in the context of cancer, as 

immunohistochemical (IHC) analysis of breast cancer tissue revealed a strong positive 

correlation between C1QPB and MRE11369. Expression of C1QBP and MRE11 at high 
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levels was associated with worse OS in breast cancer. Furthermore, in ovarian cancer, poor 

prognosis following chemotherapy was also associated with high C1QBP expression369.  

 Genetic polymorphisms in DNA repair genes can greatly contribute towards cancer 

development and result in therapeutic resistance. The DNA repair protein X-ray repair 

cross-complementing (XRCC) 3 is a key participant in HR of DNA DSBs370. Genotype 

variants at the rs1861539 polymorphic site of the XRCC3 gene result in defective DNA 

repair and are associated with increased risk for several cancers including lung and 

childhood acute lymphoblastic leukemia371. In a study of styrene-exposed individuals, low 

serum levels of complement C3 and C4 correlated with specific genotypes of the XRCC3 

gene at this site, when compared to the wildtype genotype372. Although this study was not 

performed in the context of cancer, it highlights that polymorphisms in DNA repair genes 

correlate with altered complement expression levels, further suggesting a relationship 

between the DDR and complement.  

 

1.7.2. Cell cycle 

 Cell cycle distribution can alter sensitivity to RT. Evidence suggests that 

complement may modulate cell cycle distribution. In a study of clear renal cell carcinoma 

cells, Daugan et al. demonstrated that silencing of CFH is associated with modifications in 

cell cycle distribution342. Interestingly, CFH-silenced cells were predominantly in the 

G0/G1 phase, with fewer radiosensitive G2/M phase cells, and a trend towards fewer 

radioresistant S phase cells342. Sublytic C5b-9 has been demonstrated to influence cell cycle 

distribution in oligodendrocytes, by activating the cell cycle and promoting entry into S 

phase373. Gastric cancer cell lines were observed to accumulate in the S phase, following 

the addition of C3 into cell culture medium317. This suggests that cell cycle alterations 

induced by C3 may alter cellular sensitivity, potentially altering responses to anti-cancer 

therapy. These studies demonstrate that components of the complement system may modify 

cell cycle, which may alter response to therapy.  

 

1.7.3. Apoptosis 

 Apoptosis is another key parameter implicated in resistance to cancer therapy. 

While its impact on the therapeutic efficacy of RT remains controversial, radioresistance 

has been associated with lower rates of apoptosis in numerous cancer types143–145.  

 The complement component C4BPA has recently been implicated in resistance to 

oxaliplatin, by modulating apoptosis343. In a study of HCT116 cells, Olcina et al. 
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demonstrated that C4BPA interacts with NF-κB family-member RelA343. Patient-specific 

mutations in C4BPA were demonstrated to alter the apoptotic response to oxaliplatin, with 

‘sensitive’ mutations leading to retention of C4BPA in the cytoplasm, subsequently 

attenuating NF-κB signalling and leading to enhanced apoptosis343. This study 

demonstrates that intracellular complement can impact treatment response, with mutations 

in complement genes further impacting the relative therapeutic sensitivity.  

 Properdin has also been highlighted as a potential modulator of apoptosis in cancer. 

In breast cancer cell lines, elevated expression of properdin was associated with increased 

expression of DNA damage inducible transcript 3 (DDIT3), a pro-apoptotic transcription 

factor313. This highlights that properdin may act as a tumour suppressor in breast cancer313, 

further demonstrating that tumour cell apoptosis can be regulated by complement 

components.  

 

1.8. Aims and hypothesis 

1.8.1. Overall hypothesis 

 The complement system is upregulated in treatment-resistant rectal cancer. 

Targeting the complement system may improve responses to RT and complement may act 

as a predictive tumoural or circulating biomarker of response to neo-CRT.   

 

1.8.2. Overall aim 

 The overall aim of this thesis was to characterise the complement system in rectal 

and colon cancer cell lines and in pre-treatment tumour biopsies and sera from rectal cancer 

patients to investigate the functional role for complement in modulating the tumour 

response to RT and the potential role for complement as a predictive biomarker of response 

to treatment in rectal cancer. Additionally, this thesis aimed to investigate the potential 

effect of complement on T cell phenotype in CRC.  

 

1.8.3. Specific aims 

• Characterise expression of the complement system in a panel of colon and rectal 

cancer cell lines and correlate with inherent radiosensitivity. 

• Assess whether modulating expression of C3 alters radiosensitivity in colon and 

rectal cell lines and characterise the effects of altered complement expression on 

apoptosis, DNA damage and repair and cell cycle distribution. 
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• Assess the effects of colon and rectal cancer cell-derived C3, and recombinant C3a 

on T cell viability, activation, proliferation and cytokine production. 

• Investigate expression of complement genes in pre-treatment tumour biopsies from 

rectal cancer patients and correlate with clinicopathological factors including 

response to neo-CRT. 

• Assess the circulating concentration of complement components in pre-treatment 

sera from rectal cancer patients and correlate with clinicopathological factors 

including response to neo-CRT and prognosis. 
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Chapter 2: Characterisation of the complement system in 

an in vitro model of radioresistant CRC 
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2.1. Introduction 

 CRC is a major cause of cancer-related death, with increasing global burden15. 

Colon and rectal cancers are often defined together as CRC, however approximately 30% 

of all CRCs occur in the rectum374–376. Globally, more than 700,000 cases of rectal cancer 

were diagnosed in 20201. In Ireland, CRC is a major contributor to the national cancer 

burden and represents the second and third most common cancer in males and females, 

respectively2. In alignment with global figures, approximately a third of CRCs in Ireland 

are located in the rectum2. Worryingly, deaths from rectal cancer are projected to increase 

by 24.2% by the year 203513.  

 The current standard of care for LARC involves neo-CRT followed by total 

mesorectal excision, which aims to downstage rectal tumours, increasing local control and 

aiding resection377. Neo-CRT consists of RT delivered as SCRT (Total dose of 25 Gy, 

delivered in 5 x 5 Gy fractions) or LCRT (Total dose of 45-50 Gy, delivered in 1.8 or 2 Gy 

fractions), with 5-FU-based chemotherapy, prior to surgery21,377. A pCR is characterised 

by no viable tumour cells upon surgical resection post neo-CRT52. Achievement of a pCR 

is associated with reduced disease recurrence and improved survival54,55. Alarmingly, neo-

CRT achieves complete loco-regional control in less than 30% of rectal cancer 

patients21,55,56. Consequently, the approximately 70% of rectal cancer patients who do not 

achieve a pCR are not only subject to toxicity and therapy-associated complications, but 

also a higher risk of mortality54,55. In addition, following potentially curative surgery, over 

50% of patients with locally advanced disease develop distant metastases or recurrence of 

disease378. Improving the poor response rates to neo-CRT is essential to reduce the rising 

mortality rates in rectal cancer. Currently, there are no clinical markers available to predict, 

prior to treatment, those patients who will/will not respond to neo-CRT. There is therefore, 

an urgent global need to elucidate the molecular mechanisms governing the response to 

neo-CRT in rectal cancer, to (i) identify biomarkers prior to initiation of treatment that can 

predict therapy response for improved stratification of patients and (ii) identify novel 

therapeutic targets to boost the response to neo-CRT in those majority of patients who are 

resistant to the standard of care.  

 The complement system is a conserved branch of the innate immune system, which 

is essential for the elimination of foreign antigens and the induction of an inflammatory 

immune response208,379. This network of approximately 50 soluble and membrane-bound 

proteins compose three complement activation pathways163,166. Inflammation and other 

effector functions of the complement system are mediated by potent anaphylatoxins, C3a, 
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C4a and C5a, which are generated upon activation of the complement system178,180. Beyond 

a first line of defence, the complement system plays important roles in maintaining 

homeostasis and coordinating adaptive immune responses163. In the context of cancer, 

complement has traditionally been viewed as ‘anti-tumour’ in function, and indeed several 

studies have demonstrated that complement is capable of recognising and eliminating 

malignant cells380. However, a growing body of evidence supports a tumour promoting role 

for complement380,381. In recent years, a number of studies have demonstrated that 

complement components can aid tumourigenesis and promote metastasis305,319,336,382,383. At 

present, potential oncogenic roles for complement proteins contributing to every hallmark 

associated with carcinogenesis have been described381. In these studies, it is apparent that 

the effects of complement within the microenvironment are due to locally-derived 

complement components from tumour or immune cells. Additionally, as intracellular 

complement has come into focus, complement components have been identified 

intracellularly in cancer cells, where they engage in unique roles including modulating cell 

survival and promoting tumourigenesis341,343. This is unsurprising given that intracellular 

complement plays essential roles in orchestrating T cell homeostasis and metabolism 

during activation261,263–265.  

 Novel roles for the complement system are also emerging in therapeutic response, 

with roles for complement components identified in the response to chemotherapy, 

immunotherapy and indeed RT320,322,336,345,349,361,362. As such, a potential role for 

complement as a biomarker of treatment response is emerging162. Our group were the first 

to implicate complement in the response to neo-CRT, demonstrating that increased levels 

of C3a and C4a in the sera of oesophageal cancer patients were predictive of a subsequent 

poor response to neo-CRT367. This was supported in oesophageal adenocarcinoma (OAC) 

tumours, where poor response to neo-CRT was associated with increased expression of 

C3368. Together, these studies suggest that the complement system may be important for 

the tumour response to neo-CRT in GI cancers.  

 Considering the novel roles for complement in tumourigenesis, metastasis and 

therapeutic resistance, it is evident that complement may be a powerful target for 

controlling tumour growth and enhancing response to treatment. As outlined, there is an 

imperative need to improve response rates to neo-CRT in rectal cancer. However, the role 

of complement in the response to neo-CRT in rectal cancer is largely unknown. Therefore, 

the objective of this chapter was to investigate the relationship between complement and 

the response to radiation in CRC in vitro. In this chapter, the inherent radiosensitivity of a 
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panel of CRC cell lines was determined and the expression, activation and regulation of the 

complement system was characterised.  

 

2.2. Specific aims of Chapter 2 

 The aim of this chapter was to characterise the complement system in an in vitro 

model of inherent radiosensitivity and radioresistance in CRC. 

 

The specific aims for Chapter 2 are; 

1. Determine the inherent radiosensitivities of a panel of CRC cell lines consisting of 

the human colon carcinoma HCT116 cell line and the human rectal adenocarcinoma 

SW837, HRA-19 and SW1463 cell lines. 

2. Investigate the expression of the central complement cascade components C3 and 

C5 basally and following 1.8 Gy of X-ray radiation in HCT116, SW837, HRA-19 

and SW1463 cell lines. 

3. Assess the production of complement anaphylatoxins C3a and C5a in HCT116, 

SW837, HRA-19 and SW1463 cell lines to determine if complement is activated in 

CRC. 

4. Determine if complement activation correlates with inherent radiosensitivity in 

HCT116, SW837, HRA-19 and SW1463 cell lines. 

5. Investigate which pathway complement activation may be occurring by in HCT116, 

SW837, HRA-19 and SW1463 cell lines. 

6. Examine the expression of complement receptors and mCRPs in HCT116, SW837, 

HRA-19 and SW1463 cell lines. 
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2.3. Materials and methods 

2.3.1. Cell culture  

 Aseptic technique was adopted for all cell culture procedures. Cell culture work 

was carried out in a grade II laminar flow hood, which was switched on for at least 20 min 

prior to use. Before use, the area was decontaminated using 70% (v/v) ethanol. All reagents 

and equipment were sterilised with 70% ethanol prior to placing in the laminar flow hood. 

 

2.3.2. Cell lines 

 The HCT116 human colon carcinoma cell line and the SW837, HRA-19 and 

SW1463 rectal adenocarcinoma cell lines were obtained from the European Collection of 

Authenticated Cell Cultures (ECACC) (Salisbury, United Kingdom). 

 

2.3.3. Cell maintenance  

 The HCT116 and HRA-19 cell lines were maintained in vented 75cm2 flasks in 

Roswell Park Memorial Institute 1640 (RPMI 1640) (Gibco) supplemented with 10% (v/v) 

foetal bovine serum (FBS) (Gibco) and 1% (v/v) penicillin-streptomycin (Lonza, Basel, 

Switzerland) (complete media) at 37°C, 5% CO2/ 95% humidified air.  

 The SW837 and SW1463 cell lines were maintained in Leibovitz’s 15 (L-15) 

medium (Lonza, Basel, Switzerland) supplemented with 10% (v/v) FBS, 1% (v/v) 

penicillin-streptomycin and 1% (v/v) L-Glutamine (Lonza, Basel, Switzerland) (complete 

medium). Cell lines cultured in L-15 were maintained at 37°C in non-vented 75cm2 flasks 

as these cells grow independently of CO2. 

 

2.3.4. Cell sub-culture 

 Cells were visually examined daily using a light microscope and sub-cultured upon 

reaching 70-80% confluency. Cell culture reagents were pre-warmed to 37°C in a water 

bath prior to use. Cell culture media from confluent flasks was disposed of using a Vacusafe 

Aspiration System (INTEGRA Biosciences, Thatcham, United Kingdom). A 3 mL volume 

of warm phosphate buffered saline (PBS, 13.8 mM NaCl, 2.7 mM KCl, pH 7.4) (Gibco) 

was added to wash cells and then removed to waste. Cells were detached from the surface 

of the flask using 1 mL (HCT116 cells) or 3 mL (SW837, HRA-19 and SW1463 cells) of 

0.1% (w/v) trypsin with 0.04% (w/v) ethylenediaminetetraacetic acid (EDTA) (Sigma). 

Flasks were incubated for 2-5 min at 37°C, 5% CO2/ 95% humidified air to allow cells to 

detach from the surface of the flask. Trypsin was neutralised using an equal volume of 
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complete medium. This solution was used to seed new flasks at the recommended 

subcultivation ratios (1:3-1:10). 

 

2.3.5. Preparation of frozen cell stocks  

 Frozen cell stocks were prepared from cells in the exponential growth phase. Cells 

were detached from the flask by trypsinisation as previously described (Section 2.3.4). 

Trypsin was neutralised and the cell solution was transferred to a sterile 15 mL tube. Cells 

were pelleted by centrifugation at 1,300 RPM for 3 min. The pellet was resuspended in 

complete growth medium supplemented with 10% (v/v) dimethyl sulfoxide (DMSO), 

which was added drop-wise and with agitation. This cell solution was added in 1 mL 

volumes to sterile 2 mL cryotubes. Cryotubes were added to a Mr Frosty Freezing 

Container (Thermofisher Scientific, Massachusetts, United States), which gradually lowers 

the temperature of the cell solution by 1°C per min. Cell stocks were stored at -80°C or in 

a liquid nitrogen freezer until required.  

 

2.3.6. Reconstitution of frozen cell stocks  

 Cell stocks were retrieved from the -80°C freezer or liquid nitrogen storage and 

thawed rapidly by holding the cryotube in a 37°C water bath. The cell solution was 

transferred to a 15 mL tube containing 5 mL of warm complete growth medium. Cells were 

pelleted by centrifugation at 1,300 RPM for 3 min. The supernatant was discarded to waste 

and the cell pellet was re-suspended in 1 mL of warm complete growth medium. This cell 

suspension was then added to a 25 cm2 flask containing 5 mL of complete growth medium. 

Cells were cultured at 37°C, 5% CO2/ 95% humidified air.  

 

2.3.7. Mycoplasma testing  

 All cell lines in culture were routinely tested for mycoplasma. To perform 

mycoplasma testing, a 1 mL volume of cell supernatant was collected from confluent 

flasks. Cell debris was pelleted by centrifugation at 2,000 RPM for 1 min. In an appropriate 

polymerase chain reaction (PCR) hood, the PCR reaction was set up using cell culture 

supernatant, GoTaq Green Master Mix (Promega), sense and antisense primers (10 µM) 

(Integrated DNA Technologies, Iowa, United States) and AccuGENE Molecular Biology 

Water (Fisher Scientific) (Table 2-1). A negative control (sterile water) and a positive 

control (supernatant from a known mycoplasma contaminated cell line) were included. The 
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PCR reaction was set up as outlined in Table 2-2 and the PCR products were run on a 2% 

agarose gel (2 g of agarose in 200 mL of 1X Tris-Borate-EDTA buffer diluted from 10X 

stock (165 g Tris, 27.5g boric acid, 9.3g EDTA in 1 L of H2O, pH adjusted to 8.3 using 

acetic acid)) for 30 min. 

 
Table 2-1: Master mix for PCR reaction to perform mycoplasma testing. 
Reagent Volume/sample 

(µL) 
GoTaq Green Master Mix 25 
Sense primer GPO-3 (5′- GGGAGCAAACAGGATTAGATACCCT-3′)  1 
Antisense primer MGSO (5′-
TGCACCATCTGTCACTCTGTTAACCTC-3′) 

1 

AccuGENE Molecular Biology Water 22 
Cell culture supernatant  1 

 

 
Table 2-2: PCR protocol for mycoplasma testing. 

Step Time Temperature (°C) No. of Cycles 
Hold Stage 5 min 95 1 
PCR Stage 30 s 94 40 
PCR Stage 30 s 55 40 
PCR Stage 1 min 72 40 
Hold Stage 10 min 72 1 

 

 

2.3.8. Cell counting 

 Cells were counted using a Neubauer haemocytometer (Marienfeld, Lauda-

Königshofen, Germany). Cells in the exponential growth phase were trypsinised (Section 

2.3.4) and collected in 15 mL tubes by centrifuging at 1,300 RPM for 3 min. The 

supernatant was discarded and the cell pellet was re-suspended in 1 mL of complete 

medium. A 20 µL volume of this cell suspension was added to 180 µL of Trypan Blue Stain 

(0.4%) (Gibco) and 10 µL of this was added to the haemocytometer. Viable cells were 

distinguished from dead cells based on their exclusion of trypan blue, due to an intact cell 

membrane. Viable cells in the four corner squares of the haemocytometer grid were 

counted. Cells touching the upper and left sides of the squares were excluded. The number 

of cells/mL were calculated using the formula; 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑛𝑜. 𝑜𝑓	𝑐𝑒𝑙𝑙𝑠	𝑝𝑒𝑟	𝑐𝑜𝑟𝑛𝑒𝑟	 × 	10^4	 × 	10	(𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟) 
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2.3.9. X-ray irradiation  

 Cells were irradiated using an Xstrahl RS225 X-ray irradiator (Xstrahl, Walsall, 

United Kingdom) at a dose rate of 1.74 Gy/min. A broad radiation beam of 12.5 cm x 12.5 

cm produced by 195kV and 15 mA ensured that X-ray radiation was delivered uniformly 

to cells. Control plates were mock irradiated by placing at RT°.  

 

2.3.10. Clonogenic assay 

 The inherent radiosensitivity of HCT116, SW837, HRA-19 and SW1463 cell lines 

was assessed by clonogenic assay, which measures a cells replicative potential post 

treatment and is the gold standard for measuring radioresistance384. Cells in the exponential 

growth phase were trypsinised, counted (Section 2.3.8) and single cell suspensions were 

prepared. In 6-well plates, cells were seeded at optimised seeding densities (Table 2-3) in 

complete RPMI and allowed to adhere overnight at 37°C, 5% CO2/95% humidified air. 

Cells were irradiated, whilst control plates were mock irradiated (Section 2.3.9) at 24 h post 

seeding and incubated for 8-21 days at 37°C, 5% CO2/95% humidified air until colonies 

had formed but not merged. 

 

2.3.11. Staining of colonies 

  Colonies were fixed for 10 min using 700 µL of 4% (w/v) paraformaldehyde 

(SantaCruz, Texas, United States) (HCT116) or 25% (v/v) methanol (Honeywell, South 

Carolina, United States) (SW837, SW1463 and HRA-19) and stained for 20 min using 700 

µL of 0.05% (w/v) crystal violet. The crystal violet solution was discarded and wells were 

washed with 1 mL of water. Plates were left to air dry overnight. 

 

 
Table 2-3: Optimised clonogenic seeding densities.  

X-ray radiation dose Number of cells seeded per well (6-well plates) 

 HCT116 SW837 HRA-19 SW1463 

0 Gy 500 3,000 3,000 4,000 

1.8 Gy 1,000 6,000 4,000 8,000 

2 Gy 1,000 6,000 4,000 8,000 

4 Gy 2,000 8,000 5,000 1,000 

6 Gy 4,000 10,000 6,000 1,200 
Abbreviations; Gy, Gray 
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2.3.12. Colony Counting 

 A GelCountTM (Oxford Optronix Ltd, Abingdon, United Kingdom) colony counter 

was used to count the total number of colonies consisting of at least 50 cells. The plating 

efficiency (PE) determines the ratio of colonies grown from untreated cells with respect to 

the number of cells seeded. PE was calculated using the formula: 

PE = !".		%"&"'()*
!".		%)&&*	*))+)+

 

 The surviving fraction (SF), representing the number of colonies formed from 

treated cells with respect to the PE, was calculated using the formula:    

SF = !".		%"&"'()*
!".		%)&&*	*))+)+	,	-.

  

 Survival curves were constructed by graphing SF versus radiation dose using Prism 

9 Software (GraphPad, California, United States). 

 

2.3.13. RNA isolation 

 Cells were plated at optimised seeding densities (Table 2-4) in 6-well plates in 

complete RPMI, incubated at 37°C, 5% CO2/ 95% humidified air for 24 h before being 

irradiated or mock irradiated (Section 2.3.9). Supernatants were discarded after 24 h or 48 

h and cells were harvested by trypsinisation and stored in 1.5 mL eppendorfs at -80°C. 

RNA was isolated using the TRI Reagent® method. Cell pellets were thawed to RT° for 30 

min and re-suspended in 0.5 mL of TRIzol Reagent (Thermofisher Scientific, 

Massachusetts, United States). Repeated pipetting of each sample was performed to ensure 

complete lysis of cells before incubation at RT° for 5 min. A 50 µL volume of 1-bromo-3-

chloropropane was added, samples were vortexed for 10 s and centrifuged at 13,400 x g for 

15 min at 4°C to separate samples into 3 phases, an upper colourless aqueous phase, a white 

interphase and a lower red organic phase. The upper aqueous layer was transferred to a new 

1.5 mL eppendorf and RNA was precipitated by adding 250 µL of isopropanol. Samples 

were vortexed for 10 s, incubated at RT° for 5 min and centrifuged at 13,400 x g for 8 min 

at 4°C. Supernatants were discarded and cell pellets were washed using 0.5 mL of ethanol 

(70% v/v). Samples were centrifuged at 7,500 x g for 5 min at 4°C. After centrifuging, the 

ethanol was removed and the RNA pellets were air dried at RT° for 5 min. Pellets were re-

suspended in 30 µL of RNase-free molecular water (Qiagen, Hilden, Germany).  
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Table 2-4: Cell seeding densities for RNA isolation. 
Cell Line Number of cells seeded per well (6-well plates) 
HCT116 300,000 
SW837 500,000 
HRA-19 400,000 
SW1463 400,000 

 

 
2.3.14. RNA quantification 

 RNA was quantified spectrophotometrically using a Micro-Volume 

Spectrophotometer (MaestroNano, Hsinchu City, Taiwan). The instrument was first 

blanked using 1 µL of RNase-free water. RNA concentration in ng/µL was measured by 

loading 1 µL of each sample onto the pedestal. The A260/280 and A260/230 ratios were 

recorded to assess the quality of RNA isolated. RNA samples were stored at -80°C. 

 

2.3.15. cDNA synthesis 

 RNA samples were thawed on ice for 10 min. For each sample, 1 µg of RNA was 

prepared in a total volume of 11 µL molecular grade water (Fisher Bioreagents). A 1 µL 

volume of random hexamer primers (Meridian Bioscience, Ohio, United States) was added 

to each sample. Samples were briefly centrifuged to pool the contents in each tube. Samples 

were heated to 70°C for 10 min to enable primer annealing. A reverse transcriptase master 

mix was prepared using 5x Reaction Buffer, dNTPs (10mM, prepared using a 1:1:1:1 ratio 

of dGTP, dCTP, dTTP and dATP in molecular grade water and RiboSafe RNase Inhibitor, 

Bioscript™ Reverse Transcriptase Enzyme and molecular grade water (All Meridian 

Bioscience, Ohio, United States) (Table 2-5). An 8 µL volume of this master mix was 

added to each sample before vortexing. Samples were incubated at 37°C for 1 h, heated to 

70°C for 10 min to inactivate the reverse transcriptase enzyme before being held at 4°C. 

cDNA samples were stored at -20°C. 

 
Table 2-5: Reverse transcription Master Mix for cDNA synthesis. 
Reagent Volume/sample (µL) 
5 X Reaction Buffer  4 
dNTP mix  1 
RiboSafe RNase Inhibitor 0.5 
Bioscript ™ Reverse Transcriptase Enzyme 0.5 
Molecular Grade Water 2 

Abbreviations; dNTP, deoxyribonucleotide triphosphate.  
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2.3.16. Quantitative real time qPCR 

 cDNA was used as the template for quantitative real-time PCR (qPCR). Each 

sample was plated in triplicate for each target assessed. Master mixes were prepared to 

contain 10 µL TaqmanTM Gene Expression Master Mix, 8 µl molecular grade water (Fisher 

BioReagents) and 1µL TaqmanTM gene-specific primer (Applied Biosystems) per sample. 

To a MicroAmpTM Optical 96-Well Reaction Plate (Applied Biosystems), 19 µL of master 

mix and 1 µL of cDNA was added. Molecular grade water (1 µL) was utilised for a non-

template control. The plate was sealed using an optical adhesive cover (4titude®) and 

briefly centrifuged to pool the contents. qPCR was performed using a Quant Studio 5 Real-

Time PCR System (Applied Biosystems) and the protocol outlined in Table 2-6. Data 

collection was performed at the extension stage.  

 
Table 2-6: qPCR protocol. 
Step Time Temperature (°C) No. of Cycles 
Hold Stage 2 min 50 1 
Hold Stage 10 min 95 1 
PCR Stage 15 s 95 40 
PCR Stage 1 min 60 40 

Abbreviations; PCR, polymerase chain reaction; s, seconds; min, minute.  
 
2.3.17.  Quantitative real-time qPCR data analysis 

 Data analysis was performed using the qPCR Relative Quantification App on the 

ThermoFisher ConnectTM platform. The threshold cycle (Ct) values of triplicate wells were 

inspected to remove outliers. Samples amplifying after 37 cycles (Ct values greater than 

37) were excluded from the analysis. Expression of target genes was normalised to the 

expression of the endogenous control gene, 18S. Relative changes in gene expression were 

assessed using the 2-–∆∆ CT (Livak) method using one sample set as the calibrator for 

analysis385.  

 

2.3.18. Supernatant collection from CRC cell lines  

 Cells were plated at optimised seeding densities (Table 2-4) in 6-well plates in 

complete RPMI and incubated at 37°C, 5% CO2/ 95% humidified air for 24 h before being 

irradiated or mock irradiated (Section 2.3.9). Supernatants were removed after 24 h and 

centrifuged at 1,300 RPM for 10 min to pellet cell debris and stored at -80°C. Cells were 

harvested by trypsinisation and centrifuged for 3 min at 1300 RPM. Cell pellets were 

washed twice with 500 µl of cold PBS and stored at -80°C for protein isolation 
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2.3.19. Protein isolation  

 Protein was isolated from cell pellets prepared as in Section 2.3.18 using 1X 

radioimmunoprecipitation assay (RIPA) buffer supplemented with one PhosSTOP 

phosphatase inhibitor tablet (Roche, Basel, Switzerland) and one cOmplete, Mini Protease 

Inhibitor Cocktail tablet (Roche, Basel, Switzerland) per 10 mL of buffer, prepared on the 

day of use. Cell pellets were thawed on ice and resuspended in 30 µL of 1X supplemented 

RIPA buffer. Repeated pipetting was performed to ensure complete cell lysis. Cell lysates 

were incubated on ice for 20 min and centrifuged at 13,400 RPM for 20 min at 4°C. 

Supernatants were removed to new eppendorf tubes and stored at -80°C.  

 

2.3.20. Bicinchoninic acid assay  

 Protein concentration was determined using the Pierce bicinchoninic acid (BCA) 

protein assay kit (Thermofisher Scientific, Massachusetts, United States). A series of 

albumin standards (0-2000 µg/mL) were prepared by serial dilution and samples were 

diluted 1:5 using PBS. All standards and samples were assessed in duplicate. A 200 µL 

volume of working reagent (50 parts Reagent B per 1 part Reagent A) was added to each 

well. The plate was mixed for 30 s using a plate shaker before incubation at 37°C for 30 

min. The plate was allowed to cool to RT and absorbance was determined at 562nm using 

a VersaMax Microplate Reader (Molecular Devices, California, United States). A standard 

curve was constructed using Prism 9 and interpolated to determine the protein 

concentration of each sample.  

 

2.3.21. C3 and C5 ELISAs 

 The concentration of C3 and C5 from cell supernatants (collected as in Section 

2.3.18) and protein lysates (prepared as in Section 2.3.19) from HCT116, SW837, HRA-

19 and SW1463 cells was determined by enzyme-linked immunosorbent assay (ELISA) 

(Abcam, Cambridge, United Kingdom). Standards were prepared via serial dilution as per 

the manufacturer’s instructions. A 50 µL volume of sample or standard was added to the 

microplate in duplicate. Following 2 h incubation at RT°, excess sample or standard was 

removed by washing five times with 1X wash buffer. A 50 µL volume of biotinylated 

complement antibody specific for C3 or C5 was added to each well and the plate was 

incubated for a further 1 h, at RT°. The plate was washed five times before 50 µL of 1X 

streptavidin-peroxidase conjugate was added to each well and the plate was incubated for 
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30 min. Following five more wash cycles, 50 µL of chromogen substrate was added per 

well and the plate was incubated for 10-20 min. When an optimal blue colour had 

developed, 50 µL of stop solution was added to each well to quench the reaction. The 

absorbance was read on a VersaMax Microplate Reader at 450 nm and 570 nm. 

Absorbances read at 570 nm were subtracted from those read at 450 nm to correct for 

optimal imperfections. The mean absorbances of the standards were graphed relative to 

concentration, and a line of best fit was determined by regression analysis using a 4-

parameter logistic fit. The concentration of unknown samples was determined using the 

standard curve. C3 and C5 protein concentration was normalised to total protein 

concentration determined by BCA assay (Section 2.3.20). 

 

2.3.22. C3a and C5a ELISAs 

 The concentration of C3a and C5a from cell supernatants (collected as in Section 

2.3.18) and protein lysates (prepared as in Section 2.3.19) from HCT116, SW837, HRA-

19 and SW1463 cells was determined by ELISA (RayBiotech, Georgia, United States). 

Standards were prepared via serial dilution as per the manufacturer’s instructions. A 100 

µL volume of sample or standard was added to the microplate in duplicate. Following 2.5 

h incubation at RT° with gentle shaking, excess sample or standard was removed by 

washing four times with 1X wash buffer. A 100 µL volume of biotinylated complement 

antibody specific for C3a or C5a was added to each well and the plate was incubated for a 

further 1 h at RT° with gentle shaking. The plate was washed four times before 100 µL of 

1X horseradish peroxidase-streptavidin solution was added to each well and the plate was 

incubated for 45 min. Following four more wash cycles, 100 µL of chromogen one-step 

substrate solution was added per well and the plate was incubated for 30 min at RT° in the 

dark with gentle shaking. When an optimal blue colour had developed, 50 µL of stop 

solution was added to each well to quench the reaction. The absorbance was read 

immediately using a VersaMax Microplate Reader at 450 nm. The mean absorbances of 

the standards were graphed relative to concentration, and a line of best fit was determined 

by regression analysis using a 4-parameter logistic fit. The concentration of unknown 

samples was determined using the standard curve. C3a and C5a protein concentration was 

normalised to total protein concentration determined by BCA assay (Section 2.3.20). 
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2.3.23. Seeding CRC cell lines for flow cytometry  

 For flow cytometry experiments, cells were seeded in 12-well plates. HCT116 cells 

were plated at a density of 1 x 105 cells/well and SW837, SW1463 and HRA-19 cells were 

plated at a density of 2 x 105 cells/well. Cells were left to adhere overnight and incubated 

for 24 h at 37°C, 5% CO2/ 95% humidified air before being irradiated or mock irradiated 

(Section 2.3.9). 

 

2.3.24. Extracellular flow cytometry staining 

 The expression of the membrane-bound complement regulatory proteins (mCRPs) 

(CD46, CD55 and CD59) and extracellular complement receptors (C3aR and C5aR1) was 

assessed by flow cytometry. Cells were plated as described (Section 2.3.23). After 24 h, 

supernatants were discarded, cells were washed with PBS and detached by trypsinisation. 

Trypsin was neutralised using complete RPMI and cell suspensions were transferred to 

fluorescence-activated cell sorting (FACS) tubes. Cells were centrifuged for 3 min at 1,300 

RPM and washed twice with PBS. To eliminate dead cells during analysis, cells were 

stained with Zombie NIR (1:100 dilution in PBS) (Biolegend, California, United States). 

Cells were stained in the dark at RT° for 10 min. Without washing off the Zombie NIR, 

samples were stained at RT° in the dark for 15 min using optimised volumes of antibodies 

for mCRPs (Biolegend, California, United States) or the C3aR and C5aR1 (Miltenyi, 

Bergisch Gladbach, Germany) (Table 2-7). The volume per sample was made up to 100 µl 

using FACS Buffer (PBS with 2% FBS, 0.01% Sodium Azide). Cells were washed twice 

with FACS buffer and resuspended in 250 µl of FACS buffer.  
 

Table 2-7: Antibodies and staining volumes used to assess expression of membrane-bound 
regulatory proteins and complement receptors.  
Antibody 
 

Optimised Staining volume (µL) 
 

CD46-APC 5 

CD55-PE 5 

CD59-FITC 5 

C3aR-APC 5 

C5aR1-PE 5 
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2.3.25. Intracellular flow cytometry staining 

 Intracellular expression of the complement receptors C3aR and C5aR1 was 

assessed by flow cytometry using the eBioscience Intracellular Fixation and 

Permeabilization Buffer Set (Thermofisher Scientific, Massachusetts, United States). Cells 

were plated at optimised seeding densities (Section 2.3.23) and collected in FACS tubes 

before staining with Zombie NIR as previously described (Section 2.3.24). Cells were 

washed with FACS buffer (0.5 mL) and pelleted by centrifugation at 1300 RPMI for 3 min. 

Supernatants were discarded and cells were fixed using 100 µl of intracellular fixation 

buffer. FACS tubes were vortexed well and incubated in the dark at RT° for 20 min. Cells 

were washed with 1 mL of 1X permeabilization buffer (10X permeabilization buffer diluted 

1:10 with distilled water) and centrifuged at 1300 RPM for 3 min. Antibody staining was 

performed using optimised volumes of C3aR and C5aR1 antibodies (Table 2-7) in a final 

volume of 100 µl of 1X permeabilization buffer per sample. Samples were incubated in the 

dark at RT° for 20 min before being washed twice with 1mL of 1X permeabilization buffer. 

Cells were pelleted by centrifugation as before and resuspended in 250 µl of FACS buffer. 

 

2.3.26. Compensation beads 

 Compensation beads were prepared using the BD CompBead anti-mouse Ig, k/ 

negative control particle set (BD Biosciences). Compensation beads were vortexed well 

and one drop of each was added to a FACS tube containing 100 µl of PBS. The optimised 

antibody volume per sample was added. FACS tubes were incubated in the dark at RT° for 

20 min. Beads were washed twice with FACS buffer and resuspended in 300 µl of FACS 

buffer. 

 

2.3.27. Flow cytometry acquisition and analysis 

 Samples were acquired using a BD FACSCANTOTM II instrument and 

FACSDIVATM Software ((BD Biosciences, New Jersey, United States). Flow cytometric 

analysis was performed using version 10.7.1 of FlowJo software (BD Biosciences). 

Doublets were excluded by plotting FSC-H x FSC-A and analysis was performed by gating 

on cells negative for Zombie NIR to ensure results were representative of live cells (Fig. 

2-1).  
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Figure 2-1: Gating strategy for identifying live cells during flow cytometric analysis of mCRPs 
or complement receptors. 
 

2.3.28. Immunofluorescence to assess C3aR expression 

 Expression of the C3aR was assessed by immunofluorescence (IF) by David 

MacLean (University of Oxford). HCT116 cells in the exponential growth phase were 

trypsinised, resuspended in 10 mL of Dulbecco’s Modified Eagles Medium (DMEM), 

supplemented with 10% FBS and 1% penicillin-streptomycin and counted using a Countess 

automated cell counter (Thermo Fisher Scientific). In a 6-well plate, coverslips were added 

to each well and 1.5 x 105 cells were carefully dispensed directly onto each coverslip. A 2 

mL volume of complete media was carefully added to each well. To disperse cells over the 

coverslip, the plate was gently rocked three times in each direction. Plates were incubated 

for 24 h at 37°C, 5% CO2/95% humidified air. After 24 h, cells were irradiated using a GSR 

D1 caesium-137 gamma irradiator (Gamma-Service Medical GmbG, Leipzig, Germany) at 

a dose rate of 1.7 Gy/min.  

 At 24 h post irradiation, media was carefully removed from each well and cells were 

gently washed using 1 mL of PBS, taking care to avoid dispensing the PBS directly onto 

the coverslip. A 500 µL volume of Fixation Buffer (4% (v/v) PFA in PBS) was carefully 

added in a drop-wise monition to each coverslip, and cells were fixed by incubating for 15 

min at RT°. Fixation buffer was removed and cells were washed using 1 mL of PBS. 

Coverslips containing fixed cells were stored in 1-2 mL of PBS, in a 6-well plate, at 4°C 

until staining. Before staining, PBS was removed and cells were permeabilised by careful 

addition of 500 µL of Lysis Buffer (1% PBS-T; 1 mL Triton-X in 100 mL PBS) to each 

coverslip, and incubation for 10 min at RT°. Lysis Buffer was removed and replaced with 

500 µL of Blocking Solution (2% bovine serum albumin (BSA) in 0.1% PBS-Triton-X; 0.2 

g BSA, 10 µL Triton-X, 10 mL PBS) and cells were incubated for 1 h at RT°. Blocking 

Solution was removed and cells were carefully washed using 1 mL of ice-cold Wash Buffer 

(0.25% PBS-T; 250 µL Triton-X in 100 mL PBS). Wash Buffer was removed and cells 
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were stained with 75 µL of C3aR antibody (D-12) (Santa Cruz Biotechnology Inc, 

California, United States) (1:50 dilution in blocking buffer). The 6-well plate was incubated 

in a humidified chamber within a 37°C oven for 1 h. Primary antibody was removed and 

cells were washed three times using 1 mL of ice-cold Wash Buffer and once with 1 mL of 

PBS. A 75 µL volume of donkey anti-Mouse secondary antibody Donkey anti-Mouse IgG 

(H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 594 (Thermo 

Fisher Scientific) (diluted 1:250 in blocking buffer) was added to each slide. Slides were 

incubated in a humidified chamber within a 37°C oven for 1 h. Cells were washed twice 

with 1 mL of Wash Buffer and once with 1 mL of PBS. A 75 µL volume of Phalloidin-

iFluor 488 reagent (Abcam) (1:1000 dilution with Blocking Buffer) was added to each 

coverslip and the plate was incubated in a humidified chamber within a 37°C oven for 20 

min. Cells were washed twice with 1 mL of Wash Buffer and once with 1 mL of PBS as 

before. Coverslips were mounted onto slides using 7 µL of ProLong Gold antifade 

mounting reagent with DAPI (Thermo Fisher Scientific). Slides were stored horizontally, 

protected from light overnight at RT°, then subsequently stored at 4°C until imaged.  

 Slides were imaged using a Zeiss LSM 710 confocal microscope (Carl Zeiss AG, 

Jena, Germany) and images were acquired and processed using ZEN (blue edition) 

software (Carl Zeiss AG), with 10 photos taken per condition. Signal quantification was 

performed using Cell Profiler cell image analysis software386 (Cimini Lab, Broad Institute 

of MIT and Harvard, United States).  

 

2.3.29. Statistical analysis 

 Graphing of results and statistical analysis was performed using Prism 9 Software 

(GraphPad, California, United States). All data are presented as mean ± standard error of 

the mean (SEM), unless otherwise indicated. Significance was determined by analysis of 

variance (ANOVA) with post-hoc Tukey’s multiple comparisons testing or Student’s t-test, 

as detailed in figure legends. Where comparison groups were paired (i.e. untreated vs. 

treated), a paired t-test was performed, otherwise unpaired t-tests were used. Results were 

considered significant where probability (p) £ 0.05. Correlations were performed using 

Pearson’s correlation coefficient.  
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2.4. Results 

2.4.1. CRC cell lines differ in inherent radiosensitivity 

 To investigate the potential role of complement in the radioresponse, the inherent 

radiosensitivity of a panel of human CRC cell lines was investigated to identify an in vitro 

model of inherent radioresistance/radiosensitivity. The radiosensitivity of the human colon 

carcinoma (HCT116) and human rectal adenocarcinoma (SW837, HRA-19 and SW1463) 

cell lines was assessed using the gold standard clonogenic assay, which measures a cells 

reproductive integrity post treatment. The surviving fraction (SF) of each cell line was 

assessed at 1.8, 2, 4 and 6 Gy bolus doses of X-ray radiation and survival curves were 

constructed (Fig. 2-2 A). The area under the curve (AUC) was calculated for each cell line, 

demonstrating that HCT116 cells are overall significantly more radiosensitive, when 

compared to the human rectal adenocarcinoma SW837, HRA-19 and SW1463 cell lines (p 

< 0.0001 for all) (AUC ± SEM; HCT116 1.703 ± 0.027, SW837 3.376 ± 0.040, HRA-19 

3.782 ± 0.079, SW1463 3.581 ± 0.120) (Fig. 2-2 B). 

 The human colon carcinoma HCT116 cell line was demonstrated to be significantly 

more radiosensitive, when compared to the human rectal adenocarcinoma SW837, HRA-

19 and SW1463 cell lines at clinically-relevant doses of 1.8 Gy and 2 Gy (p < 0.0001 for 

all) (SF at 1.8 Gy ± SEM; HCT116 0.324 ± 0.014, SW837 0.681 ± 0.025, HRA-19 0.709 

± 0.030, SW1463 0.836 ± 0.015) (SF at 2 Gy ± SEM; HCT116 0.313 ± 0.014, SW837 

0.686 ± 0.016, HRA-19 0.738 ± 0.026, SW1463 0.836 ± 0.005) (Fig. 2-2 C-D). HCT116 

cells were also significantly more radiosensitive, when compared to SW837 (p = 0.0001), 

HRA-19 (p < 0.0001) and SW1463 (p < 0.0001) cells at 4 Gy (SF at 4 Gy ± SEM; HCT116 

0.038 ± 0.001, SW837 0.394 ± 0.002, HRA-19 0.484 ± 0.019, SW1463 0.412 ± 0.055) 

(Fig. 2-2 E). In addition, at 6 Gy HCT116 cells were significantly more radiosensitive, 

when compared to SW837 (p = 0.0010) and HRA-19 cells (p < 0.0001) (SF at 6 Gy ± SEM; 

HCT116 0.002 ± 0.0000732, SW837 0.215 ± 0.015, HRA-19 0.338 ± 0.045) (Fig. 2-2 F).  

 Human rectal adenocarcinoma SW1463 cells were demonstrated to be significantly 

more radioresistant following irradiation with a clinically-relevant dose of 1.8 Gy, when 

compared to human rectal adenocarcinoma SW837 (p = 0.0034) and HRA-19 (p = 0.0186) 

cells (SF ± SEM; SW1463 0.836 ± 0.015, SW837 0.681 ± 0.025, HRA-19 0.709 ± 0.030) 

(Fig. 2-2 C). SW1463 cells were also demonstrated to be significantly more radioresistant 

following 2 Gy of X-ray radiation, when compared to SW837 (p = 0.0012) and HRA-19 (p 

= 0.0157) rectal cancer cells (SF ± SEM; SW1463 0.836 ± 0.005, SW837 0.686 ± 0.016, 

HRA-19 0.738 ± 0.026) (Fig. 2-2 D).  
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 The HRA-19 cell line was demonstrated to be significantly more radioresistant, 

when compared to SW837 (p = 0.0265) and SW1463 (p = 0.0003) rectal cancer cells at 6 

Gy. SW837 cells were also significantly more radioresistant at 6 Gy of X-ray radiation, 

when compared to SW1463 cells (p = 0.0196) (SF ± SEM; HRA-19 0.338 ± 0.045, SW837 

0.215 ± 0.015, SW1463 0.085 ± 0.002) (Fig. 2-2 F). 

 This data demonstrates that the human colon carcinoma HCT116 cell line is 

significantly more radiosensitive, when compared to the human rectal adenocarcinoma 

SW837, HRA-19 and SW1463 cell lines and thus this cell line panel represents an in vitro 

model of inherent radiosensitivity/radioresistance in CRC.  

 

2.4.2. CRC cell lines express C3 and C5 mRNA 

 Having characterised the radiosensitivity of HCT116, SW837, HRA-19 and 

SW1463 cells, the expression of the central complement cascade components, C3 and C5 

was assessed at the mRNA level by qPCR.  

 C3 mRNA was expressed in HCT116, HRA-19 and SW837 cells. The radioresistant 

HRA-19 rectal cancer cell line expressed significantly higher levels of C3 mRNA, when 

compared to the radiosensitive HCT116 cell line (p = 0.0006) and the SW837 cell line (p 

= 0.004). SW837 cells expressed significantly higher levels of C3 mRNA, when compared 

to HCT116 cells (p = 0.0143) (C3 relative mRNA expression ± SEM; HRA-19 40.27 ± 

3.683, HCT116 2.631 ± 0.957, SW837 13.763 ± 2.511) (Fig. 2-3 A). C3 mRNA expression 

was not detected in the SW1463 cell line.  

 Interestingly, all cell lines demonstrated C5 mRNA expression. The radioresistant 

SW1463 cell line expressed significantly higher levels of C5 mRNA, when compared to 

HCT116 (p = 0.0011), SW837 (p = 0.0261) and HRA-19 (p = 0.0013) cell lines (C5 relative 

mRNA expression ± SEM; SW1463 66.662 ± 7.827, HCT116 0.901 ± 0.189, HRA-19 

3.223 ± 0.521, SW837 31.081 ± 6.726) (Fig. 2-3 B). The SW837 cell line demonstrated 

significantly increased expression of C5 mRNA, when compared to the radiosensitive 

HCT116 cell line (p = 0.0109) and the HRA-19 cell line (p = 0.0145) (C5 relative mRNA 

expression ± SEM; SW837 31.081 ± 6.726, HCT116 0.901 ± 0.189, HRA-19 3.223 ± 

0.521) (Fig. 2-3 B). The radioresistant HRA-19 cell line expressed significantly higher 

levels of C5 mRNA, when compared to the radiosensitive HCT116 cell line (p = 0.0138) 

(C5 relative mRNA expression ± SEM; HRA-19 3.223 ± 0.521, HCT116 0.901 ± 0.189). 

This data demonstrates that central complement components are expressed by CRC cells, 

with relative expression levels differing between cell lines.  
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Figure 2-2: Radiosensitivity profiles of human colon carcinoma HCT116 and human rectal 
adenocarcinoma SW837, HRA-19 and SW1463 cell lines. The radiosensitivity of HCT116, 
SW837, HRA-19 and SW1463 cells was assessed by clonogenic assay. (A) Survival curves (B) 
Area under the curve and (C-F) surviving fraction following treatment with 0 Gy, 1.8 Gy, 2 Gy, 4 
Gy and 6 Gy of X-ray radiation. Controls were mock-irradiated. Data are presented as mean SF ± 
SEM for 3 independent experiments. Statistical analysis was performed by one-way ANOVA and 
post-hoc Tukey’s multiple comparisons testing. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001.  
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Figure 2-3: C3 and C5 mRNA is expressed by radiosensitive HCT116 and radioresistant 
SW837, HRA-19 and SW1463 cell lines. mRNA expression of (A) C3 and (B) C5 was assessed 
basally in HCT116, SW837, HRA-19 and SW1463 cells by qPCR. Data are presented as mean ± 
SEM for 3 independent experiments. Statistical analysis was performed by unpaired two-tailed 
Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Abbreviations; n.d., not 
detected.  
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2.4.3. Total basal C3 and C5 mRNA expression is increased in radioresistant CRC 

cells 

 C3 and C5 are both central complement cascade components. To assess the overall 

C3 and C5 expression profile in CRC cell lines, the total expression of C3 and C5 mRNA 

was examined for each cell line. The radiosensitive HCT116 cell line expressed 

significantly lower relative levels of cumulative central complement cascade components 

(C3 and C5), when compared to SW837 (p = 0.006), HRA-19 (p = 0.008) and SW1463 (p 

= 0.0004) cell lines (Total relative C3 + C5 mRNA expression ± SEM; HCT116 3.532 ± 

0.830, SW837 44.844 ± 9.001, HRA-19 43.494 ± 3.261, SW1463 66.729 ± 7.812) (Fig. 2-

4). This data suggests that complement expression is increased in radioresistant cell lines 

in CRC.  

 

2.4.4. Radiation increases C5 mRNA expression in HCT116 cells 

 To investigate the potential effect of X-ray radiation on complement expression, C3 

and C5 mRNA expression in CRC cell lines was assessed at 24 h and 48 h following a 

clinically-relevant dose of 1.8 Gy of X-ray radiation. There was no significant alteration in 

C3 mRNA expression at either 24 h or 48 h following 1.8 Gy, when compared to baseline 

levels in HCT116 (Fig. 2-5 A), SW837 (Fig. 2-5 B) or HRA-19 cells (Fig. 2-5 C). 

 Similar to C3, there were no significant alterations in C5 mRNA expression in 

SW837 (Fig. 2-5 E), HRA-19 (Fig. 2-5 F) or SW1463 (Fig. 2-5 G) cell lines following X-

ray radiation relative to basal expression. Interestingly, in the radiosensitive HCT116 cell 

line, C5 mRNA was significantly increased at 48 h following 1.8 Gy of X-ray radiation, 

when compared to basal levels (p = 0.0326) and levels at 24 h following radiation (p = 

0.0288) (C5 relative mRNA expression ± SEM; HCT116 48 h post 1.8 Gy X-ray radiation 

1.865 ± 0.210, HCT116 + 0 Gy X-ray radiation 0.901 ± 0.189, HCT116 24 h post 1.8 Gy 

X-ray radiation 0.751 ± 0.142) (Fig. 2-5 D). These data demonstrate that radiation can 

induce alterations in complement expression in CRC, suggesting that radiation increases 

complement expression in radiosensitive cells.  

 

2.4.5. CRC cell lines secrete C3 and C5 protein, with higher levels secreted by 

radioresistant cells 

 Having demonstrated that C3 and C5 were expressed by CRC cell lines at the 

mRNA level, the protein expression of these central complement cascade components was 

investigated by ELISA. To determine whether complement proteins were secreted from 
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CRC cells the concentration of C3 and C5 was assessed in supernatants generated from the 

panel of CRC cell line. Supporting the mRNA data, significantly lower levels of C3 protein 

were detected in the supernatant of HCT116 cells, when compared to SW837 (p = 0.0005) 

and HRA-19 cells (p = 0.0274) (C3 concentration (ng/mL) ± SEM; HCT116 0.191 ± 0.047, 

SW837 4.151 ± 0.376, HRA-19 11.142 ± 3.224) (Fig. 2-6 A). C3 protein was not detected 

in supernatants collected from SW1463 cells (Fig. 2-6 A). 

 C5 protein was present in supernatants from all CRC cell lines investigated. 

Significantly higher levels of C5 were secreted from SW1463 cells, when compared the 

HCT116 (p = 0.0038), SW837 (p = 0.0049), and HRA-19 (p = 0.0275) cell lines (C5 

concentration (ng/mL) ± SEM; SW1463 2.878 ± 0.436, HCT116 0.246 ± 0.021, SW837 

0.271 ± 0.156 HRA-19 1.036 ± 0.324) (Fig. 2-6 B). This data demonstrates that 

complement is secreted from CRC cells at low levels, with higher levels secreted from 

radioresistant cells.  

 

2.4.6. CRC cell lines contain C3 and C5 protein intracellularly, with higher levels 

present in radioresistant cells 

 To determine if complement was present intracellularly in CRC cells, the 

concentration of C3 and C5 in protein lysates prepared from each CRC cell line was 

assessed. C3 protein was present in lysates from all CRC cell lines in the panel, including 

SW1463 cells. Protein lysates from SW1463 cells contained significantly higher levels of 

C3 protein, when compared to HCT116 (p < 0.0001) and SW837 (p = 0.0001) cells (C3 

concentration (ng/mL) ± SEM; SW1463 43.659 ± 1.731, HCT116 7.628 ± 1.239, SW837 

10.887 ± 1.553) (Fig. 2-6 C). Similarly, increased levels of C3 protein were present in 

protein lysates from HRA-19 cells when compared to HCT116 (p = 0.0145) and SW837 (p 

= 0.0196) cells (C3 concentration (ng/mL) ± SEM; HRA-19 46.838 ± 9.409, HCT116 7.628 

± 1.239, SW837 10.887 ± 1.553) (Fig. 2-6 C). The concentration of C5 protein in lysates 

from the radiosensitive HCT116 cell line was significantly lower, when compared to the 

radioresistant HRA-19 (p = 0.0145) and SW1463 (p < 0.0001) cell lines (C5 concentration 

(ng/mL); HCT116 1.526 ± 0.248, HRA-19 9.368 ± 1.882, SW1463 8.732 ± 0.346). 

Similarly, lower levels of C5 protein were present in lysates from SW837 cells, when 

compared to HRA-19 cells (p = 0.0157) and SW1463 cells (p < 0.0001) (C5 concentration 

(ng/mL); SW837 1.723 ± 0.230, HRA-19 9.368 ± 1.882, SW1463 8.732 ± 0.346) (Fig. 2-

6 D). These data demonstrate that C3 and C5 protein are present intracellularly in CRC 

cells with increased complement production occurring in radioresistant cells  
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Figure 2-4: Total C3 and C5 mRNA expression in radiosensitive HCT116 and radioresistant 
SW837, HRA-19 and SW1463 cell lines. Overall cumulative expression of C3 and C5 mRNA in 
HCT116, SW837, HRA-19 and SW1463 cells was assessed at basal level by qPCR. Data are 
presented as mean ± SEM for 3 independent experiments. Statistical analysis was performed by 
one-way ANOVA and post-hoc Tukey’s multiple comparisons testing. **p < 0.01, ***p < 0.001. 
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Figure 2-5: Radiation upregulates C5 mRNA expression in radiosensitive HCT116 cells. C3 
mRNA expression basally relative to expression at 24 h and 48 h post 1.8 Gy of X-ray radiation in 
(A) HCT116, (B) SW837 and (C) HRA-19 cells. C5 mRNA expression basally relative to 
expression at 24 h and 48 h post 1.8 Gy of X-ray radiation in (D) HCT116, (E) SW837 (F) HRA-
19 and (G) SW1463 cells. Data are presented as mean ± SEM for 3 independent experiments. 
Statistical analysis was performed by paired two-tailed Student’s t-test. *p < 0.05.  
 

 

 

 

. 

A B C

D E F G

0 G
y

24
 h post 

1.8
 G

y

48
 h post 

1.8
 G

y 
0.0

2.5

5.0

C
3 

re
la

tiv
e 

ex
pr

es
si

on

HCT116

0 G
y

24
 h post 

1.8
 G

y

48
 h post 

1.8
 G

y 
0.0

0.5

1.0

1.5

2.0

2.5

C
5 

re
la

tiv
e 

ex
pr

es
si

on
 

*
*

HCT116

0 G
y

24
 h post 

1.8
 G

y

48
 h post 

1.8
 G

y
0.0

2.5

5.0

C
3 

re
la

tiv
e 

ex
pr

es
si

on

SW837

0 G
y

24
 h post 

1.8
 G

y

48
 h post 

1.8
 G

y
0.0

0.5

1.0

1.5

2.0

2.5

C
5 

re
la

tiv
e 

ex
pr

es
si

on
 SW837

0 G
y

24
 h post 

1.8
 G

y

48
 h post 

1.8
 G

y
0.0

2.5

5.0

C
3 

re
la

tiv
e 

ex
pr

es
si

on

HRA-19

0 G
y

24
 h post 

1.8
 G

y

48
 h post 

1.8
 G

y
0.0

0.5

1.0

1.5

2.0

2.5

C
5 

re
la

tiv
e 

ex
pr

es
si

on
 HRA-19

0 G
y

24
 h post 

1.8
 G

y

48
 h post 

1.8
 G

y
0.0

0.5

1.0

1.5

2.0

2.5

C
5 

re
la

tiv
e 

ex
pr

es
si

on
 SW1463



 73 
 
 

 
Figure 2-6: C3 and C5 protein is secreted from and present intracellularly in CRC cells.  
Protein concentration of C3 and C5 in (A-B) cell supernatants and (C-D) protein lysates from 
HCT116, SW837, HRA-19 and SW1463 cells. Data are presented as mean ± SEM for 3 
independent experiments. Statistical analysis was performed by unpaired two-tailed Student’s t-
test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Abbreviations; n.d., not detected.  
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2.4.7. Radiation increases C3 and C5 protein production in HCT116 cells 

 Having demonstrated that C3 and C5 protein are produced by the CRC cell line 

panel, the effects of radiation on complement protein production was assessed. CRC cells 

were irradiated with a clinically-relevant dose of 1.8 Gy and C3 and C5 levels were 

investigated by ELISA. At the mRNA level, radiation induced alterations in C5 expression 

only in the radiosensitive HCT116 cell line (Section 2.4.4). Therefore, these experiments 

were performed using only HCT116 cells and one radioresistant cell line, the SW1463 cell 

line. Protein was isolated at 48 h post irradiation.  

 Radiation did not alter the concentration of C3 protein present in supernatants from 

HCT116 cells (Fig. 2-7 A). In SW1463 cell supernatants, C3 protein was not detected 

basally or following radiation treatment. The concentration of C5 protein in supernatants 

from HCT116 cells was unaltered following radiation (Fig. 2-7 B). In SW1463 cell 

supernatants however, significantly higher levels of C5 protein were detected 48 h post 1.8 

Gy of X-ray radiation, when compared to basal levels (p = 0.0042) (C5 concentration 

(ng/mL) ± SEM; SW1463 0 Gy 2.878 ± 0.436, SW1463 48 h post 1.8 Gy 5.244 ± 0.304) 

(Fig. 2-7 B). 

 In HCT116 cell lysates, C3 protein levels were significantly elevated 48 h following 

1.8 Gy of radiation, when compared to basal levels (p = 0.0458) (C3 concentration (ng/mL) 

± SEM; HCT116 0 Gy 7.628 ± 1.239, HCT116 24 h post 1.8 Gy 10.430 ± 1.532) (Fig. 2-8 

C). There were no alterations in C3 protein levels in SW1463 cell lysates following 1.8 Gy 

of X-ray radiation, when compared to basal expression (Fig. 2-7 C). Increased levels of C5 

protein were also present in HCT116 cell lysates 48 h following 1.8 Gy of X-ray radiation, 

when compared to basal levels (p = 0.0458) (C5 concentration (ng/mL) ± SEM; HCT116 

0 Gy 1.526 ± 0.248, HCT116 48 h post 1.8 Gy 2.086 ± 0.306) (Fig. 2-7 D). There were no 

alterations in the levels of C5 protein present in SW1463 cell lysates at 48 h post 1.8 Gy of 

X-ray radiation, when compared to basal levels (Fig. 2-7 D). These data demonstrate that 

radiation can upregulate the production of complement protein both in radiosensitive and 

radioresistant CRC cell lines. 

 

2.4.8.  The complement system is activated in CRC cells, with higher levels of 

activation in radioresistant cells 

 Having demonstrated that complement system components are expressed at both 

the mRNA and protein level, activation of the complement system within CRC cells was 

investigated. Activation of the complement system results in the production of C3a and 
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C5a, two potent anaphylatoxins derived from C3 and C5 proteins, respectively. The 

production of both secreted and intracellular C3a and C5a was assessed by ELISA.  

 C3a and C5a were detected in cell supernatants from HCT116, SW837, HRA-19 

and SW1463 cells using commercially available ELISAs, however the levels were outside 

of the standard curve and could not be quantified. This suggests that these cells secrete 

anaphylatoxins at low levels.  

 Both C3a and C5a were present intracellularly in all cell lines investigated. 

Significantly lower levels of C3a were present in lysates from the radiosensitive HCT116 

cell line, when compared to the SW837 (p = 0.0167), HRA-19 (p = 0.0434) and SW1463 

(p = 0.0247) cell lines (Concentration C3a (ng/mL); HCT116 12.770 ± 1.431, SW837 

21.120 ± 1.548, HRA-19 33.765 ± 7.056, SW1463 48.909 ± 10.197) (Fig. 2-8 A). 

Similarly, the concentration of C5a was significantly lower in lysates from HCT116 (p = 

0.0185) and SW837 cells (p = 0.0166), when compared to SW1463 cells (Concentration 

C5a (ng/mL); HCT116 0.324 ± 0.31, SW837 0.239 ± 0.128, SW1463 2.913 ± 0.661) (Fig. 

2-8 B). These results demonstrate that the complement system is activated intracellularly 

in CRC cells, with higher levels of anaphylatoxins produced by radioresistant cells.  

 

2.4.9. Radiation does not alter complement anaphylatoxin production in CRC cells 

 Having determined that complement was activated intracellularly in CRC cell lines, 

the effect of X-ray radiation on anaphylatoxin production was assessed. Levels of C3a and 

C5a were investigated in cell supernatants from the radioresistant HCT116 cell line and the 

radioresistant SW1463 cell line at 48 h post 1.8 Gy of X-ray radiation. C3a and C5a were 

not detected in cell supernatants following radiation, suggesting that radiation does not 

induce the secretion of anaphylatoxins from CRC cells. 

 The effect of X-ray radiation on intracellular levels of C3a and C5a was also 

assessed at 48 h post 1.8 Gy of radiation. There were no alterations in the levels of C3a in 

protein lysates from HCT116 or SW1463 cells at 48 h post 1.8 Gy of X-ray radiation, when 

compared to controls (Fig. 2-9 A-B). Similarly, 1.8 Gy of X-ray radiation did not induce 

alterations in intracellular C5a production in HCT116 and SW1463 cells, when compared 

to basal levels (Fig. 2-9 C-D). These data suggest that complement anaphylatoxin 

production is not induced by X-ray radiation in CRC cells.  
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Figure 2-7: C3 and C5 protein expression is increased in radiosensitive HCT116 cells at 48 h 
post irradiation with 1.8 Gy. C3 and C5 protein was assessed basally and at 48 h post 1.8 Gy of 
X-ray radiation in HCT116 and SW1463 cells. (A) C3 and (B) C5 protein concentration was 
assessed in cell supernatants. (C) C3 and (D) C5 protein concentration was assessed in cell lysates. 
Data are presented as mean ± SEM for 3 independent experiments. Statistical analysis was 
performed by paired two-tailed Student’s t-test. *p < 0.05, **p < 0.01. Abbreviations; n.d., not 
detected.  
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Figure 2-8: Complement anaphylatoxins are present intracellularly in radiosensitive HCT116 
and radioresistant SW837, HRA-19 and SW1463 cell lines. The concentration of (A) C3a and 
(B) C5a was assessed in protein lysates from HCT116, SW837, HRA-19 and SW1463 cells. Data 
are presented as mean ± SEM for 3 independent experiments. Statistical analysis was performed by 
unpaired two-tailed Student’s t-test. * p < 0.05. 
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Figure 2-9: Radiation does not alter C3a or C5a anaphylatoxin production intracellularly in 
radiosensitive HCT116 and radioresistant SW1463 cell lines. The concentration of C3a and C5a 
anaphylatoxins was assessed basally and 48 h post 1.8 Gy of X-ray radiation in HCT116 and 
SW1463 cells. (A) C3a and (B) C5a protein concentration was assessed in cell lysates. Data are 
presented as mean ± SEM for 3 independent experiments. Statistical analysis was performed by 
paired two-tailed Student’s t-test. 
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2.4.10. Radioresistant CRC cell lines produce higher intracellular levels of 

complement components    

 The relative expression of central complement genes (Section 2.4.3) and proteins 

(Section 2.4.6) by the CRC cell line panel suggests that higher levels of complement are 

expressed by radioresistant CRC cells. To determine whether there is a relationship 

between complement expression and inherent radiosensitivity in CRC, the total 

intracellular concentration of complement components (C3, C5, C3a and C5a) in cell 

lysates from HCT116, SW837, HRA-19 and SW1463 cells was calculated. The total 

intracellular concentration of complement proteins in the radiosensitive HCT116 cell line 

was significantly lower, when compared to the SW837 (p = 0.0296), HRA-19 (p = 0.0191) 

and SW1463 (p = 0.0033) cell lines. Similarly, the concentration of total complement 

protein expressed by SW837 cells was significantly lower, when compared to HRA-19 

cells (p = 0.0345) and SW1463 cells (p = 0.0060) (Concentration total C3, C5, C3a and 

C5a (ng/mL); HCT116 22.248 ± 2.351, SW837 33.968 ± 2.643, HRA-19 91.21.7 ± 17.987, 

SW1463 104.212 ± 12.908) (Fig. 2-10 A). This suggests that complement expression is 

increased in radioresistant CRC cells.  

 To further investigate the relationship between inherent radiosensitivity and 

complement expression in CRC, the total concentration of intracellular complement protein 

was correlated with the SF of each cell line at a clinically-relevant dose of 1.8 Gy. There 

was a significant positive correlation between SF at 1.8 Gy and intracellular concentration 

of complement (p = 0.0081, R2 = 0.059) (Fig. 2-10 B). This demonstrates that increased 

expression of intracellular complement protein is associated with increased radioresistance 

at 1.8 Gy of X-ray radiation.   

 

2.4.11. CRC cells express CFB of the alternative complement activation pathway 

 Having determined that complement is activated in CRC, the potential pathway by 

which the complement system is activated in these cells was investigated. There are three 

pathways of complement activation, the classical, lectin and alternative pathways. The 

mRNA expression of Clq, mannose-binding lectin 2 (MBL2) and complement factor B 

(CFB), key initiating factors in the classical, lectin and alternative complement pathways, 

respectively, was assessed by qPCR. C1q and MBL2 mRNA was not detected in human 

colon carcinoma HCT116 and human rectal adenocarcinoma SW837, HRA-19 and 

SW1463 cells (Appendix 1), suggesting that the classical and lectin pathways are not active 

in CRC cells.  
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 However, CFB was expressed by all cell lines investigated, suggesting that 

complement may be activated via the alternative pathway in these cells. Interestingly, the 

radiosensitive HCT116 cell line expressed significantly lower levels of CFB, when 

compared to the SW837 (p = 0.0078), HRA-19 (p < 0.0001), and SW1463 (p = 0.0004) 

cell lines. SW837 cells expressed lower levels of CFB relative to HRA-19 (p = 0.0002) and 

SW1463 (p = 0.0012) cell lines (CFB relative mRNA expression ± SEM; HCT116 5.099 

± 3.370, SW837 88.181 ± 16.656, HRA-19 427.717 ± 19.931, SW1463 456.217 ± 41.624) 

(Fig. 2-11 A). 

 CFB mRNA expression positively correlated with the total relative C3/C5 mRNA 

expression in HCT116, SW837, HRA-19 and SW1463 cells (p = 0.0097, R squared 

=0.5037) (Fig. 2-11 B), suggesting that complement expression is occurring via the 

alternative pathway and may account for the increased activation of complement 

demonstrated in radioresistant cell lines.  
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Figure 2-10: Total intracellular concentration of complement protein in CRC cell lines 
correlates with surviving fraction of cells at 1.8 Gy of radiation. The concentration of C3, C5, 
C3a and C5a was assessed basally by ELISA. (A) The cumulative concentration of complement 
was calculated for each cell line. Data are presented as mean ± SEM for 3 independent experiments. 
Statistical analysis was performed by unpaired two-tailed Student’s t-test. * p < 0.05, **p < 0.01. 
(B) Total intracellular concentration of complement components in HCT116, SW837, HRA-19 and 
SW1463 cells was correlated with surviving fraction at 1.8 Gy of X-ray radiation (n=12). Statistical 
analysis was performed by calculating the Pearson correlation coefficient.  
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Figure 2-11: CFB mRNA expression correlates with total C3 and C5 mRNA expression in 
radiosensitive HCT116 and radioresistant SW837, HRA-19 and SW1463 cell lines. (A) mRNA 
expression of CFB was assessed basally in HCT116, SW837, HRA-19 and SW1463 cells by qPCR. 
Data are presented as mean ± SEM for 3 independent experiments. Statistical analysis was 
performed by unpaired two-tailed Student’s t-test. **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) 
Total relative C3/C5 mRNA expression was correlated with CFB mRNA expression in HCT116, 
SW837, HRA-19 and SW1463 cells. Statistical analysis was performed by calculating the Pearson 
correlation coefficient. 
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2.4.12. Radiation does not alter CFB mRNA expression in CRC cell lines 

 Having demonstrated that CFB mRNA is expressed by CRC cell lines, the effect of 

X-ray radiation on CFB mRNA expression was assessed. There were no significant 

alterations in CFB mRNA expression at 24 h or 48 h post 1.8 Gy of X-ray radiation, when 

compared to basal levels in HCT116 (Fig. 2-12 A), SW837 (Fig. 2-12 B), HRA-19 (Fig. 

2-12 C) and SW1463 (Fig. 2-12 D) cell lines.  

 

2.4.13. CRC cell lines express extracellular C5aR1 but not C3aR 

 Having demonstrated that CRC cell lines produce complement anaphylatoxins, the 

potential of CRC cells to respond to complement signalling was investigated. The effects 

of the potent anaphylatoxins C3a and C5a are mediated via binding to their respective 

receptors, the C3aR and the C5aR1. Expression of both receptors was assessed in all cell 

lines by flow cytometry.  

 Basal expression of extracellular C3aR by HCT116, SW837, HRA-19 and SW1463 

cells was not detected by flow cytometric analysis (Appendix 2). However, basal 

extracellular expression of the C5aR1 was detected in HCT116, SW837, HRA-19 and 

SW1463 cells. There were no significant alterations in C5aR1 expression across the cell 

lines (Mean % of C5aR1+ cells ± SEM; HCT116 3.477 ± 0.828, SW837 5.655 ± 1.635, 

HRA-19 4.847 ± 1.381, SW1463 12.407 ± 3.460) (Fig. 2-13).  

 

2.4.14. Radiation increases extracellular C5aR1 expression in CRC cells   

 Expression of the C5aR1 in HCT116, SW837, HRA-19 and SW1463 cells 

following clinically-relevant doses of 1.8 Gy and 5 Gy of X-ray irradiation was assessed. 

Radiation had no effect on the percentage of HCT116, SW837, HRA-19 and SW1463 cells 

expressing the C5aR1 extracellularly (Fig. 2-14 A). However, there was a significant 

increase in the fold change in mean fluorescence intensity (MFI) of C5aR1 expressed at 24 

h post 5 Gy of X-ray irradiation, when compared to basal levels, by HCT116 (p = 0.0059), 

SW837 (p = 0.0352) and SW1463 (p = 0.0270) cells (Mean fold change in C5aR1 MFI at 

24 h post 5 Gy relative to 0 Gy ± SEM; HCT116 2.572 ± 0.015, SW837 1.546 ± 0.105, 

HRA-19 1.311 ± 0.052) (Fig. 2-14 B). There were no alterations in the MFI of C5aR1 

expressed by HRA-19 cells at 24 h following 1.8 Gy or 5 Gy of X-ray radiation (Fig. 2-14 

B). 
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Figure 2-12: Radiation does not alter CFB mRNA expression in radiosensitive HCT116 and 
radioresistant SW837, HRA-19 and SW1463 cell lines. CFB mRNA expression basally and at 
24 h and 48 h post 1.8 Gy of X-ray radiation in (A) HCT116, (B) SW837 (C) HRA-19 and (D) 
SW1463 cells. Data are presented as mean ± SEM for 3 independent experiments. Statistical 
analysis was performed by one-way ANOVA and post-hoc Tukey’s multiple comparisons testing. 
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Figure 2-13: The C5aR1 is expressed extracellularly by radiosensitive HCT116 and 
radioresistant SW837, HRA-19 and SW1463 cell lines. Basal extracellular C5aR1 expression 
was assessed by flow cytometry. (A) Percentage of HCT116, SW837, HRA-19 and SW1463 cells 
expressing the C5aR1 extracellularly. Data are presented as mean ± SEM for 3 independent 
experiments. (B) Dot plots representative of data from 3 independent experiments. Statistical 
analysis was performed by one-way ANOVA and post-hoc Tukey’s multiple comparisons testing. 
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Figure 2-14: Radiation increases the MFI of extracellular C5aR1 expressed in radiosensitive 
HCT116 and radioresistant SW837 and SW1463 cell lines. C5aR1 expression was assessed by 
flow cytometry in HCT116, SW837, HRA-19 and SW1463 cells basally and at 24 h post irradiation 
with 1.8 Gy and 5 Gy of X-ray radiation. (A) Percentage of cells positive for extracellular C5aR1. 
Data are presented as mean percentage of cells ± SEM for 3 independent experiments. (B) Fold 
change in the MFI of C5aR1 expressed by each cell line at 24 h post irradiation with 1.8 Gy and 5 
Gy of X-ray radiation relative to 0 Gy controls for 3 independent experiments. Statistical analysis 
was performed by paired two-tailed Student’s t-test. *p < 0.05, **p < 0.01. 
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2.4.15. CRC cell lines express both the C3aR and C5aR1 intracellularly 

 Having demonstrated extracellular expression of the C5aR1, the intracellular 

expression of C3aR and C5aR1 was investigated in HCT116, SW837, HRA-19 and 

SW1463 cells by flow cytometry.  

 Interestingly, HCT116, SW837, HRA-19 and SW1463 cells expressed the C3aR 

intracellularly (Mean % of C3aR+ cells ± SEM; HCT116 97.133 ± 1.384, SW837 99.1 ± 

0.529, HRA-19 79.833 ± 8.601, SW1463 87.250 ± 6.55) (Fig. 2-15 A-B). HCT116, 

SW837, HRA-19 and SW1463 cells also all expressed the C5aR1 intracellularly (Mean % 

of C5aR1+ cells ± SEM; HCT116 99.733 ± 0.176, SW837 99.3 ± 0.557, HRA-19 94.6 ± 

4.86, SW1463 97.3 ± 2) (Fig. 2-15 C-D). There were no statistically significant alterations 

in the percentage expression of intracellular C3aR or C5aR1 between the CRC cell lines 

(Fig. 2-15).  

 

2.4.16. Radiation increases intracellular C5aR1 expressed by HCT116 cells 

 The expression of intracellular C3aR and C5aR1 in HCT116, SW837, HRA-19 and 

SW1463 cells following clinically-relevant doses of 1.8 Gy and 5 Gy of X-ray radiation 

was also assessed. 

 Radiation had no effect on the percentage of HCT116, SW837, HRA-19 and 

SW1463 cells expressing the C3aR intracellularly (Fig. 2-16 A). Similarly, radiation had 

no effect on the fold change in MFI of C3aR expressed at 24 h post 1.8 Gy or 5 Gy of X-

ray irradiation, when compared to basal levels (Fig. 2-16 B). Similarly, the percentage of 

HCT116, SW837, HRA-19 and SW1463 cells expressing the C5aR1 intracellularly was 

unchanged following radiation (Fig. 2-16 C). However, there was a significant increase in 

the fold change in MFI of C5aR1 expressed at 24 h post 5 Gy of X-ray radiation, when 

compared to basal levels by HCT116 cells (p = 0.0188) (Mean fold change in C5aR1 MFI 

at 24 h post 5 Gy relative to 0 Gy ± SEM; HCT116 1.393 ± 0.055) (Fig. 2-16 D). There 

were no alterations in the fold change in MFI of intracellular C5aR1 expressed by SW837, 

HRA-19 and SW1463 cells 24 h following 1.8 Gy or 5 Gy of X-ray radiation, when 

compared to baseline (Fig. 2-16 D). This suggests that radiation increases the amount of 

C5aR1 expressed by radiosensitive HCT116 cells, and not radioresistant CRC cell lines.  
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Figure 2-15: The C3aR and the C5aR1 are expressed intracellularly by radiosensitive 
HCT116 and radioresistant SW837, HRA-19 and SW1463 cell lines. CRC cell lines were fixed 
and permeabilized and intracellular C3aR and C5aR1 expression was assessed by flow cytometry. 
(A) Percentage and (B) representative dot plot of cells expressing intracellular C3aR. (C) 
Percentage and (D) representative dot plot of cells expressing intracellular C5aR1. Data are 
presented as mean ± SEM for 3 independent experiments. Dot plots are representative of data from 
3 independent experiments. Statistical analysis was performed by one-way ANOVA and post-hoc 
Tukey’s multiple comparisons testing. 
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Figure 2-16: Radiation increases the MFI of intracellular C5aR1 expressed by radiosensitive 
HCT116 cells. CRC cell lines were fixed and permeabilized and intracellular C3aR and C5aR1 
expression was assessed by flow cytometry basally and at 24 h post irradiation with 1.8 Gy and 5 
Gy of X-ray radiation. (A) Percentage of cells positive for intracellular C3aR. (B) Fold change in 
the MFI of C3aR expressed by each cell line at 24 h post irradiation with 1.8 Gy and 5 Gy of X-ray 
radiation relative to basal levels. (C) Percentage of cells positive for intracellular C5aR1. (D) Fold 
change in the MFI of C5aR1 expressed by each cell line at 24 h post irradiation with 1.8 Gy and 5 
Gy of X-ray radiation relative to basal levels. Data are presented as mean percentage of cells ± SEM 
or fold change in the MFI of C5aR1 or C3aR expression relative to 0 Gy controls. Data are 
representative of 3 independent experiments. Statistical analysis was performed by paired two-
tailed Student’s t-test. *p < 0.05. 

A

B

C

D

0 G
y

1.8
 G

y
5 G

y
0

20

40

60

80

100

%
 C

3a
R

+  
ce

lls

HCT116

0 G
y

1.8
 G

y
5 G

y
0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e 

M
FI

 C
3a

R

HCT116

0 G
y

1.8
 G

y
5 G

y
0

20

40

60

80

100

%
 C

3a
R

+  
ce

lls

SW837

0 G
y

1.8
 G

y
5 G

y
0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e 

M
FI

 C
3a

R

SW837

0 G
y

1.8
 G

y
5 G

y
0

20

40

60

80

100

%
 C

3a
R

+  
ce

lls

HRA-19

0 G
y

1.8
 G

y
5 G

y
0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e 

M
FI

 C
3a

R

HRA-19

0 G
y

1.8
 G

y
5 G

y
0

20

40

60

80

100

%
 C

3a
R

+  
ce

lls

SW1463

0 G
y

1.8
 G

y
5 G

y
0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e 

M
FI

 C
3a

R

SW1463

0 G
y

1.8
 G

y
5 G

y
0

20

40

60

80

100

%
 C

5a
R

+  
ce

lls

HCT116

0 G
y

1.8
 G

y
5 G

y
0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e 

M
FI

 C
5a

R

HCT116

*

0 G
y

1.8
 G

y
5 G

y
0

20

40

60

80

100

%
 C

5a
R

+  
ce

lls

SW837

0 G
y

1.8
 G

y
5 G

y
0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e 

M
FI

 C
5a

R

SW837

0 G
y

1.8
 G

y
5 G

y
0

20

40

60

80

100

%
 C

5a
R

+  
ce

lls

HRA-19

0 G
y

1.8
 G

y
5 G

y
0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e 

M
FI

 C
5a

R

HRA-19

0 G
y

1.8
 G

y
5 G

y
0

20

40

60

80

100

%
 C

5a
R

+  
ce

lls

SW1463

0 G
y

1.8
 G

y
5 G

y
0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e 

M
FI

 C
5a

R

SW1463



 90 
 
 

 

2.4.17. The C3aR is expressed within the cytoplasm and nucleus in HCT116 cells 

 To investigate the intracellular location of the C3aR, HCT116 cells were assessed 

using IF staining and confocal microscopy. Interestingly C3aR was detected intracellularly 

in HCT116 cells in both the cytoplasm and the nucleus (Fig. 2-17 A). THP-1 cells were 

used as a positive control and demonstrated an observably lower expression relative to 

HCT116 cells (Fig. 2-17 B). 

 Having demonstrated that IR increased the MFI of intracellular C5aR1 expressed 

by HCT116 cells, with a trend towards an increase in MFI of C3aR expression, C3aR 

expression was assessed following clinically-relevant doses of radiation to determine 

whether expression was altered within different cellular locations following radiation. 

Interestingly, 1.8 Gy and 5 Gy doses of radiation significantly increased (p < 0.0001 for 

both) the integrated intensity of C3aR expressed across the whole cell (Mean integrated 

intensity of C3aR ± SEM; 0 Gy 24.04 ± 0.32, 1.8 Gy 43.32 ± 0.81, 5 Gy 52.85 ± 1.12) (Fig. 

2-17 C). Furthermore, within the cytoplasm, 1.8 Gy and 5 Gy doses of radiation 

significantly increased (p < 0.0001 for both) the integrated intensity of C3aR (Mean 

integrated intensity of C3aR ± SEM; 0 Gy 12.1 ± 0.2, 1.8 Gy 24.43 ± 0.52, 5 Gy 30.69 ± 

0.75) (Fig. 2-17 D). Similarly, following 1.8 Gy and 5 Gy doses of radiation, expression of 

the C3aR was significantly increased within the nucleus (p < 0.0001 for both) (Mean 

integrated intensity of C3aR ± SEM; 0 Gy 12.14 ± 0.14, 1.8 Gy 19.21 ± 0.31, 5 Gy 22.94 

± 0.43) (Fig. 2-17 E). This demonstrates that C3aR localises within both the cytoplasm and 

the nucleus in HCT116 cells, with increased expression observed following radiation.  
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Figure 2-17: The C3aR is expressed within the nucleus and cytoplasm of HCT116 cells. 
HCT116 cells were assessed for intracellular C3aR expression by confocal microscopy. 
Representative images of C3aR staining in (A) HCT116 cells basally and following irradiation with 
1.8 or 5 Gy of X-ray radiation. (B) C3aR expression was assessed in THP-1 cells basally as a 
positive control. Image magnification is 63X. The integrated intensity of C3aR expression was 
quantified (C) across the whole cell (D) in the cytoplasm and (E) in the nucleus, basally and 24 h 
post irradiation with 1.8 Gy or 5 Gy. Data are presented as violin plots of the integrated intensity 
of C3aR signal showing the median, for 3 independent experiments. A minimum of 100 cells were 
analysed per experimental replicate. Outliers were removed using whisker plots and the Tukey 
method. Statistical analysis was performed by one-way ANOVA and post-hoc Tukey’s multiple 
comparisons testing. ****p < 0.0001. (IF staining performed by the University of Oxford).  
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2.4.18. CRC cell lines express mCRPs 

 The complement system is regulated by an extensive network of membrane-bound 

and soluble regulators, which act to modulate complement activation at various stages of 

the pathway. To investigate the ability of CRC cells to control complement activation, the 

expression of the surface-expressed mCRPs CD46, CD55 and CD59 was assessed by flow 

cytometry. 

 CD46, or membrane cofactor protein, acts as a cofactor for the degradation of C3b 

and C4b by complement factor H222–224. HCT116, SW837, HRA-19 and SW1463 cells all 

expressed CD46, with similar percentage expression demonstrated in each cell line (Mean 

percentage of CD46+ cells ± SEM; HCT116 96 ± 2.957, SW837 98.333 ± 0.867, HRA-19 

95.533 ± 1.559, SW1463 96.450 ± 2.850) (Fig. 2-18 A-B).  

 CD55, otherwise known as decay accelerating factor (DAF) accelerates the decay 

of C3 and C5 convertases to limit complement cascade activation225–227. CD55 was 

expressed by all four CRC cell lines. A significantly lower percentage of both HRA-19 and 

SW1463 cells expressed CD55, when compared to HCT116 and SW837 cells (p < 0.0001 

for all). An increased percentage of HRA-19 cells expressed CD55, when compared to 

SW1463 cells (p = 0.0081) (Mean percentage of CD55 + cells ± SEM; HCT116 96.167 ± 

3.06, SW837 94.4 ± 2.982, HRA-19 29.233 ± 2.373, SW1463 9.345 ± 0.285) (Fig. 2-18 C-

D).  

 CD59 interferes with the polymerisation of the membrane attack complex, which is 

essential for inducing target cell lysis228,229. CD59 was expressed by HCT116, SW837, 

HRA-19 and SW1463 cells, with no alterations in percentage expression across the panel 

(Mean percentage of CD59 + cells ± SEM; HCT116 95.5 ± 3.089, SW837 98.567 ± 0.273, 

HRA-19 93.933 ± 1.408, SW1463 95.250 ± 2.450) (Fig. 2-18 E-F).  
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Figure 2-18: The mCRPs CD46, CD55 and CD59 are expressed by the radiosensitive HCT116 
and radioresistant SW837, HRA-19 and SW1463 cell lines. Basal expression of surface-bound 
mCRPs was assessed by flow cytometry. (A) Percentage and (B) representative dot plot of cells 
expressing CD46. (C) Percentage and (D) representative dot plot of cells expressing CD55. (E) 
Percentage and (F) representative dot plot of cells expressing CD59. Data are presented as mean 
percentage of cells positive ± SEM for 3 independent experiments. Dot plots are representative of 
data from 3 independent experiments. Statistical analysis was performed by one-way ANOVA and 
post-hoc Tukey’s multiple comparisons testing. ****p < 0.0001. 
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2.4.19. Radiation does not alter mCRP expression in CRC cells 

 To investigate the potential effect of X-ray radiation on mCRP expression, the 

expression of CD46, CD55 and CD59 was assessed at 24 h post treatment with a clinically-

relevant dose of 1.8 Gy.  

 There were no alterations in the percentage of HCT116, SW837, HRA-19 or 

SW1463 cells expressing CD46, CD55 or CD59 (Fig. 2-19 A-C) following radiation. To 

investigate whether radiation altered the level of mCRP expression by the CRC cell line 

panel, the fold change in MFI of mCRPs was assessed. There were no alterations in fold 

change of the MFI of CD46 CD55 or CD59 (Fig. 2-20 A-C) expressed by the CRC cell 

line panel following irradiation. These data suggest that radiation does not alter expression 

of mCRPs in CRC cells.  
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Figure 2-19: Radiation does not increase the percentage of HCT116, SW837, HRA-19 or 
SW1463 cells expressing CD46, CD55 or CD59. Surface expression of CD46, CD55 and CD59 
was assessed basally and at 24 h post 1.8 Gy of X-ray radiation by flow cytometry. The percentage 
expression of (A) CD46, (B) CD55 and (C) CD59 in HCT116, SW837, HRA-19 and SW1463 cells. 
Data are presented as mean percentage of cells positive ± SEM for 3 independent experiments. 
Statistical analysis was performed by paired two-tailed Student’s t-test. 
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Figure 2-20: Radiation does not increase the expression level of CD46, CD55 and CD59 in 
HCT116, SW837, HRA-19 or SW1463 cells. Surface expression of CD46, CD55 and CD59 was 
assessed basally and at 24 h post 1.8 Gy of X-ray radiation by flow cytometry. Fold change in MFI 
of (A) CD46, (B) CD55 and (C) CD59 expressed by HCT116, SW837, HRA-19 and SW1463 cells. 
Data are presented as mean fold change in MFI ± SEM for 3 independent experiments. Statistical 
analysis was performed by paired two-tailed Student’s t-test. 
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2.5. Discussion  

 The overall objective of this chapter was to investigate the relationship between the 

complement system and the response to radiation in CRC in vitro, through the identification 

of an in vitro model of radiosensitive/radioresistant CRC and the characterisation of 

complement production, activation and regulation in this model.   

 To establish an in vitro model for studying radiosensitivity/radioresistance in CRC, 

the human colon carcinoma HCT116 and human rectal adenocarcinoma SW837, HRA-19 

and SW1463 cell lines were selected. Although RT is not included in standard treatment 

regimens for colon cancer, the HCT116 colon cancer cell line was utilised as there are a 

limited number of cell lines established from rectal tumours. Consequently, other studies 

investigating the radiobiology of CRC have also utilised colon cancer cells387. Additionally, 

the radioresponse of HCT116 cells is well-characterised in the literature388–391. The 

radioresponses of rectal cancer cell lines are poorly characterised in the literature, with few 

published studies reporting the radioresistance of the SW1463 and SW837 cell lines387,390–

393. The inherent radiosensitivity of the HRA-19 cell line has not previously been reported. 

To our knowledge, this is the first time that the inherent radiosensitivity of this cell line has 

been profiled.  

 The human colon carcinoma HCT116 cells were identified as the most 

radiosensitive cell line of the panel. This finding is supported by several studies in the 

literature which have previously demonstrated the sensitivity of these cells to radiation388–

391. Previously uncharacterised in the literature, the HRA-19 cell line was demonstrated to 

be inherently radioresistant, like the majority of established rectal cancer cell lines387,390–

393. The inherent radiosensitivity profile of the SW1463 cell line did not follow the same 

trend as the other rectal cancer cell lines assessed (SW837 and HRA-19), however, the 

survival curve of these cells is similar to that demonstrated by others392. In this study, 

SW1463 cells were the most radioresistant cell line at low doses of radiation such as 1.8 

Gy and 2 Gy. The SF of SW1463 cells at these doses are slightly higher than those reported 

in other studies, however they consistently are demonstrated to be inherently radioresistant 

cells387,393. Differences in results may be due to variations in seeding densities. In addition, 

SW1463 cells grow in a clumped morphology, which can compound accurate cell counting, 

and may impact on the resulting surviving fraction. While SW1463 and SW837 cell lines 

are both inherently radioresistant, SW1463 cells have been reported as more radiosensitive 

than SW837 cells at increasing doses of X-ray radiation390. This is supported by the data in 

this chapter, which demonstrates that SW1463 cells are significantly more radiosensitive 
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at 6 Gy of X-ray radiation than SW837, and also HRA-19 cells. From this characterisation, 

radiosensitive (HCT116) and radioresistant (SW837, HRA-19 and SW1463) cell lines were 

identified, providing an in vitro model of radioresistance and radiosensitivity in CRC to 

investigate complement.  

 Complement components are primarily produced in the liver, but production also 

occurs locally in most cell types169. The last decade of research has demonstrated that this 

extends to the TME, with both tumour and immune cells capable of complement 

production177,297. Analysis of TCGA data has demonstrated that complement is widely 

expressed in human cancers177. C3 is a central complement cascade component and is 

expressed by many cancer cell lines, including those originating from renal, squamous cell, 

gastric and ovarian tumours300,301,304,394. For the first time, the HCT116, SW837 and HRA-

19 cell lines were demonstrated to express C3 mRNA and protein. In SW1463 cells, 

expression of C3 mRNA was not detected, however C3 protein was detected in protein 

lysates. A possible explanation for this is a rapid translation of C3 mRNA to protein, 

preventing detection of C3 mRNA by qPCR. C5 is also a central component of the 

complement cascade, linking complement activation pathways with the terminal 

complement pathway395. All four cell lines in the CRC cell line panel expressed C5, with 

both C3 and C5 identified as being secreted and present intracellularly.  

 Previous work by Surace et al. has demonstrated upregulation of several 

complement gene transcripts in immune cells, mouse tumours and patient biopsies 

following radiation351. In this CRC cell line panel, there were no alterations in complement 

components expressed by the radioresistant SW837, HRA-19 and SW1463 cells following 

radiation. However in the radiosensitive HCT116 cell line, X-ray radiation led to 

significantly increased C5 mRNA expression, suggesting that radiation may upregulate 

complement genes in radiosensitive CRC cells.  

 Activation of the complement system plays an important role in the innate immune 

response. A hallmark of complement system activation is the generation of the C3a and 

C5a anaphylatoxins from C3 and C5 proteins, respectively. Several studies have provided 

evidence for systemic and local activation of the complement system in cancer273–278. C3a 

and C5a was detected in cell supernatants from this cell line panel at low levels that could 

not be quantified using the standard curve. C3a has been detected in the supernatant of 

HCT116 cells in a recent study, at a concentration of approximately 40 pg/µL337. The assay 

used here was limited by a sensitivity of 63 pg/µL. Interestingly, C3a and C5a were present 
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in protein lysates from HCT116, SW837, HRA-19 and SW1463 cell lines, demonstrating 

that the complement system is activated intracellularly in CRC. This supports recent 

findings that C5a is produced intracellularly in colon cancer cells341. Although complement 

activation has been observed in cancer, this may not always be beneficial. In cervical, 

colorectal, renal and ovarian cancers, activation of complement has been observed to 

associate with poor prognosis283–285,394. Here, in radiosensitive HCT116 cells, lower levels 

of complement anaphylatoxins were detected, when compared to radioresistant CRC cell 

lines. This demonstrates that complement activation is elevated in radioresistant rectal 

cancer cell lines, suggesting that complement activation is associated with a radioresistant 

phenotype in CRC. Previously, radiation has been demonstrated to induce complement 

activation, generating anaphylatoxins which impact the radioresponse350,351. In this study, 

radiation did not alter anaphylatoxin production in CRC cell lines, suggesting that radiation 

does not activate the complement system in this model, and highlighting the context-

dependent nature of complement across human cancer types. 

 Complement activation can occur via 3 pathways, the classical, the lectin and the 

alternative pathway186,208. Altered expression of complement pathway components have 

been reported in several human cancers including ovarian, cervical and colorectal273,283–

285,396,397. Having demonstrated that complement was activated in the CRC cell line panel, 

the potential pathway by which complement activation is occurring was assessed. 

Previously in CRC patients, increased expression of mannose-binding lectin and ficolins, 

components of lectin pathway components, has been demonstrated396,397. The expression 

of complement cascade components in rectal cancer specifically has not been characterised, 

however rectal surgery has been reported to activate complement via the alternative 

pathway, demonstrating that this is an active pathway in this cancer type398. This supports 

the results in this chapter, which demonstrate that although HCT116, SW837, HRA-19 and 

SW1463 cells do not express C1q and MBL2 of the classical and lectin pathways, 

respectively, they all express the alternative pathway component CFB. CFB mRNA 

expression positively correlated with total C3 and C5 mRNA expression, suggesting that 

the alternative complement pathway may be active in CRC cells. Expression levels of CFB 

varied across the cell line panel, with the radiosensitive HCT116 cells expressing the lowest 

relative levels, when compared to radioresistant rectal cancer cell lines. A study by Huang 

et al. compared gene expression profiles between CRC cell lines with varying 

radiosensitivities389. They similarly used the radiosensitive HCT116 cells, but in 

combination with the radioresistant SW480 and SW403 colon cancer cell lines. 
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Interestingly, they discovered that CFB was among the genes discriminating response to 

RT, with higher expression demonstrated in radioresistant cells389. This supports the results 

outlined in this chapter, which demonstrate higher levels of CFB mRNA expression in 

radioresistant CRC lines. These data highlight an association between the alternative 

complement pathway and the radioresponse in CRC. Importantly, Ding et al. have recently 

provided evidence for intracellular generation of C5a, independent of canonical activation 

of the complement system. In their study, they identify CTSD as the enzyme responsible 

for cleavage of intracellular C5 to generate C5a341. This highlights that cleavage of C3 and 

C5 in rectal cancer cell lines may occur via an enzyme outside of the traditional 

complement activation pathways.  

  Radiation has been reported to induce activation of the classical and alternative 

complement pathways in a murine model of melanoma351. In the CRC cell panel there were 

no significant alterations in CFB expression following radiation. This may suggest that 

radiation does not activate the complement system in CRC, again highlighting the context-

dependent nature of complement in cancer. 

 The data in this chapter demonstrates complement production and activation in 

CRC cells. Across the CRC cell line panel, the greatest levels of complement genes, 

proteins and anaphylatoxins were detected in the most radioresistant cell lines. This 

suggests that complement may be associated with the response to radiation in CRC. 

Expression of complement components has been correlated with various clinical 

parameters across many cancer types. In breast cancer, expression of the C5aR1 has been 

linked to larger tumours, lymph node metastases, advanced clinical stages and poorer 

outcomes319. High expression of C1s is associated with poor prognosis in ccRCC394. 

Furthermore, mounting evidence supports a role for complement in patient response to 

treatment162. In soft tissue sarcomas, high expression of complement components has been 

correlated with resistance to chemotherapy and subsequent poor patient OS365. Our group 

have previously correlated elevated levels of pre-treatment circulating and tumoural 

complement with subsequent poor responses to neo-CRT in OAC367,368. Here, interestingly, 

the radiosensitive HCT116 cell line express significantly lower levels of C3 and C5, when 

compared to radioresistant SW837, HRA-19 and SW1463 rectal cancer cells. Intracellular 

levels of C3, C5, C3a and C5a exceeded secreted levels, and the total intracellular 

concentration of these components positively correlated with SF of cells at 1.8 Gy, a 

clinically-relevant dose of X-ray radiation. This demonstrates that there is a relationship 

between complement expression and the radioresponse in this CRC cell line panel. These 
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data suggest for the first time a role for complement in the response to radiation in rectal 

cancer.  

 Several studies have provided direct functional evidence for complement 

components both in the response to chemotherapy and immunotherapy320,322,336,345,349,361,362. 

At present, few studies have interrogated the relationship between complement system 

components and the radioresponse. Those that have, have demonstrated functional roles for 

complement anaphylatoxins in the response to radiation350,351. Importantly, these functional 

effects were due to complement-mediated regulation of immune cells within the TME. 

While the relationship between T cells and CRC cell-derived complement will be explored 

later in this thesis, the results from this chapter are derived purely from in vitro studies, 

which do not recapitulate the TME. This suggests that the effects of tumour cell-derived 

complement on the radioresponse in vitro in CRC are a result of autocrine signals, which 

promote radioresistance. In the literature, evidence for autocrine C3a/C3aR and 

C5a/C5aR1 signalling that enhances cancer cell proliferation, migration and invasiveness 

has been described300,383. To investigate the potential for complement signalling in CRC 

cells, the expression of complement receptors was assessed. The C3aR was not detected on 

the surface of CRC cells, however, low numbers of CRC cells were detected to express the 

C5aR1 extracellularly. Expression of the C5aR1 has been correlated with poor patient 

prognosis in a number of human cancers including ovarian, breast and non-small cell lung 

cancer300,319,363. This suggests that C5aR1 expression could contribute to the pathogenesis 

and therapeutic response of CRC cells.  

 In recent years, the functional significance of intracellular C3aR and C5aR1 

expressed by T cells, among other cell types, is becoming increasingly apparent. Signalling 

through intracellular complement receptors is, for example, essential during the induction 

of Th1 responses261,263–265. Additionally, a growing body of research has demonstrated that 

intracellular complement is of functional importance both in normal cellular processes and 

in the context of cancer261,263–265,342. Recently, in ccRCC, pro-tumour roles for CFH, a 

complement regulatory protein, intracellularly, have been described. Interestingly, the pro-

tumour functions of intracellular CFH are mediated through a non-canonical mechanism, 

and are distinct from those of the membrane-associated CFH342. Having demonstrated that 

complement is present intracellularly in CRC cells, the intracellular expression of 

complement receptors was investigated. Despite lacking expression of extracellular C3aR, 

it was demonstrated that almost 100% of HCT116, SW837, HRA-19 and SW1463 cells 

expressed both the C3aR and C5aR1 intracellularly. Intracellular C3aR in HCT116 cells 
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localised within the cytoplasm and the nucleus. This supports the hypothesis that signalling 

through intracellular C3aR and/or C5aR1 is of functional importance in CRC and may 

promote a radioresistant phenotype. In colon cancer cell lines, an intracellular C5a/C5aR1 

signalling axis has recently been identified341. Signalling of C5a via C5aR1 expressed on 

endosomes stabilises b-catenin to drive gene transcription and promote tumourigenesis341. 

This highlights that intracellular complement signalling axes may play important roles in 

tumour progression and response to therapy. Interestingly, radiation was demonstrated to 

upregulate intracellular C5aR1 expression in the HCT116, SW837 and SW1463 cell lines, 

with a trend towards upregulation observed in HRA-19 cells. Upregulation of intracellular 

C3aR expression was also determined in HCT116 cells. This suggests that radiation may 

promote complement signalling in CRC cells.  

 The powerful inflammatory response resulting from complement activation 

requires regulation to avoid uncontrolled inflammation and damage to healthy tissue. This 

is the responsibility of several soluble and membrane-bound effectors, including the widely 

expressed mCRPs CD46, CD55 and CD59214. Expression of mCRPs can halt complement 

activation at various stages of the pathway, a strategy exploited by cancer cells, which often 

demonstrate elevated expression of complement regulators, when compared to non-

malignant tissue, allowing them to evade the complement system286–289. Unfortunately, this 

evasion strategy appears successful, as expression of mCRPs generally correlates with poor 

clinical outcomes in cancer291. CD46, CD55 and CD59 were demonstrated to be expressed 

in HCT116, SW837, HRA-19 and SW1463 cells, with no alterations in expression 

occurring following radiation. While there was widespread expression of CD46 and CD59, 

there were variations in the percentage of cells expressing CD55. CD55 was expressed at 

lower levels in the radioresistant HRA-19 and SW1463 cells. CD55 has been demonstrated 

to regulate cisplatin resistance and self-renewal independently of complement, in 

endometroid tumours349. It is also a poor prognostic marker in several human cancers 

including non-small cell lung cancer, breast cancer and CRC287,363,399. Despite correlation 

with a poor response in CRC, CD55 was expressed at lower levels in the most radioresistant 

CRC lines used in this chapter. This suggests that the relationship between CD55 and poor 

outcomes in CRC is due to other functional effects, which are independent of the response 

to radiation. 

 In summary, to our knowledge this is the first time the complement system has been 

characterised in this CRC cell line panel. CRC cell lines were demonstrated to express 
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central and pathway specific complement components and activation of the complement 

system was observed. CRC cells expressed complement receptors and regulators, 

suggesting that they can respond to complement signals and modulate complement 

activation, respectively. Interestingly, total intracellular complement correlated with 

radioresistance, suggesting a role for complement in the radioresponse in CRC. In 

particular, intracellular complement is significant as despite low extracellular expression 

of C5aR1, CRC cells expressed high levels of C3aR and C5aR1 intracellularly. This 

suggests there may be an important intracellular signalling axis in CRC. The results in this 

chapter demonstrate that complement is associated with the response to radiation in CRC 

in vitro.  
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Chapter 3: C3 functionally modulates radioresistance in 

CRC cells 
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3.1. Introduction 

 Radioresistance is a major clinical challenge in the treatment of LARC. Despite 

being the current standard of care, neo-CRT fails to achieve loco-regional control in up to 

70% of patients21,55,56. The molecular factors governing response to therapy in this setting 

are poorly understood. Identifying novel therapeutic targets with the aim of increasing 

radiosensitivity is essential to improve response rates and outcomes in rectal cancer.  

In the last decade, study of the complement system has demonstrated that targeting 

complement components may have potential in restoring anti-tumour immunity and 

boosting cancer treatment response162. Aberrant expression of complement components has 

been demonstrated in many human cancers including ovarian, breast and gastric cancer, 

and is frequently associated with adverse features and poor outcomes285,317,319. Across more 

than 32 cancer types, mutations in complement genes have been identified287 and 

demonstrated to correlate with poor OS, suggesting that alterations in complement play a 

functional role in tumourigenesis287. The overexpression of complement in cancer suggests 

that targeting complement may have potential as a novel therapeutic approach. Study of 

murine models has demonstrated that within the TME, dysregulated expression of 

complement can suppress anti-tumour immunity, promoting tumour growth and 

progression298 (summarised in 162). In addition to modulation of immune cells, complement 

signalling has been demonstrated to drive tumourigenesis by activating the PI3K/AKT and 

JAK/STAT pathways300,306,317,318,362.  

Considering these novel roles in cancer, it is unsurprising that components of the 

complement system have been implicated in the tumour response to anti-cancer therapy. In 

addition to enhancing tumour growth, complement has been demonstrated to aid 

therapeutic resistance to RT, chemotherapy and immunotherapy by promoting 

immunosuppression320,322,350,361,362. Supporting this, previous work in our Department has 

demonstrated that high pre-treatment serum levels of C3a and C4a are predictive of 

subsequent poor responses to neo-CRT in OAC patients367. In addition, C3 expression was 

demonstrated to be elevated in pre-treatment OAC tumour tissue from patients with a 

subsequent poor response to neo-CRT368. These data highlight a potential role for 

complement in the response to treatment in GI cancers367.  

The relationship between complement and radiation response has been explored in 

two previous studies, both of which link C3a and C5a anaphylatoxins to the response to 

radiation350,351. In both of these studies, complement is demonstrated to alter the 

radioresponse via its extracellular functions, through modulation of immune cells. 



 106 
 
 

However, increasing evidence demonstrates that complement is expressed intracellularly 

in immune cells and cancer cells, with intracellular complement demonstrating canonical 

and non-canonical roles400. In CRC, intracellular C5a/C5aR signalling stabilises b-catenin 

to promote transcription of oncogenes including cyclooxygenase-2 (COX-2) and cyclin 

D1341. Intracellular CFH has been demonstrated to enhance tumour cell proliferation, 

survival, migration and is associated with poor patient prognosis in lung adenocarcinoma 

and ccRCC342. This suggests that intracellular complement may also play a role in the 

tumour response to therapy. Supporting this, in endometrial cancer, CD55 overexpression 

was demonstrated to drive cisplatin resistance via intracellular activation of lymphocyte-

specific protein tyrosine kinase (LCK) signalling349. Currently, the role of intracellular 

complement in the response to RT is yet to be elucidated. Data presented in Chapter 2 

demonstrated that expression of key complement system components are elevated in 

radioresistant CRC cell lines and positively correlate with inherent radioresistance to a 

clinically-relevant dose of X-ray radiation. This suggests that intracellular functions of 

complement, independent of immune cell-modulation, may be involved in the tumour 

response to RT in CRC. However, the mechanism (s) by which intracellular complement 

may modulate treatment response is largely unknown.  

Whilst the leading cause for radioresistance is yet to be elucidated, there are several 

known parameters that impact on the tumour response to radiation. Alterations in DNA 

repair capabilities are often implicated in radioresistance122–124. The DDR is activated 

following the induction and detection of DNA damage. This triggers a DNA repair pathway 

or other downstream signals including programmed cell death106,117. Neoplastic 

transformation is associated with an accumulation of genomic instability, often rendering 

cancer cells defective in one or more DNA repair pathway115,121. This is exploited by 

cytotoxic therapies which induce lethal DNA damage, such as double-strand breaks (DSBs) 

that are difficult to resolve106,115. However, an enhanced ability to repair DNA damage has 

been demonstrated in radioresistant cancer cells122–124.  

Alterations in cell cycle distribution and progression are also recognised as 

contributors to radioresistance. Four phases, gap (G) 1, synthesis, G2 and mitosis (M) 

compose the cell cycle, together with the G0 phase which is outside the cell cycle107. 

Sensitivity to radiation is altered depending on phase of the cell cycle, with cells in the G2 

and M phases being most sensitive to radiation, cells in G0 being more resistant, while cells 

in S phase are most resistant95–97. Progression through the cell cycle is governed by various 
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cell cycle checkpoints, which are activated during the DDR to halt progression to the next 

phase107. At each phase of the cell cycle various DDR pathways are active, therefore 

activation of cell cycle checkpoints allows for repair of damaged DNA126. Cancer cells 

demonstrate defective checkpoint operation, and loss of the G1 checkpoint is 

common401,402. Thus, cell cycle checkpoint targeting drugs have been proposed as a viable 

method to enhance response to therapy including RT140. Understanding the mechanisms by 

which cancer cells alter dependency on cell cycle checkpoints is also essential to boosting 

therapeutic efficacy.  

  Apoptosis is another parameter linked with DNA repair pathways and the DDR126. 

If DNA damage cannot be repaired, cells may undergo apoptosis or senescence115. 

Apoptosis can occur by two pathways; the intrinsic or mitochondrial-mediated pathway, 

and the extrinsic or death receptor-mediated pathway, both of which have been implicated 

in radiation-induced apoptosis114. The contribution of apoptosis to radiation-induced cell 

death is controversial, and thought to play a modest role at least in the elimination of solid 

tumours114. However, in several cancer types including lung, breast and neuroblastoma, 

reduced apoptosis has been associated with radioresistance143–145.  

 The mechanisms by which complement may be modulating the tumour response to 

RT and its relationship with pathways implicated in radioresistance is unknown. Therefore 

the aim of this chapter was to investigate how complement functionally modulates the 

response to radiation in CRC.  

 

3.2. Specific aims of Chapter 3 

 The aim of this chapter was to investigate the functional role of C3 in the 

radioresponse of CRC cells.   

 

The specific aims of Chapter 3 are;  

1. Optimise overexpression of C3 in HCT116 cell lines, which express lower levels of 

C3, using a complementary DNA (cDNA) vector for C3. 

2. Assess the effect of C3 overexpression on radiosensitivity in HCT116 cells. 

3. Optimise silencing of C3 in the radioresistant SW837 and HRA-19 cell lines, which 

express higher levels of C3 relative to the radiosensitive HCT116 cell line, using 

small interfering RNA (siRNA) for C3. 

4. Assess the effect of C3 siRNA silencing on the radiosensitivity of the SW837 and 

HRA-19 cell lines line by clonogenic assay. 
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5. Investigate the mechanism (s) by which C3 contributes to radioresistance by 

characterising viability, cell cycle distribution, DNA damage induction and DNA 

repair in CRC cells, basally and post modulation of C3 expression. 

6. Investigate potential interactors of C3 in HCT116 and HRA-19 cells by mass 

spectrometry  
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3.3. Materials and methods 

3.3.1. Transformation of competent E. coli for vector amplification 

C3 was overexpressed in HCT116 cells using a Human untagged complement 

component 3 cDNA ORF Clone DNA plasmid (SinoBiological, Beijing, China). Negative 

controls were set up in parallel using pCMV3-untagged Negative Control Vector 

(SinoBiological, Beijing, China). These vectors were amplified using chemically 

competent E. coli (XL10-Gold Ultracompetent Cells) (Agilent, California, United States).  

Chemically competent E. coli were thawed on ice. C3 or vector control (VC) 

plasmid DNA was added at a concentration of 0.5 µg and incubated on ice for 5 min. E. 

coli were transformed by heat shock by incubating in a water bath for 45 s at 42°C, before 

incubating on ice for 2 min. Fast-Media Amp Terrific Broth (200 mL) (InvivoGen, San 

Diego, California) was prepared according to the manufacturer's instructions, inoculated 

with the transformed E. coli solution and incubated at 37°C with agitation overnight in a 

Stuart SI50 Orbital Incubator (Cole Palmer, Illinois, United States).  

 

3.3.2. Purification of DNA plasmids 

Bacterial cultures were harvested by centrifugation at 4,000 RPM for 20 min at 4°C. 

DNA plasmids were purified using the Qiagen Plasmid Midi Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions. DNA was precipitated using 

isopropanol and resuspended in molecular grade water. 

 

3.3.3. Quantification of purified DNA plasmids 

Purified DNA plasmids were quantified and assessed for purity 

spectrophotometrically using a DS-11 Series Spectrophotometer/Fluor (DeNovix, 

Delaware, United States). The pedestal was cleaned using molecular grade water and the 

machine was blanked using 1 µL of molecular grade water. The A260/280 and A260/230 

ratios were recorded to assess the quality of DNA isolated. DNA concentration in 

ng/mL was measured by loading 1 µL of each sample onto the pedestal. DNA plasmids 

were stored at -20°C until required.  
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3.3.4. Reverse transfection of CRC cells for transient overexpression of C3 plasmid 

DNA 

Expression of purified C3 and VC plasmids was achieved by transient reverse 

transfection, which involves combining transfection complexes with cells that are in 

suspension, rather than adhered to the plate or flask. This can improve transfection 

efficiency, as a greater cell surface area is exposed. C3 or VC DNA plasmids (0.1 µg or 

0.25 µg) were diluted to a final volume of 100 µL per well to be transfected with RPMI. A 

5 µL volume of the transfection reagent, Lipofectamine 2000 (Invitrogen), was diluted to 

100 µL per well to be transfected with RPMI. The diluted plasmids and lipofectamine were 

incubated at RT for 5 min. The diluted Lipofectamine was added to the diluted plasmids, 

mixed gently and incubated for 20 min at RT° to allow the transfection complexes to form. 

Cells in the exponential growth phase were harvested by trypsinisation as previously 

described (Section 2.3.4), counted (Section 2.3.8) and adjusted to a final concentration of 

2 x 105 cells per mL in RPMI supplemented with 10% FBS. In 6-well plates, 200 µL of C3 

or VC plasmid/lipofectamine complex was added to each well. Cell only control wells were 

prepared by adding a 200 µL volume of RPMI only. A 1.5 mL volume of cell suspension 

(3 x 105 cells) was added to all wells. Plates were rocked back and forth gently for 10 s and 

incubated at 37°C, 5% CO2/ 95% humidified air. After 4 h incubation, media was replaced 

with fresh RPMI supplemented with 10% FBS. RNA was isolated at 24 h and 48 h and 72 

h post transfection as previously described (Section 2.3.13) to confirm transfection 

efficiency. Protein was isolated at 24 h post transfection as previously described (Section 

2.3.19). C3 overexpression was confirmed at the gene and protein level by qPCR and 

ELISA (as described in Section 2.3.16 and Section 2.3.21, respectively). 

 

3.3.5. siRNA transient transfection 

C3 was transiently silenced in HRA-19 and SW837 cells using FlexiTube siRNA 

(Qiagen, Hilden, Germany) by transient reverse transfection. FlexiTube siRNAs for C3 and 

the AllStars Negative control siRNA (Qiagen, Hilden, Germany) (10 nM or 50 nM) were 

diluted to a final volume of 300 µL per well to be transfected, with RPMI. A 5 µL volume 

of the transfection reagent, Lipofectamine 2000 (Invitrogen), was diluted to 300 µL per 

well to be transfected using RPMI. The diluted siRNA and Lipofectamine were incubated 

at RT° for 5 min. Following this, the diluted Lipofectamine was added to the diluted siRNA, 

mixed gently and incubated for 20 min at RT° to allow the transfection complexes to form. 
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Cells in the exponential growth phase were harvested by trypsinisation as previously 

described (Section 2.3.4), counted (Section 2.3.8) and adjusted to a final concentration of 

1 x 105 cells per mL in RPMI supplemented with 10% FBS. In 6-well plates, 600 µL of C3 

(termed si-C3) or control siRNA (termed si-scr)/lipofectamine complex was added to each 

well. A 600 µL volume of RPMI only was added to cells only (no transfection complexes), 

control wells. A 2.4 mL volume of cell suspension (2.4 x 105 cells) was added to each well. 

Plates were rocked back and forth gently for 10 s and incubated at 37°C, 5% CO2/ 95% 

humidified air. RNA was isolated at 24 h and 48 h post transfection as previously described 

(Section 2.3.13) to confirm transfection efficiency. Protein was isolated at 24 h post 

transfection as previously described (Section 2.3.19). C3 silencing was confirmed at the 

gene and protein level by qPCR and ELISA (as described in Section 2.3.16 and Section 

2.3.21, respectively). 

 

3.3.6. Clonogenic survival following transient transfection  

The effect of complement silencing or overexpression on radiosensitivity in CRC 

cells was assessed by clonogenic assay. At 24 h post transfection with siRNA (as described 

in Section 3.3.5) or plasmid DNA (as described in Section 3.3.4), cells were irradiated with 

1.8 Gy or mock irradiated (as described in Section 2.3.9). Cells were incubated for 1 h at 

37°C, 5% CO2/ 95% humidified air before being trypsinised, counted and seeded in 6-well 

plates (as described in Section 2.3.10), at optimised seeding densities (Table 3-1). Cells 

were incubated for 8-21 days at 37°C, 5% CO2/95% humidified air until colonies had 

formed but not merged. Colonies were stained with crystal violet (as described in Section 

2.3.11) before colonies were counted and the surviving fraction of cells calculated (as 

described in Section 2.3.12). 

 
Table 3-1: Seeding densities to assess clonogenic survival following transient transfection. 

Radiation dose Number of cells seeded per well (6-well plate) 

 HCT116 SW837 HRA-19 

0 Gy 500 3000 3000 

1.8 Gy 1000 6000 4000 
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3.3.7. Annexin V (AV)/ propidium iodide (PI) assay to assess cell death 

Cell death was assessed by flow cytometry using the AV/PI assay. AV binds 

phosphatidylserine, a component of the plasma membrane, which is exposed during 

apoptosis, so can detect apoptotic cells. PI is a fluorescent DNA-binding dye. Live cells, 

and those in early-stage apoptosis are not detected by PI, as they have an intact plasma 

membrane and exclude the dye. Late-stage apoptotic/dead cells and necrotic cells have 

compromised plasma membranes and so are detected by PI. Together, AV and PI can 

distinguish cells into four categories; live (AV-PI-), early-stage apoptotic (AV+PI-), late-

stage apoptotic/dead (AV+PI+) and necrotic (AV-PI+) (Fig. 3-1).  

HRA-19 cells were transfected with siRNA (Section 3.3.5) and HCT116 cells were 

transfected with DNA plasmids (Section 3.3.4). At 24 h post transfection, cells were 

irradiated or mock irradiated as previously described (Section 2.3.9). At 24 h post 

irradiation, supernatants were collected in 5 mL round-bottom polystyrene falcon tubes 

(Becton, Dickinson and Company, New Jersey, United States). The addition of these 

supernatants to the tubes ensures that unadhered and/or dead cells are kept for analysis. 

Adhered cells were washed with 500 µL of PBS and trypsinised as previously described 

(Section 2.3.4). Trypsin was neutralised using 500 µL of RPMI and cell suspensions were 

transferred to the tubes containing their corresponding supernatants. Cells were pelleted by 

centrifugation at 1,300 RPM for 3 min at RT° and the supernatants discarded. Cells were 

washed with 1 mL of PBS and pelleted as before.  

The supernatant was discarded to waste and the cells were washed with 500 µL of 

1X AV binding buffer (Diluted 1:10 with PBS from 10X stock, (0.1 M HEPES pH 7.4, 1.4 

M NaCl, 25 Mm CaCl2 in dH2O)). Cells were pelleted again by centrifugation at 1,300 

RPM for 3 min at RT°. Cells were stained with 100 µL of AV-FITC antibody staining 

solution (Biolegend, San Diego, United States) stain (2 µL of AV-FITC antibody in 98 µL 

of 1X AV binding buffer) in the dark at RT° for 20 min. Following incubation, cells were 

washed with 500 µL of 1X AV binding buffer and pelleted. Cells were resuspended in 250 

µL of 1X AV binding buffer. PI (Invitrogen, Massachusetts, United States) was diluted 

1:4000 using 1X AV binding buffer. Immediately before sample acquisition, 250 µL of PI 

staining solution was added to each tube, resulting in a final dilution of 1:8000. Samples 

were acquired using a BD FACSCanto II (Becton, Dickinson and Company, New Jersey, 

United States) and FACSDiva Software (Becton, Dickinson and Company, New Jersey, 

United States). Analysis was performed using FlowJo v10 Software (Becton, Dickinson 

and Company, New Jersey, United States).  
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Figure 3-1: Representative dot plots of AV/PI staining on HCT116 and HRA-19 cells. Dot 
plots illustrate the live (AV-PI-), early apoptotic (AV+PI-), late apoptotic/dead (AV+PI+) and necrotic 
(AV-PI+) populations, which can be distinguished using this assay. 
 

3.3.8. Assessment of cell cycle distribution and DNA damage 

Cell cycle distribution and DNA damage was assessed by flow cytometry. PI 

staining was used to quantify the percentage of cells in each phase of the cell cycle. In the 

G0/G1 phases, cells have a DNA content of 2n. This increases as DNA is synthesised in 

the S phase, resulting in a DNA content of 4n when cells are in the G2/M phase. Cells in 

the S phase therefore have an intermediate DNA content, somewhere between 2n and 4n. 

As PI is a DNA-binding dye, the fluorescence intensity of PI staining will be proportional 

to the DNA content of a cell, distinguishing the proportion of cells in each phase of the cell 

cycle. The addition of ribonuclease (RNase) depletes RNA within the cell to ensure that 

only DNA is quantified. 

The induction and repair of DNA damage in the form of DSBs, can be identified by 

measuring phosphorylated H2A histone family member X (gH2AX). gH2AX is a sensitive 

marker of DNA damage as phosphorylation occurs rapidly at the site of DSBs. 

Additionally, loss of H2AX phosphorylation correlates with repair of DSBs, allowing for 

the kinetics of DNA repair to be assessed. This can be measured by flow cytometry using 

a gH2AX antibody conjugated to a fluorescent fluorophore.  

Cells in the exponential growth phase were harvested by trypsinisation as 

previously described (Section 2.3.4), counted (Section 2.3.8) and transfected with 

appropriate DNA vectors (3.3.4) or siRNA (3.3.5) in 6-well plates. Transfected cells were 

incubated for 24 h at 37°C, 5% CO2/ 95% humidified air before being irradiated with 1.8 

Gy or mock-irradiated (0 Gy), as previously described (Section 2.3.9). At 20 min, 6 h, 10 

h and 24 h post irradiation or mock irradiation, cells were fixed and stained for analysis. 
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Cell supernatants were discarded to waste and each well was washed with 1 mL of warm 

PBS. Cells were trypsinised using 500 uL of Trypsin, neutralised with an equal volume of 

complete RPMI and cell suspensions were transferred to labelled 5 mL FACS tubes. Cells 

were pelleted by centrifugation at 1,300 RPM for 3 min at RT° and the supernatants 

discarded. Cells were washed with 1 mL of PBS and pelleted as described. Cells were re-

suspended in 1 mL of PBS and fixed by dropwise addition of 2.5 mL 90% (v/v in deionised 

water) ethanol while vortexing, to prevent cell clumping. Cells were incubated for 30 min 

in the dark at RT°. Cells were pelleted by centrifugation at 1,300 RPM for 3 min at RT°, 

resuspended in 1 mL of PBS and stored at 4°C until staining. When cells for each time 

point had been collected and fixed, all cells were pelleted by centrifugation at 1,300 RPM 

for 3 min at RT° and supernatants were discarded. Cells were stained for gH2AX using 100 

μL of gH2AX antibody staining solution (1:100 dilution of gH2AX-Alexa Fluor 488 

antibody (Biolegend) in PBS/FBS (2%)/ Triton X-100 (0.1%)). As a positive control for 

gH2AX, cells irradiated with 10 Gy of X-ray radiation were stained using the gH2AX 

antibody staining solution. All cells were incubated in the dark for 2 h at RT°. Cells were 

washed with 1 mL of PBS/FBS (2%), pelleted by centrifugation as before, and supernatants 

were discarded. PI staining solution was prepared (PBS/PI (0.025 mg/mL)/RNAase A (0.1 

mg/mL)/Triton X-100 (0.1%)) and cells were resuspended in 500 μL of PI staining solution. 

The PI staining solution was not added to the gH2AX positive control. Cells were vortexed 

and incubated for 30 min at 37°C, in the dark. Samples were acquired using a BD 

FACSCanto II (Becton, Dickinson and Company, New Jersey, United States) and 

FACSDiva Software (Becton, Dickinson and Company, New Jersey, United States). 

Analysis was performed using FlowJo v10 Software (Becton, Dickinson and Company, 

New Jersey, United States).  

 

3.3.9. Preparation of C3-FLAG plasmid 

 Transient overexpression of a FLAG-tagged C3 plasmid (C3 (NM_000064) ORF 

Clone) (GenScript Biotech Corp, New Jersey, United States) was performed using HCT116 

and HRA-19 cells in preparation for immunoprecipitation (IP) and mass spectrometry. 

Vector amplification was performed by transforming chemically competent E. coli (Section 

3.3.1). DNA plasmids were purified using the Qiagen Plasmid Midi Kit (Section 3.3.2), 

and quantified as previously outlined (Section 3.3.3). 
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3.3.10. Reverse transfection of CRC cells for transient overexpression of C3-FLAG 

plasmid DNA 

Expression of purified C3-FLAG plasmid DNA was achieved by transient reverse 

transfection. C3-FLAG DNA plasmid (9 µg) was diluted to a final volume of 600 µL per 

10 cm petri-dish to be transfected with RPMI. A 24 µL volume of the transfection reagent, 

Lipofectamine 2000 (Invitrogen), was diluted to 600 µL per petri-dish to be transfected 

with RPMI. The diluted plasmids and lipofectamine were incubated at RT for 5 min. The 

diluted Lipofectamine was added to the diluted plasmids, mixed gently and incubated for 

20 min at RT° to allow the transfection complexes to form. Cells in the exponential growth 

phase were harvested by trypsinisation as previously described (Section 2.3.4), counted 

(Section 2.3.8) and adjusted to a final concentration of 1.8 x 106 cells per 5 mL in RPMI 

supplemented with 10% FBS. A 1.2 mL volume of C3-FLAG /lipofectamine complex was 

added to each 10 cm petri-dish. Cell only control wells were prepared by adding a 1.2 mL 

volume of RPMI only. A 5 mL volume of cell suspension (1.8 x 106 cells) was added to all 

wells, and the total petri-dish volume was adjusted to 9 mL using RPMI supplemented with 

10% FBS. For each condition (HRA-19 or HCT116 cells, C3-FLAG transfected or cell 

only controls) three, 10 cm petri-dishes of cells were transfected. Dishes were rocked back 

forth gently for 10 s and incubated at 37°C, 5% CO2/ 95% humidified air. After 4 h 

incubation, media was replaced with fresh RPMI supplemented with 10% FBS.  

 

3.3.11. Preparation of protein lysates for IP  

 At 24 h post transfection, petri-dishes of transfected cells (prepared in Section 

3.3.10) were placed on ice. Supernatants were removed and cells were gently washed using 

1 mL of ice-cold PBS. To each plate 180 µL of protein lysis buffer (50 mM Tris-HCL pH 

7.4, 0.5% NP-40, 150 mM NaCl, 20 mM MgCl2) containing cOmplete, Mini Protease 

Inhibitor Cocktail (Roche, Basel, Switzerland) (one tablet per 10 mL of buffer) was added, 

and cells were detached using a cell scraper. The protein lysates were added to new 1.5 mL 

eppendorf tubes and incubated on ice for 30 min. Eppendorfs were centrifuged for 10 min 

at 4°C at 14,000 RPM, and supernatants were transferred to new eppendorf tubes. Protein 

concentration was determined by BCA assay (Section 2.3.20).  
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3.3.12. Preparation of ANTI-FLAG M2 magnetic beads 

 IP was performed using ANTI-FLAG M2 magnetic beads (Merck Millipore, 

Massachusetts. Prior to the addition of protein lysates (prepared in Section 3.3.11), beads 

were equilibrated. The ANTI-FLAG M2 magnetic bead resin was resuspended by gentle 

inversion and 40 µL of suspension (20 µL of packed gel volume) per sample was removed 

to an eppendorf. The eppendorf was placed in a magnetic separator to remove the storage 

buffer and collect the beads. Beads were washed twice with 10 packed gel volumes of 1X 

TBS (10X TBS (24 g Tris-HCl, 5.6 g Tris base, 88g NaCl adjusted to 1 L with H2O) diluted 

1:10 with H2O), and then resuspended in 1X TBS and divided into eppendorf tubes 

according to the number of samples being prepared. 

 

3.3.13. Immunoprecipitation  

 Protein lysates (1 mg) were diluted 5-fold using ice cold NET buffer (50 mM Tris 

pH 7.5, 5mM EDTA, 150 mM NaCl, 0.5% NP-40). To analyse the input fraction, 10% was 

removed and stored at -80°C. Lysates were pre-cleared by the addition of 50 µL of Protein 

G Plus/Protein A Agarose (Merck Millipore) (previously washed three times in NET 

buffer), and incubation on a rotator for 1 h at 4°C. Samples were centrifuged for 5 min at 

5,000 RPM at 4°C and supernatants were transferred to a new eppendorf. Eppendorfs 

containing ANTI-FLAG M2 magnetic beads (prepared in Section 3.3.12) were placed in a 

magnetic separator and the 1X TBS removed. Protein lysate samples were added to the 

magnetic beads and incubated overnight on a rotator at 4°C overnight. The next day, 

supernatants were removed and stored for quality control (QC) experiments. The magnetic 

beads were washed twice using 500 µL of PBS, 5% were removed for silver stain QC 

checks and the remainder were stored at -80°C 

 

3.3.14. SDS-PAGE and western blotting 

 C3-FLAG expression in CRC cells was detected by SDS-polyacrylamide gel 

electrophoresis (PAGE) and western blotting. Samples were resolved on a 4-15% mini-

PROTEAN TGX Stain-Free Precast Gel (Bio-Rad, California, United States), using a mini-

PROTEAN Tetra cell (Bio-Rad). Gels were placed in the running module within the cell, 

the comb was carefully removed and 1X running buffer (10X running buffer (30.2 g of Tris 

base, 144g glycine, 10g SDS, H2O up to 1 L) diluted 1:10 with H2O) was added. Input 

samples were diluted 1:2 with sample buffer (3.3% SDS, 6 M urea, 17mM Tris-HC1, 0.07 
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M b-mercaptoethanol and 0.01% bromophenol blue) and boiled for 5 min at 100°C. 

Magnetic beads were boiled in 20 µL of sample buffer for 5 min at 100°C and the buffer 

was carefully removed from the beads. The input and sample buffer from the boiled 

magnetic beads were carefully loaded into the gel wells. A 5 µL volume of Precision Plus 

Protein™ Kaleidoscope™ Prestained Protein Standards (Bio-Rad) was loaded into the first 

well. Samples were separated by electrophoresis for 1 h at 120 V.  

 

3.3.15. Protein detection  

 Resolved proteins were transferred to a polyvinylidene difluoride (PVDF) 

membrane using a Trans-Blot Turbo Transfer System (Bio-Rad). The PVDF membrane 

and filter papers were soaked in 1X transfer buffer (10X transfer buffer (30.2 g Tris base, 

144g glycine, H2O up to 1 L) diluted 1:10 with H2O). A transfer ‘sandwich’ was assembled 

in the cassette by stacking two transfer buffer-soaked filter papers, next adding the 

membrane, before adding the gel and finally a second filter paper stack. The gel was 

transferred onto the PVDF membrane for 7 min and then blocked with agitation for 1 h at 

RT° in 10 mL of blocking buffer (50:50 1X TBST (1X TBS with 0.1% Tween-20) and 

Intercept (TBS) Blocking Buffer (Li-Cor, Nebraska, United States)) 

 Primary antibodies were prepared at the optimised dilution factor (Table 3-2) in 5 

mL of blocking buffer. Blots were incubated with agitation overnight at 4°C. Primary 

antibodies were removed and the blot was washed five times in TBST. Secondary 

antibodies were prepared in 10 mL of blocking buffer at the optimised dilution factor 

(Table 3-2) and blots were incubated for 1 h at RT° with agitation. Blots were washed 

twice in TBST and once in TBS before imaging using a Li-Cor Odessey Infrared Imager.  

 
Table 3-2: Primary and secondary antibodies and dilution factors for IP QC.  

Antibody  Primary  Primary Secondary 

 Complement C3 

Polyclonal 

Antibody 

Anti-FLAG M2 

Antibody  

IRDye 680CW 

Goat Anti-Rabbit 

Manufacturer Invitrogen  Sigma Aldrich Li-Cor 

Dilution factor 1:1000 1:2000 1:10,000 
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3.3.16. SDS-PAGE and Silver staining 

 Prior to mass spectrometry analysis, SDS-PAGE and silver staining was performed 

to ensure the IP samples contained sufficient protein content. SDS-PAGE was performed 

using a mini-PROTEAN Tetra cell (Bio-Rad). The glass casting apparatus was thoroughly 

cleaned with warm water and 70% (v/v) ethanol and assembled. A 7.5% resolving gel was 

prepared (Table 3-3) and gently pipetted between the two plates. To ensure an even gel 

and assist polymerisation a layer of isopropanol was pipetted on top. When the gel had 

polymerised (approx. 30 min), the isopropanol was carefully removed, the stacking gel 

(Table 3-4) was pipetted on top and a 10-well comb was inserted into the gel. When the 

gel had polymerised (approx. 30 min), the gel was clamped into a gasket which was then 

fitted into the running module in the cell. The cell was filled with the indicated amount of 

1X running buffer (10X running buffer (30.3 g Tris base, 144g glycine, 100 mL 10% SDS, 

H2O up to 1 L) diluted 1:10 with H2O). The 1X running buffer was also added up to the top 

of the gasket. The well comb was carefully removed vertically and the wells were flushed 

with 1X running buffer using a 1 mL syringe to remove residual polymerised stacking gel. 

A 5 µL volume of PageRuler Plus Prestained Ladder (Thermo Fisher Scientific) was loaded 

to the first well. The supernatant and 5% magnetic bead IP fractions (prepared in Section 

3.3.13) were prepared for loading. A 10 µL volume of sample buffer (125 mM Tris-HCL 

pH 6.8, 4% SDS, 30% (v/v) glycerol, 0.0004% bromophenol blue) was added to 10 µL of 

supernatant, and 20 µL of sample buffer was added to the magnetic beads and samples were 

boiled at 5 min at 100°C. The magnetic beads were separated from the sample buffer, and 

samples were allowed to cool before loading into the gel. Samples were separated by 

electrophoresis for 1 h at 120 V.  

 Silver staining of gels was performed using the Pierce Silver Stain Kit (Thermo 

Fisher Scientific, Massachusetts, United States) according to the manufacturer's 

instructions. Briefly, gels were carefully removed from the glass plates and washed twice 

for 5 min in ultrapure H2O. Gels were fixed by incubating in 30% ethanol:10% acetic acid 

solution twice for 15 min. Gels were then washed twice in 10% ethanol for 5 min and twice 

in ultra-pure H2O for 5 min. The Sensitiser Working Solution (50 µL Sensitiser in 25 mL 

H2O) was prepared and gels were sensitised for exactly 1 min before washing twice in 

ultrapure H2O for 1 min. The Stain Working Solution was prepared (0.5 mL Enhancer in 

25 mL Stain) and the gels were stained for 30 min. The Developer Working Solution was 

prepared (0.5 mL Enhancer in 25 mL Developer). Gels were washed twice for 20 s with 
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ultrapure H2O and then developed for 2-3 min until bands appeared. The development was 

stopped by incubating the gel in 5% acetic acid for 10 min. As the silver stain bands are 

visible by eye, gels were imaged in their staining trays.  

 
Table 3-3: Resolving gel (7.5%) components and volumes. 

Component 7.5% 

H2O 7.4 mL 

1.5 M Tris pH 8.8 3.75 mL 

Acrylamide 3.65 mL 

10% SDS 150 µL 

10% APS 75 µL 

TEMED 18 µL 

 

 
Table 3-4: Stacking gel components and volumes. 

Component  Volume 

H2O 6.1 mL 

0.5 M Tris pH 6.8 2.5 mL 

Acrylamide  1.3 mL 

10% SDS 100 µL  

10% APS 100 µL 

TEMED 20 µL 

 

 

3.3.17. Mass spectrometry to identify interactors of C3 

 Mass spectrometry was performed in collaboration with Dr Monica Olcina, at the 

University of Oxford. On-bead digest of samples (prepared in Section 3.3.13) was 

performed using SMART Digest Trypsin (Thermo Fisher Scientific), according to the 

manufacturer's instructions, and analysed by liquid chromatography with tandem mass 

spectrometry (LCMSMS) by Dr Iolanda Vendrell and Assoc. Prof. Roman Fischer at the 

Discovery Proteomics Facility, Target Discovery Institute, University of Oxford. Mass 

spectrometry data was label-free acquired in data-independent acquisition (DIA) mode and 

label-free quantification (LFQ) was performed using DIA-NN software (Demichev, Ralser 

and Lilley labs)403. The data were further analysed in Perseus404. Protein intensity as 

determined by LFQ was log2 transformed, and a median centred normalisation was 
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performed. To increase the robustness of the dataset, a filtering step was introduced which 

retained all proteins with quantitative values on all three biological replicates at least in one 

of the groups.  

 

3.3.1. Statistical analysis 

 Graphing of results and statistical analysis was performed using Prism 9 Software 

(GraphPad, California, United States). All data are presented as mean ± SEM, unless 

otherwise indicated. Significance was determined by ANOVA with post-hoc Tukey’s 

multiple comparisons testing or Student’s t-test, as detailed in figure legends. Where 

comparison groups were paired (i.e. untreated vs. treated), a paired t-test was performed, 

otherwise unpaired t-tests were used. Results were considered significant where p £ 0.05.  

 For mass spectrometry data, significant proteins (p < 0.05) were identified using 

the two-sample Student’s t-test combined with permutation false discovery rate (FDR) 

(5%) to calculate adjusted p-values (p-adj) (q < 0.05). Further clustering analysis was 

performed for proteins where p-adj was significant, to generate heatmaps and profile plots. 

The STRING online database of known and predicted protein-protein interactions was used 

to generate predicted protein networks and perform functional enrichment analysis. 
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3.4. Results  

3.4.1. Optimisation of transient transfection of C3 overexpression vector  

The optimum conditions for transient transfection of a C3 overexpression vector 

was determined in HCT116 cells. To determine the optimum DNA plasmid concentration, 

HCT116 cells were reverse transfected with either 0.1 µg or 0.25 µg of a C3 or a VC DNA 

plasmid and the relative C3 expression levels were assessed by qPCR.  

C3 mRNA expression was upregulated following transfection with 0.1 µg of C3 

plasmid DNA by > 214,000 fold at 24 h post transfection, when compared to VCs (Relative 

C3 mRNA expression; Cells only 1, VC 2.158, C3 462,573) (Fig. 3-2 A). Elevated 

expression was maintained, when compared to VCs at both 48 h (Relative C3 mRNA 

expression; Cells only 0.014, VC 0.053, C3 812.241) and 72 h post transfection (Relative 

C3 mRNA expression; Cells only 0.07, VC 0.011, C3 523.9) (Fig. 3-2 A). Similarly, 

transfection with 0.25 µg of C3 plasmid DNA resulted in a large upregulation of C3 mRNA 

(> 535,000 fold) by 24 h post transfection, when compared to VC. (Relative C3 mRNA 

expression; Cells only 1, VC 2.584, C3 1,383,000) (Fig. 3-2 A). Elevated expression was 

maintained, when compared to VCs at both 48 h (Relative C3 mRNA expression; Cells 

only 0.014, VC 0.02, C3 61,478.1) and 72 h post transfection (Relative C3 mRNA 

expression; Cells only 0.07, VC 0.007, C3 112.92) (Fig. 3-2 B). As both plasmid 

concentrations investigated resulted in increased expression of C3 at 24 h, 48 h and 72 h 

post transfection, a concentration of 0.1 µg was selected for all downstream experiments.  

Expression of C3 was assessed by ELISA to confirm upregulation at the protein 

level. Using a concentration of 0.1 µg C3 plasmid, HCT116 cells expressed > 2-fold more 

C3 protein, when compared to VC, at 24 h post transfection (Relative C3 protein 

expression; Cells only 1, VC 3.916, C3 8.046) (Fig. 3-2 C).   
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Figure 3-2: Optimisation of C3 overexpression plasmid DNA concentration in HCT116 cells. 
HCT116 cells were transfected with either (A) 0.1 µg or (B) 0.25 µg of C3 or vector control (VC) 
plasmid DNA. Relative C3 mRNA expression was assessed by qPCR at 24 h, 48 h and 72 h post 
transfection. Data are presented as the relative expression of C3 from a single experiment. (C) 
Relative C3 protein expression was assessed by ELISA at 24 h post transfection with 0.1 µg of 
plasmid DNA. Data are presented as the relative expression of C3 protein from a single experiment.  
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3.4.2. Overexpression of C3 enhances radioresistance in HCT116 cells 

As demonstrated in Chapter 2, the HCT116 cell line is inherently radiosensitive and 

expresses significantly lower levels of C3, when compared to the more radioresistant cell 

lines characterised (Fig. 2-3, Fig. 2-6). These data suggest that C3 may play a role in the 

radioresponse of CRC cells. To investigate whether C3 functionally modulates the response 

to radiation, the effect of C3 overexpression on the radiosensitivity of HCT116 cells at a 

clinically-relevant dose of 1.8 Gy was assessed using the gold standard clonogenic assay.  

Overexpression of C3 was confirmed by qPCR (as described in Section 2.3.16) 

(Fig. 3-3 A). Cells transfected with VC DNA plasmid demonstrated an upregulation of C3, 

when compared to untransfected cells (Relative C3 expression ± SEM; 52.6 ± 41.4 vs 1.19 

± 0.19, respectively), however, cells transfected with C3 DNA plasmid demonstrated much 

greater upregulation of C3 (> 20 fold), when compared to VCs (Relative C3 expression ± 

SEM; 1008 ± 560 vs. 52.6 ± 41.4, respectively). At 1.8 Gy, cells transfected with C3 still 

demonstrated upregulated expression of C3, relative to cells transfected with a VC 

(Relative C3 expression ± SEM; 22786 ± 13717 vs. 7.724 ± 4.865, respectively).  

Irradiation with 1.8 Gy greatly reduced survival in HCT116 cells transfected with 

C3 or VC (0.439 ± 0.038 or 0.243 ± 0.037, respectively), when compared to an unirradiated 

control set at 1.00 (Fig. 3-3 B). Interestingly, HCT116 cells transfected with C3 were 

significantly (p = 0.0263) more resistant to 1.8 Gy, when compared to VC transfected cells, 

suggesting that C3 plays a functional role in modulating radioresistance in HCT116 cells.  
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Figure 3-3: Overexpression of C3 significantly enhances the radioresistance of HCT116 cells 
at 1.8 Gy of X-ray radiation. HCT116 cells were transfected with 0.1 µg of C3 or a VC plasmid 
DNA. At 24 h post transfection, cells were irradiated with 1.8 Gy whilst control cells were mock 
irradiated. At 25 h post transfection cells were trypsinised, counted and seeded at optimised 
clonogenic seeding densities. RNA was also isolated. (A) C3 upregulation was confirmed by qPCR. 
Data are presented as mean ± SEM for 2 independent experiments. C3 was upregulated in cells that 
had been transfected with C3 plasmid DNA. (B) Surviving colonies at the end of the clonogenic 
incubation period were counted and the surviving fraction determined. Data are presented as mean 
± SEM for 4 independent experiments. Statistical analysis was performed by paired two-tailed 
Student’s t-test. *p < 0.05.  
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3.4.3. C3 overexpression does not alter basal apoptosis in HCT116 cells  

Having demonstrated that overexpression of C3 in HCT116 cells results in 

enhanced radioresistance, the potential mechanism(s) by which C3-mediated 

radioresistance is occurring was investigated. Alterations in apoptosis have been implicated 

in the therapeutic response to RT143–145 and consequently, the effects of C3 overexpression 

on apoptosis in HCT116 cells was investigated. HCT116 cells were transfected with a C3 

or VC plasmid. At 24 h post transfection, cells were irradiated with 1.8 Gy or mock-

irradiated (0 Gy) and cell viability was assessed at 24 h and 48 h following irradiation using 

the AV/PI assay.  

The percentage of live VC and C3 transfected HCT116 cells was significantly 

reduced, when compared to RPMI controls at 24 h (p = 0.0458, p = 0.013, respectively) 

(Mean % of AV-PI- cells ± SEM; RPMI 91.87% ± 2.05, VC 46.93 ±7.966, C3 46.833 ±3.18) 

(Fig. 3-4 A) and 48 h (p = 0.0045, p = 0.0289, respectively) (Mean % of AV-PI- cells ± 

SEM; RPMI 88.03% ± 1.43, VC 57.9 ± 3.45, C3 56.4 ± 6.2) (Fig. 3-5 A). The percentage 

of late apoptotic/dead (AV+PI+) cells was significantly elevated in mock irradiated VC and 

C3 HCT116 cells, when compared to RPMI controls at 24 h (p =0.0385, p = 0.0265, 

respectively) (Mean % of AV+PI+ cells ± SEM; RPMI 1.61 % ± 0.696, VC 36.067 ± 6.398, 

C3 33.567 ± 1.69) (Fig. 3-4 C) and 48 h timepoints (p = 0.0048, p = 0.0389, respectively) 

(Mean % of AV+PI+ cells ± SEM; RPMI 4.517 % ± 1.461, VC 25.3 ± 2.095, C3 27.83 ± 

5.62) (Fig. 3-5 C), suggesting that transfection altered viability of HCT116 cells. However, 

there were no significant alterations in viability demonstrated between C3 or VC 

transfected HCT116 cells at both 24 h (Fig. 3-4 A) or 48 h (Fig. 3-5A) timepoints. 

Additionally, the percentage of early apoptotic, late apoptotic/dead or necrotic cells was 

comparable at 24 h and 48 h (Fig. 3-4 B-D, Fig. 3-5 B-D) in cells transfected with C3 or 

VC. This suggests that C3 does not alter basal apoptosis in HCT116 cells  

 

3.4.4. C3 overexpression does not alter radiation-induced apoptosis in HCT116 cells  

To investigate whether radiation-induced apoptosis was altered in HCT116 cells 

overexpressing C3, apoptosis was assessed at 24 h and 48 h following 1.8 Gy of X-ray 

radiation. Radiation did not significantly induce early apoptosis, late apoptosis/death or 

necrosis, when compared to mock-irradiated controls in HCT116 cells transfected with 

either C3 or a VC at 24 h (Fig. 3-4 B-D) or 48 h (Fig. 3-5 B-D) post 1.8 Gy. There were 

no alterations in the percentage of live HCT116 cells transfected with either C3 or a VC at 

24 h (Fig. 3-4 A) or at 48 h post irradiation (Fig. 3-5 A). This suggests that radiation-
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induced apoptosis is not a major mechanism of cell death in C3 and VC transfected 

HCT116 cells. 
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Figure 3-4: C3 overexpression does not alter the viability of HCT116 cells basally or at 24 h 
following irradiation. HCT116 cells were transfected with C3 or a VC plasmid. At 24 h post 
transfection, cells were irradiated with 1.8 Gy or mock irradiated and apoptosis was assessed at 24 
h post irradiation by AV/PI assay. Percentage of (A) live (AV-PI-), (B) early apoptotic (AV+PI-), 
(C) late apoptotic/dead (AV+PI+) and (D) necrotic (AV-PI+) C3, VC, and RPMI control HCT116 
cells were analysed. Data are presented as mean ± SEM for 3 independent experiments. Statistical 
analysis was performed by paired two-tailed Student’s t-test. *p < 0.05, **p < 0.01. 
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Figure 3-5 C3 overexpression does not alter the viability of HCT116 cells basally or at 48 h 
following irradiation. HCT116 cells were transfected with C3 or a VC plasmid. At 24 h post 
transfection, cells were irradiated with 1.8 Gy, or mock irradiated and apoptosis was assessed at 48 
h post irradiation by AV/PI assay. Percentage of (A) live (AV-PI-), (B) early apoptotic (AV+PI-), 
(C) late apoptotic/dead (AV+PI+) and (D) necrotic (AV-PI+) C3, VC, and RPMI control HCT116 
cells were analysed. Data are presented as mean ± SEM for 3 independent experiments. Statistical 
analysis was performed by paired two-tailed Student’s t-test. *p < 0.05, **p < 0.01. 
 

 

 

 

A B

C D

0 Gy 1.8Gy 0 Gy 1.8Gy 0 Gy 1.8Gy
0

20

40

60

80

100

%
 A

V
- P

I-  c
el

ls

Live Cells 48 h 

**
*

*
*

RPMI VC C3

0 Gy 1.8Gy 0 Gy 1.8Gy 0 Gy 1.8Gy
0

20

40

60

%
 A

V
+ P

I+  
ce

lls **
*

RPMI VC C3

Late Apoptotic/Dead Cells 48 h 

0 Gy 1.8Gy 0 Gy 1.8Gy 0 Gy 1.8Gy
0

5

10

15

%
 A

V
+ P

I-  c
el

ls

Early Apoptotic Cells 48 h 

p = 0.059

RPMI VC C3

0 Gy 1.8Gy 0 Gy 1.8Gy 0 Gy 1.8Gy
0

10

20

30

%
 A

V
- P

I+  
ce

lls

Necrotic Cells 48 h 

RPMI VC C3



 129 
 
 

3.4.1. C3 overexpression does not alter basal DNA damage in HCT116 cells   

DNA is the critical target of radiation and alterations in DNA damage contribute to 

radioresistance. To investigate the potential contribution of DNA damage to C3-mediated 

enhancement of radioresistance, HCT116 cells were transfected with C3 or a VC and at 24 

h and 48 h post transfection basal DNA damage was assessed by measurement of gH2AX 

using flow cytometry. H2AX is a sensitive marker of DNA damage, becoming rapidly 

phosphorylated to gH2AX at the sites of DSBs405. 

There were no alterations in the MFI of gH2AX in HCT116 cells transfected with 

C3, when compared to HCT116 cells transfected with a VC at 24 h (Fig. 3-6 A) or 48 h 

(Fig. 3-6 B) post transfection. These data suggest that overexpression of C3 in HCT116 

cells does not alter basal DNA damage levels.  

 

3.4.2. C3 overexpression does not alter radiation-induced DNA damage in HCT116 

cells 

Having demonstrated that HCT116 cells overexpressing C3 are significantly more 

radioresistant following 1.8 Gy of X-ray radiation, when compared to cells transfected with 

a VC, DNA damage was assessed at 20 min post irradiation to investigate whether C3 

overexpression is associated with altered radiation-induced DNA damage induction.  

There were no alterations in gH2AX fluorescence in C3, VC, or RPMI control 

HCT116 cells 20 min post 1.8 Gy (Fig. 3-7 A), when compared to their unirradiated 

controls. This suggests that C3 does not alter radiation-induced DNA damage in HCT116 

cells at this clinically-relevant dose.  

 

3.4.3. C3 overexpression does not alter repair of radiation-induced DNA damage in 

HCT116 cells 

gH2AX is a sensitive marker of DNA damage, and loss of phosphorylation 

corresponds with repair of DNA damage405. Therefore, fluorescence can be measured over 

time to monitor the kinetics of DNA repair. The kinetics of DNA repair were assessed in 

HCT116 cells transfected with C3 or a VC at 6 h, 10 h or 24 h post irradiation with 1.8 Gy.  

Similar levels of gH2AX were demonstrated in cells transfected with C3 or VC at 

all time points investigated (Fig. 3-7 B-D). This suggests that overexpression of C3 does 

not alter repair of radiation-induced DNA damage in HCT116 cells.  
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Figure 3-6: C3 overexpression does not alter basal DNA damage in HCT116 cells. HCT116 
cells were transfected with C3 or a VC plasmid and DNA damage was assessed by measurement 
of gH2AX by flow cytometry. MFI of gH2AX at (A) 24 h and (B) 48 h post transfection. Data are 
presented as mean ± SEM for 4 independent experiments for 24 h and 3 independent experiments 
for 48 h. Statistical analysis was performed by paired two-tailed Student’s t-test. *p < 0.05. 
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Figure 3-7: Overexpression of C3 does not alter the induction or repair of radiation-induced 
DNA damage in HCT116 cells. HCT116 cells were transfected with C3 or a VC plasmid and 
irradiated with 1.8 Gy at 24 h post transfection. Control cells were mock irradiated. Cells were fixed 
and MFI of gH2AX was assessed by flow cytometry at (A) 20 min post irradiation to assess 
induction of radiation-induced DNA damage and at (B) 6 h, (C) 10 h and (D) 24 h post irradiation 
to examine the kinetics of DNA damage repair. Data are presented as mean ± SEM for 3 
independent experiments. Statistical analysis was performed by paired two-tailed Student’s t-test.  
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3.4.4. C3 overexpression does not alter basal cell cycle distribution in HCT116 cells 

Alterations in cell cycle distribution are demonstrated to play a role in cellular 

radioresistance. To investigate if cell cycle alterations are a mechanism involved in C3-

mediated enhancement of radioresistance, HCT116 cells were transfected with C3 or a VC 

and basal cell cycle was assessed at 24 h post transfection by PI staining and flow 

cytometry.  

There were no differences in the percentage of cells in G0/G1, S and G2/M phases 

in HCT116 cells transfected with C3, when compared to cells transfected with a VC at 24 

h (Fig. 3-8 A) or 48 h post transfection (Fig. 3-8 B). These data suggest that overexpression 

of C3 does not alter basal cell cycle distributions in HCT116 cells. 

 

3.4.5. C3 overexpression does not alter cell cycle distribution following irradiation in 

HCT116 cells  

Sensitivity to radiation is altered depending on the phase of the cell cycle, with cells 

in the G2 and M phases being most sensitive to radiation, cells in G0 being more resistant, 

while cells in S phase are most resistant95–97. Having demonstrated no alterations in basal 

cell cycle distribution between C3 and VC transfected HCT116 cells, the effect of 1.8 Gy 

of radiation on cell cycle distribution was investigated using PI staining and flow 

cytometry.   

At 20 min post irradiation, there were no alterations in the percentage of HCT116 

cells transfected with C3 in the G0/G1, S or G2/M phases, when compared to cells 

transfected with a VC (Fig. 3-9 A). Similarly, at 6 h, 10 h and 24 h post irradiation, cell 

cycle distribution was unaltered in HCT116 cells transfected with C3, when compared to 

cells transfected with a VC (Fig. 3-9 B-D). These data demonstrate that C3 overexpression 

does not affect cell cycle distribution in HCT116 cells, suggesting that alterations in cell 

cycle distribution do not account for the enhanced radioresistance of these cells.  
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Figure 3-8: Overexpression of C3 does not alter basal cell cycle distribution in HCT116 cells. 
HCT116 cells were transfected with C3 or a VC plasmid. At (A) 24 h and (B) 48 h following 
transfection, cells were fixed, stained with PI and cell cycle distribution was assessed by flow 
cytometry. (C) Representative histograms demonstrating gating by which the percentage of cells in 
the G0/G1, S and G2/M phases was assessed. Data are presented as mean ± SEM for 3 independent 
experiments. Statistical analysis was performed by paired two-tailed Student’s t-test. *p < 0.05.  
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Figure 3-9: Overexpression of C3 does not alter cell cycle distribution following radiation in 
HCT116 cells. HCT116 cells were transfected with C3 or a VC plasmid. At 24 h post transfection, 
cells were irradiated with 1.8 Gy. Control cells were mock irradiated. At (A) 20 min, (B) 6 h, (C) 
10 h and (D) 24 h following irradiation, cells were fixed, stained with PI and cell cycle distribution 
was assessed by flow cytometry. (E) Representative histograms demonstrating gating by which the 
percentage of cells in the G0/G1, S and G2/M phases was assessed. Data are presented as mean ± 
SEM for 3 independent experiments. Statistical analysis was performed by paired two-tailed 
Student’s t-test. 
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3.4.6. Optimisation of transient C3 siRNA transfection  

Having demonstrated that upregulation of C3 in the radiosensitive HCT116 cell line 

results in enhanced radioresistance, the effect of silencing C3 on the radiosensitivity of the 

radioresistant HRA-19 cell line was assessed. The optimum conditions for transient 

transfection of a C3 targeting siRNA (si-C3) was determined in HRA-19 cells. To 

determine the optimum siRNA concentration, HRA-19 cells were reverse transfected with 

either 10 nM or 50 nM of si-C3 or scrambled control siRNA (si-scr) and the relative C3 

expression levels were assessed by qPCR.  

C3 mRNA expression was downregulated following transfection of HRA-19 cells 

with 10 nM of si-C3 by 83.45% at 24 h post transfection, when compared to HRA-19 cells 

transfected with si-scr (Relative C3 mRNA expression; Cells only 1, si-scr 0.707, si-C3 

0.117) (Fig. 3-10 A). Downregulated expression was maintained, when compared to si-scr 

transfected cells, at 48 h post transfection (Relative C3 mRNA expression; Cells only 

1.559, si-scr 1.671, si-C3 0.159) (Fig. 3-10 A). Similarly, transfection with 50 nM of si-C3 

downregulated C3 mRNA expression by 87.58% at 24 h post transfection (Relative C3 

mRNA expression; Cells only 1, si-scr 0.636, si-C3 0.079) (Fig. 3-10 B). Downregulated 

expression of C3 was also maintained, when compared to si-scr transfected cells, at 48 h 

post transfection (Relative C3 mRNA expression; Cells only 0.681, si-scr 2.323, si-C3 

0.099) (Fig. 3-10 B).  

As both concentrations of si-C3 investigated reduced mRNA expression of C3 by over 

70%, a concentration of 10 nM was selected for all downstream experiments. The 

expression of C3 at the protein level following transfection with 10 nM of siRNA was 

assessed by ELISA to confirm downregulation of C3 protein. At 24 h post transfection, 10 

nM of si-C3 reduced C3 protein expression by 71.2% when compared to si-scr controls 

(Relative C3 protein expression ± SEM; Cells only 1 , si-scr 1.18, si-C3 0.34) (Fig. 3-10 

C).  

The effect of 10 nM of si-C3 on C3 expression in SW837 cells was also assessed. 

C3 mRNA expression was downregulated following transfection of SW837 cells with 10 

nM of si-C3 by 75.64% at 24 h post transfection, when compared to SW837 cells 

transfected with si-scr (Relative C3 mRNA expression; Cells only 1, si-scr 0.546, si-C3 

0.133) (Fig. 3-10 D). Downregulated expression was maintained, when compared to si-scr 

transfected cells, at 48 h post transfection (Relative C3 mRNA expression; Cells only 

0.602, si-scr 0.896, si-C3 0.136) (Fig. 3-10 D). These data demonstrated that 10 nM of si-

C3 sufficiently reduces expression of C3 in SW837 cells.  



 136 
 
 

 
Figure 3-10: Optimisation of si-C3 concentration in HRA-19 and SW837 cells. HRA-19 cells 
were transfected with either (A) 10 nM or (B) 50 nM of C3 siRNA (si-C3) or a scrambled control 
siRNA (si-scr) siRNA. Relative C3 mRNA expression was assessed by qPCR at 24 h and 48 h post 
transfection. Data are presented as the relative expression of C3 from a single experiment. (C) 
Relative C3 protein expression was assessed at 24 h post transfection with 10 nM si-C3 or si-scr by 
ELISA. Data are presented as mean ± SEM for 2 independent experiments. (D) SW837 cells were 
transfected with 10 nM of si-C3 or si-scr. Relative C3 mRNA expression was assessed by qPCR at 
24 h and 48 h post transfection. Data are presented as the relative expression of C3 from a single 
experiment 
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3.4.7. Transient silencing of C3 significantly enhances radiosensitivity in HRA-19 cells  

The HRA-19 cell line expresses significantly elevated levels of C3 (Fig. 2-3 A) and 

is significantly more radioresistant following 1.8 Gy of X-ray irradiation (Fig. 2-2 C), when 

compared to HCT116 cells. Having demonstrated that C3 overexpression enhances the 

radiosensitivity of HCT116 cells, the effect of transient C3 silencing on the radiosensitivity 

of HRA-19 cells at a clinically-relevant dose of 1.8 Gy was assessed using the gold standard 

clonogenic assay.  

Silencing of C3 was confirmed by qPCR (as described in Section 2.3.16) (Fig. 3-

11 A). Only cells transfected with si-C3 demonstrated downregulation of C3, when 

compared to si-scr controls (Relative C3 expression 0.3205 vs 0.9975, respectively). 

Irradiation with 1.8 Gy greatly reduced survival in HRA-19 cells transfected with si-C3 or 

si-scr (0.394 ± 0.022 and 0.538 ± 0.014, respectively), when compared to an unirradiated 

control set at 1.00 (Fig. 3-11 B). Interestingly, HRA-19 cells transfected with si-C3 were 

significantly (p = 0.0180) more sensitive to 1.8 Gy, when compared to si-scr transfected 

cells, suggesting that C3 plays a functional role in modulating radioresistance in HRA-19 

cells.  

 

3.4.8. Transient silencing of C3 does not enhance radiosensitivity in SW837 cells 

Having demonstrated that C3 silencing enhances radiosensitivity in HRA-19 cells, 

the effect of C3 silencing on radiosensitivity was investigated in the SW837 rectal cancer 

cell line. Similar to HRA-19 cells, the SW837 cell line is significantly more radioresistant 

following 1.8 Gy of X-ray radiation (Fig. 2-2 C) and expresses significantly higher levels 

of C3 (Fig. 2-6 and Fig. 2-3), when compared to the HCT116 cell line.   

Silencing of C3 was confirmed by qPCR (as described in Section 2.3.16) (Fig. 3-

12 A). Only cells transfected with si-C3 demonstrated downregulation of C3, when 

compared to si-scr controls (Relative C3 expression 0.7915 vs 0.3125, respectively). 

Irradiation with 1.8 Gy greatly reduced survival in SW837 cells transfected with si-C3 or 

si-scr (0.595 ± 0.039 and 0.661 ± 0.099, respectively), when compared to an unirradiated 

control set at 1.00 (Fig. 3-12 B). SW837 cells transfected with si-C3 were not significantly 

more sensitive to 1.8 Gy, when compared to si-scr transfected cells, suggesting that C3 

does not play a functional role in modulating radioresistance in SW837 cells.  
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Figure 3-11: Silencing of C3 significantly enhances the radiosensitivity of HRA-19 cells at 1.8 
Gy of X-ray radiation. HRA-19 cells were transfected with 10 nM of C3 (si-C3) or a scrambled 
control (si-scr) siRNA. Cells were irradiated with 1.8 Gy at 24 h post transfection and control cells 
were mock irradiated. At 25 h post transfection cells were seeded for clonogenic assay and RNA 
was also isolated. (A) C3 silencing was confirmed by qPCR. Data are presented as mean ± SEM 
for 2 independent experiments. (B) Surviving colonies at the end of the clonogenic incubation 
period were counted and the surviving fraction determined. Data are presented as mean ± SEM for 
3 independent experiments. Statistical analysis was performed by paired two-tailed Student’s t-test. 
*p < 0.05. 
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Figure 3-12: Silencing of C3 does not alter the radiosensitivity of SW837 cells at 1.8 Gy of X-
ray radiation. SW837 cells were transfected with 10 nM of C3 (si-C3) or a scrambled control (si-
scr) siRNA. Cells were irradiated with 1.8 Gy at 24 h post transfection and control cells were mock 
irradiated. At 25 h post transfection cells were seeded for clonogenic assay and RNA was also 
isolated. (A) C3 silencing was confirmed by qPCR. Data are presented as mean ± SEM for 2 
independent experiments. (B) Surviving colonies at the end of the clonogenic incubation period 
were counted and the surviving fraction determined. Data are presented as mean ± SEM for 3 
independent experiments. Statistical analysis was performed by paired two-tailed Student’s t-test.  
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3.4.9. Transient silencing of C3 does not alter basal or radiation-induced apoptosis in 

HRA-19 cells 

Having demonstrated that transient silencing of C3 significantly enhanced 

radiosensitivity to 1.8 Gy in HRA-19 cells, the potential mechanism by which C3 may be 

modulating the radioresponse in HRA-19 cells was investigated. The effect of transient C3 

silencing on apoptosis in HRA-19 cells was investigated to determine if the enhanced 

radiosensitivity of C3 silenced HRA-19 cells is associated with altered apoptosis. HRA-19 

cells were transfected with si-C3 or si-scr. At 24 h post transfection, cells were irradiated 

with 1.8 Gy or mock-irradiated and cell death was assessed at 24 h and 48 h post irradiation 

using the AV/PI assay.  

Alterations in cell death were assessed in mock irradiated si-scr and si-C3 

transfected HRA-19 cells, when compared to RPMI controls, to investigate the effect of 

transfection on basal viability. At 24 h, increased early apoptosis was demonstrated in si-

C3 cells relative to RPMI controls (p = 0.0265), with a trend towards increased early 

apoptosis demonstrated in si-scr cells, when compared to RPMI controls (p =0.0506) 

(Mean % of AV+PI- cells ± SEM; RPMI 8.680 ± 3.073, si-scr 15.6 ± 4.524, si-C3 13.76 ± 

3.774) (Fig. 3-13 B). Similarly, at 48 h, early apoptosis and late apoptosis/death were 

significantly increased in si-scr cells (p = 0.0044, p = 0.0154, respectively) and si-C3 cells 

(p = 0.0024, p = 0.028, respectively), when compared to RPMI controls (Fig. 3-14 B-C). 

No changes in necrosis were demonstrated at 24 h (Fig. 3-13 D) or 48 h (Fig. 3-14 D). 

These data demonstrate that transfection with siRNA induces slight but significant 

alterations in the basal viability of HRA-19 cells.  

 Mock irradiated cells were analysed to assess differences in basal viability between 

si-scr and si-C3 transfected HRA-19 cells. The percentage of live and necrotic si-scr or si-

C3 transfected HRA-19 cells at both 24 h (Fig. 3-13 A & D) and 48 h (Fig. 3-14 A & D) 

timepoints was similar. At 48 h, there was a significant increase in the percentage of HRA-

19 cells transfected with si-C3 undergoing early apoptosis, when compared to si-scr 

controls (p = 0.0363) (Mean % of AV+PI- cells ± SEM; si-scr 15.533 ± 3.667, si-C3 17.567 

± 3.619) (Fig. 3-14 B). However, this was accompanied by a corresponding significant 

decrease in late apoptosis/death, when compared to si-scr cells controls (p = 0.0332) (Mean 

% of AV+PI- cells ± SEM; si-scr 13.3 ± 1.848, si-C3 12.393 ± 1.858) (Fig. 3-14 C). These 

data demonstrate that transient silencing of C3 does not alter basal apoptosis in HRA-19 

cells, suggesting that the increased radiosensitivity of HRA cells transfected with si-C3 is 

not a result of altered basal apoptosis.  
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To investigate whether radiation-induced cell death was altered in cells transfected 

with si-C3, viability was assessed 24 h and 48 h following 1.8 Gy of X-ray radiation. There 

were no significant alterations in the percentage of live, early apoptotic, late apoptotic/dead 

or necrotic si-scr or si-C3 cells, when compared to their respective mock irradiated controls 

at 24 h (Fig. 3-13) or 48 h (Fig. 3-14) post 1.8 Gy. This suggests that downregulation of 

C3 does not alter radiation-induced apoptosis in these cells. However, at 24 h post 1.8 Gy 

of X-ray radiation the viability of HRA-19 cells transfected with si-C3 was significantly 

greater, when compared to si-scr cells (Mean % of AV-PI- cells ± SEM; si-C3 1.8 Gy 66.167 

± 39.342, si-scr 1.8 Gy 63.633 ± 9.19) (Fig. 3-13 A). This suggests that C3 may reduce the 

viability of HRA-19 cells following irradiation with 1.8 Gy.  

 

3.4.10. Transient silencing of C3 significantly increases basal levels of DNA damage 

in HRA-19 cells  

To determine if alterations in basal DNA damage are involved in the enhanced 

radiosensitivity of HRA-19 cells following transient C3 silencing, HRA-19 cells were 

transfected with si-C3 or si-scr and basal DNA damage was assessed by measurement of 

gH2AX using flow cytometry at 24 h and 48 h post transfection.  

There were no significant alterations in basal DNA damage demonstrated in HRA-

19 cells transfected with si-C3, when compared to cells transfected with si-scr at 24 h post 

transfection (Fig. 3-15 A). However, DNA damage was significantly (p = 0.0299) elevated 

in HRA-19 cells transfected with si-C3, when compared to cells transfected with si-scr at 

48 h post transfection (Mean MFI gH2AX ± SEM; si-scr 1318 ± 269.587, si-C3 1538.333 

± 246.646) (Fig. 3-15 B). These data demonstrate that downregulation of C3 induces 

significant basal DNA damage in HRA-19 cells.  
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Figure 3-13: Transient C3 silencing does not alter the viability of HRA-19 cells basally or at 
24 h following irradiation. HRA-19 cells were transfected with C3 (si-C3) or a scrambled control 
(si-scr) siRNA. At 24 h post transfection, cells were irradiated with 1.8 Gy or mock irradiated and 
apoptosis was assessed at 24 h post irradiation by AV/PI assay. Percentage of (A) live (AV-PI-), 
(B) early apoptotic (AV+PI-), (C) late apoptotic/dead (AV+PI+) and (D) necrotic (AV-PI+) si-C3, si-
scr, and RPMI control HRA-19 cells were analysed. Data are presented as mean ± SEM for 3 
independent experiments. Statistical analysis was performed by paired two-tailed Student’s t-test. 
*p < 0.05. 
 

A B

C D

0 Gy 1.8Gy 0 Gy 1.8Gy 0 Gy 1.8Gy
0

20

40

60

80

100

%
 A

V
- P

I-  c
el

ls

Live Cells 24 h 

*
*

*

RPMI si-scr si-C3

0 Gy 1.8Gy 0 Gy 1.8Gy 0 Gy 1.8Gy
0

10

20

30

%
 A

V
+ P

I+  
ce

lls

Late Apoptotic/Dead Cells 24 h 

RPMI si-scr si-C3

0 Gy 1.8Gy 0 Gy 1.8Gy 0 Gy 1.8Gy
0

10

20

30

%
 A

V
+ P

I-  c
el

ls

Early Apoptotic Cells 24 h 

*
p = 0.0506

*
*

RPMI si-scr si-C3

0 Gy 1.8Gy 0 Gy 1.8Gy 0 Gy 1.8Gy
0

2

4

6

8

10

%
 A

V
- P

I+  
ce

lls

Necrotic Cells 24 h 

RPMI si-scr si-C3



 143 
 
 

 

 

 

 

 

 

 
Figure 3-14: Transient C3 silencing does not alter the viability of HRA-19 cells basally or at 
48 h following irradiation. HRA-19 cells were transfected with C3 (si-C3) or a scrambled control 
(si-scr) siRNA. At 24 h post transfection, cells were irradiated with 1.8 Gy or mock irradiated and 
apoptosis was assessed 48 h post irradiation by AV/PI assay. Percentage of (A) live (AV-PI-), (B) 
early apoptotic (AV+PI-), (C) late apoptotic/dead (AV+PI+) and (D) necrotic (AV-PI+) si-C3, si-scr, 
and RPMI control HRA-19 cells were analysed. Data are presented as mean ± SEM for 3 
independent experiments. Statistical analysis was performed by paired two-tailed Student’s t-test. 
*p < 0.05, **p < 0.01. 
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Figure 3-15: Transient C3 silencing induces basal DNA damage in HRA-19 cells. HRA-19 cells 
were transfected with C3 siRNA (si-C3) or a scrambled control (si-scr) siRNA and DNA damage 
was assessed by measurement of gH2AX by flow cytometry. MFI of gH2AX at (A) 24 h and (B) 48 
h post transfection. Data are presented as mean ± SEM for 4 independent experiments for 24 h and 
3 independent experiments for 48 h. Statistical analysis was performed by paired two-tailed 
Student’s t-test. *p < 0.05. 
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3.4.11. Transient silencing of C3 significantly increases radiation-induced DNA 

damage in HRA-19 cells 

Having demonstrated that silencing of C3 induces DNA damage basally in HRA-

19 cells, the effect of transient C3 silencing on radiation-induced DNA damage was 

investigated. HRA-19 cells were transfected with a si-C3 or si-scr siRNA. At 24 h post 

transfection, cells were irradiated with 1.8 Gy or mock-irradiated and DNA damage was 

assessed by measurement of gH2AX using flow cytometry at 20 min post irradiation.  

In cells transfected with si-C3 siRNA, 1.8 Gy of X-ray radiation induced significant 

DNA damage relative to unirradiated controls at 20 min post irradiation (p = 0.0487) (Mean 

MFI gH2AX ± SEM; si-C3 0 Gy 1065.5 ± 327.962, si-C3 1.8 Gy 1753.75 ± 447.698) (Fig. 

3-16 A). Although there was a trend towards elevated DNA damage in si-scr controls 

irradiated with 1.8 Gy, this was not significant (p = 0.0869) (Fig. 3-16 A). Similarly, 

irradiation of RPMI controls with 1.8 Gy did not induce significant DNA damage, 

suggesting that C3 may modulate radiation-induced DNA damage in HRA-19 cells.  

 

3.4.12. Transient C3 silencing alters the kinetics of DNA repair in HRA-19 cells 

To investigate the effect of C3 silencing on the kinetics of DNA repair, gH2AX was 

assessed at 6 h, 10 h and 24 h post irradiation with 1.8 Gy. At 6 h post irradiation, cells 

transfected with si-C3 demonstrated a trend toward increased DNA damage, when 

compared to unirradiated controls (p = 0.0572) (Fig. 3-16 B). Similarly, at 10 h post 

irradiation, significantly elevated levels of DNA damage were demonstrated in cells 

transfected with si-C3, when compared to unirradiated controls (p = 0.0211) (Mean MFI 

gH2AX ± SEM; si-C3 1.8 Gy 1668.34 ± 144.044, , si-C3 0 Gy 1143.67 ± 146.56) (Fig. 3-

16 C). By 24 h, levels of DNA damage were no longer significantly elevated in irradiated 

si-C3 cells, when compared to unirradiated controls, suggesting that radiation-induced 

DNA damage had been repaired at this timepoint (Fig. 3-16 D). Interestingly, there were 

no significant alterations in DNA damage demonstrated in cells transfected with si-scr 

control at 6 h, 10 h or 24 h post irradiation, when compared to unirradiated controls. These 

data demonstrate that downregulation of C3 in HRA-19 cells results in significantly 

elevated levels of radiation-induced DNA damage, which still persists at 10 h post 

irradiation, suggesting that C3 may modulate repair of IR-induced DNA damage in CRC, 

which may contribute to the cellular radioresponse. 
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Figure 3-16: Transient C3 silencing induces significant radiation-induced DNA damage in 
HRA-19 cells. HRA-19 cells were transfected with C3 (si-C3) or a scrambled control (si-scr) 
siRNA and were irradiated with 1.8 Gy at 24 h post transfection. Control cells were mock irradiated. 
Cells were fixed and MFI of gH2AX was assessed by flow cytometry at (A) 20 min to assess 
induction of DNA damage and at (B) 6 h, (C) 10 h and (D) 24 h post irradiation to examine the 
kinetics of DNA damage repair. Data are presented as mean ± SEM for 3 independent experiments. 
Statistical analysis was performed by paired two-tailed Student’s t-test. *p < 0.05. 
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3.4.13. Transient silencing of C3 alters basal cell cycle distribution in HRA-19 cells  

Having demonstrated that C3 silencing was associated with alterations in basal and 

radiation-induced levels of DNA damage in HRA-19 cells, the effect of C3 silencing on 

basal cell cycle distribution was assessed.  

Interestingly, at 24 h post transfection C3 silencing was associated with a significant 

decrease in the percentage of radioresistant, S phase si-C3 cells, when compared to si-scr 

cells (p = 0.0187) and RPMI controls (p = 0.0117) (Mean % cells in phase ± SEM; RPMI 

25.033 ± 1.501, si-scr 22.167 ± 1.660, si-C3 20.767 ± 1.392). This was accompanied by a 

corresponding increase in the percentage of si-C3 cells in the radiosensitive G2/M phase, 

when compared to si-scr cells (p = 0.0438) and RPMI controls (p = 0.0140) (Mean % cells 

in phase ± SEM; RPMI: 30.733 ± 1.084, si-scr 31.3 ± 1.595, si-C3 32.933 ± 1.388) (Fig. 

3-17 A). This suggests that C3 silencing results in a partial G2/M arrest at 24 h post 

transfection. At 48 h post transfection, significantly more si-C3 cells were in the G0/G1 

phase, when compared to si-scr cells (p = 0.0149) and RPMI controls (p = 0.0060) (Mean 

% cells in phase ± SEM; RPMI 23.867 ± 5.774, si-scr 26.2 ± 6.022, si-C3 29.767 ± 6.129) 

(Fig. 3-17 B). This further demonstrates that C3 alters basal cell cycle distribution in HRA-

19 cells.  
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Figure 3-17: Transient C3 silencing alters basal cell cycle distribution in HRA-19 cells. HRA-
19 cells were transfected with C3 siRNA (si-C3) or a scrambled siRNA control (si-scr). At (A) 24 
h and (B) 48 h following transfection, cells were fixed, stained with PI and cell cycle distribution 
was assessed by flow cytometry. (C) Representative histograms demonstrating gating by which the 
percentage of cells in the G0/G1, S and G2/M phases was assessed. Data are presented as mean ± 
SEM for 3 independent experiments. Statistical analysis was performed by paired two-tailed 
Student’s t-test. *p < 0.05, **p < 0.01. 
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3.4.14. Transient C3 silencing is associated with radiation-induced alterations in cell 

cycle distribution in HRA-19 cells 

Having demonstrated that transient C3 silencing alters basal cell cycle distribution 

in HRA-19 cells, the effect of silencing C3 on cell cycle distribution following irradiation 

with 1.8 Gy was investigated.  

At 20 min post irradiation, cells transfected with si-C3 demonstrated a significantly 

lower percentage of cells in the radioresistant S phase, when compared to si-scr cells (p = 

0.011) (Mean % cells in phase ± SEM; si-C3 21.567 ± 1.991, si-scr 22.4 ± 2.060) (Fig. 3-

18 A). There were no alterations demonstrated in cell cycle phase in cells transfected with 

si-C3 at 6 h and 10 h post 1.8 Gy (Fig. 3-18 B-C). By 24 h post irradiation, there were 

significantly more si-C3 transfected cells in the G0/G1 phase, and concomitantly fewer S 

phase cells, when compared to si-scr cells (p = 0.0048) (Mean % cells in phase ± SEM; si-

C3 30.167 ± 5.790, si-scr: 28.433 ± 5.907) (Fig. 3-18 D). (Mean % cells in phase ± SEM; 

si-C3 17.2 ± 3.151, si-scr 19.867 ± 3.353, RPMI 21.2 ± 2.651) (Fig. 3-18 D). These data 

demonstrate that downregulation of C3 in HRA-19 cells alters cell cycle distribution 

following irradiation.  
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Figure 3-18: Transient C3 silencing alters cell cycle distribution post irradiation in HRA-19 
cells. HRA-19 cells were transfected with C3 siRNA (si-C3) or a scrambled siRNA control (si-scr). 
At 24 h post transfection, cells were irradiated with 1.8 Gy. Control cells were mock irradiated. At 
(A) 20 min, (B) 6 h, (C) 10 h and (D) 24 h following irradiation, cell cycle was assessed by flow 
cytometry. (E) Representative histograms demonstrating gating by which the percentage of cells in 
the G0/G1, S and G2/M phases was assessed. Data are presented as mean ± SEM for 3 independent 
experiments. Statistical analysis was performed by paired two-tailed Student’s t-test. *p < 0.05, **p 
< 0.01. 
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3.4.15. The interactome of C3 differs between radiosensitive HCT116 and 

radioresistant HRA-19 cell lines 

 Modulation of C3 in both radiosensitive HCT116 and radioresistant HRA-19 cells 

altered radiosensitivity. Having demonstrated that modulation of C3 expression induces 

alterations in DNA damage induction and cell cycle distribution in HRA-19 cells but not 

HCT116 cells, mass spectrometry was performed to investigate if the interactome of C3 in 

these cell lines differed. C3-FLAG was overexpressed in HCT116 and HRA-19 cells and 

anti-FLAG IP was performed. QC experiments demonstrated that C3 and FLAG-M2 could 

be detected in input and IP fractions from both HCT116 and HRA-19 cells overexpressing 

C3 (Appendix 3 A-D). Prior to performing mass spectrometry, supernatant and IP fractions 

were separated by SDS-PAGE to confirm pull-down of C3 from C3-FLAG overexpressing 

samples and to confirm protein quantity was sufficient (Appendix 3 E-F).   

 The PCA plot demonstrates clustering of samples based on sample type, with 

HCT116 and HRA-19 cells overexpressing C3-FLAG seemingly separating based on 

component 2 (Fig. 3-19 A). The initial data set contained 2362 proteins, with a final number 

of 2109 proteins retained following a filtering step to remove any protein not detected in 

all three replicates of at least one condition. In the initial dataset, 13-29% of protein values 

were missing, while 8-23% were missing post-filtering (Fig. 3-19 B). C3 was present in 

the dataset (Fig. 3-19 C). 

 Differential expression analysis demonstrated that a total of 456 proteins were 

differentially expressed (p < 0.05) in C3 IP fractions from HRA-19 and HCT116 cells (Fig. 

3-20 A). Of these, 285 proteins were downregulated and 171 were upregulated in the C3 

interactome of HRA-19 cells, relative to HCT116 cells. The top 20 most upregulated and 

downregulated proteins from HRA-19 cells, are demonstrated in Fig. 3-20 B-C. 

Melanoma-associated antigen B2 (MAGEB2) was the most downregulated protein in the 

C3 interactome of HRA-19 cells, when compared to HCT116 cells (Fig. 3-20 B). The most 

upregulated protein identified in the C3 interactome of HRA-19 cells relative to HCT116 

cells was galectin 4 (LEG4) (Fig. 3-20 C), which is a demonstrated tumour suppressor in 

CRC406. These data suggests that the C3 interactome differs between radiosensitive 

HCT116 and radioresistant HRA-19 cells. Notably, C3 was among the top 20 most 

downregulated proteins identified associated with HRA-19 cells relative to HCT116 cells 

suggesting a greater transfection efficiency in HCT116 cells.  

 To assess whether the top 20 most significantly upregulated or downregulated 

proteins may directly interact with C3, predicted protein networks were generated using 



 152 
 
 

STRING. None of the 20 most downregulated proteins detected within the C3 IP of HRA-

19 cells were predicted to directly interact with C3 (Fig. 3-20 D), however interestingly, of 

the most upregulated proteins, CXCL10 and CCL5 were predicted to directly interact with 

C3 (Fig. 3-20 E). 

 The top 30 proteins most significantly altered between the C3 interactome in HRA-

19 and HCT116 cells are displayed in Table 3-5. HSPA1A/ B was the most significantly 

downregulated protein, as determined by p-adj (p-adj = 0.03289) in the HRA-19 C3 

interactome, when compared to the HCT116 interactome. ZC3H4 was identified as the 

most significantly upregulated protein in the HRA-19 C3 interactome, when compared to 

the HCT116 interactome, as determined by p-adj (p-adj = 03394).  

 

3.4.16. Three protein clusters are differentially expressed between the C3 IP fractions 

from HRA-19 and HCT116 cells 

 Having demonstrated that over 456 proteins were significantly altered (p < 0.05) 

between HCT116 and HRA-19 cells, a further clustering analysis was performed using p-

adj, which resulted in 3 cluster groups (Fig. 3-21 A). The proteins identified in these 

clusters are outlined in Appendix 4. Clusters 1 and 2 contain 6 and 32 proteins, respectively 

and are both increased in HRA-19 cells relative to HCT116 cells (Fig. 3-21 B). Cluster 3 

contains 45 proteins and is increased in HCT116 cells, relative to HRA-19 cells. Using 

STRING, these protein clusters were investigated to determine whether any of the proteins 

within the cluster are predicted to be direct interactors of C3. None of the proteins in Cluster 

1 were predicted to be direct interactors with C3 (Fig. 3-21 C). Within Cluster 2, CXCL10 

and CCL5 were predicted to directly interact with C3 (Fig. 3-21 D), while C1QBP was 

predicted to be a direct interactor with C3 in Cluster 3 (Fig. 3-21 E). 
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Figure 3-19: C3 IP from HCT116 and HRA-19 cells identified more than 2000 proteins 
associated with C3. C3-FLAG was overexpressed in HRA-19 and HCT116 cells and IP was 
performed using FLAG-M2 magnetic beads. Bead controls are representative of IP fractions that 
were prepared by incubating wild-type HCT116 and HRA-19 cells with FLAG-M2 magnetic beads. 
The experiment was performed in triplicate. (A) Principal component analysis (PCA) plot 
demonstrates clustering based on sample type. Component 1 (x-axis) accounts for 34.8% of 
variation between groups while 22.1% of variation is accounted for by component 2 (y-axis). (B) 
Total number of proteins identified in the initial dataset and proteins retained following a filtering 
step to remove any proteins not detected in at least all three replicates of one condition. (C) C3 is 
present within the protein dataset. Mass Spectrometry was performed by the Discovery Proteomics 
Facility at the Target Discovery Institute, University of Oxford. 
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Figure 3-20: The C3 interactome differs between radiosensitive HCT116 and radioresistant 
HRA-19 cells. (A) Volcano plot illustrating 456 significant differentially expressed proteins (p < 
0.05) in the C3 interactome of HRA-19 cells, when compared to HCT116 cells where blue dots and 
red dots represent upregulated and downregulated proteins, respectively. Statistical analysis was 
performed by Student’s t-test. The top 20 most (B) downregulated and (C) upregulated proteins 
between HRA-19 and HCT116 cells were identified based on fold change in expression and (D-E) 
assessed for direct interaction with C3 by generating predicted protein networks using STRING. 
Mass Spectrometry was performed by the Discovery Proteomics Facility at the Target Discovery 
Institute, University of Oxford. 
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Table 3-5: Top 30 significantly altered proteins between the C3 interactome of HRA-19 and 
HCT116 cells. Up or downregulation of proteins is outlined in HRA-19 cells relative to HCT116 
cells. Mass Spectrometry was performed by the Discovery Proteomics Facility at the Target 
Discovery Institute, University of Oxford. 
Protein name Up/Down regulated in 

HRA-19  

p-adjusted Fold 

change 

HSPA1A;HSPA1B Down 0.03288889 -2.2937593 

ERCC3 Down 0.03366667 -2.6858315 

ZC3H4 Up 0.03393548 1.07134088 

EXOSC4 Down 0.03506667 -2.5634485 

HSP90AB1 Down 0.03627586 -1.5621128 

RASEF Down 0.03672727 -4.8098523 

VAT1 Down 0.03675 -0.8809849 

NRGN Down 0.03692308 -2.4391561 

MANF Up 0.037 0.71346601 

HSPA5 Down 0.03757143 -2.2069969 

SP6 Up 0.038 2.08468978 

ESF1 Down 0.03809524 -1.3614817 

ZC2HC1A Down 0.0384 -1.6282228 

RPL22L1 Down 0.03896296 -6.1307888 

CD44 Down 0.03902439 -2.1142961 

EI24 Down 0.03918182 -2.1720618 

CYTH1;CYTH2;CYTH3 Up 0.03980952 3.62142769 

UGT1A6 Up 0.04 4.02792088 

DDX60 Up 0.04 4.14411664 

PHLDA2 Down 0.04009302 -2.6437287 

CXCL10 Up 0.0404 3.54825513 

SNRPD3 Up 0.04102564 0.74357732 

MRPL30 Down 0.04106667 -3.0014724 

MRPS10 Down 0.04173913 -3.4024151 

DNAJA2 Down 0.0418 -1.6636276 

ELOA Up 0.04188889 1.04111004 

EPSTI1 Up 0.04210526 3.53634063 

ISG15 Up 0.04228571 5.08771388 

CCDC124 Down 0.04242424 -1.0294825 

DHX35 Up 0.04308571 0.76225122 
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Figure 3-21: Three protein clusters are differentially expressed between the HRA-19 cell-
derived and HCT116 cell-derived C3 interactome. Clustering analysis was performed using 
proteins significantly altered between HRA-19 and HCT116 cells (p-adj < 0.05). (A) Protein 
heatmap identifying (B) three protein clusters differentially expressed by HRA-19 and HCT116 
cells. (C-E) Proteins in each cluster were assessed for potential interaction with C3 using STRING. 
Mass Spectrometry was performed by the Discovery Proteomics Facility at the Target Discovery 
Institute, University of Oxford. 
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3.4.17. The C3 interactome in HRA-19 cells demonstrates enrichments in lymphocyte 

chemotaxis and chemokine activity 

 Having demonstrated differential protein expression between the C3 IP fractions of 

HRA-19 and HCT116 cells, functional enrichment analysis was performed using STRING 

to identify whether Biological Processes, Molecular Function or Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathways were predicted to be altered between the two cell 

lines. Analysis was performed using the fold change values for all of the 2109 proteins 

identified in the initial data set.  

 For Biological Processes, there were 11 Gene Ontology (GO)-terms predicted to be 

enriched in HRA-19 cells, relative to HCT116 cells, which are detailed in Table 3-6. 

Lymphocyte chemotaxis was predicted to be the most enriched, with an enrichment score 

of 6.23. For Molecular Function, there were 4 GO-terms predicted to be enriched in HRA-

19 cells, which are detailed in Table 3-7. Chemokine activity was the molecular process 

predicted to most significantly enriched, with an enrichment score of 7.39. The top 5 KEGG 

pathways predicted to be enriched in the C3 interactome of HRA-19 cells, when compared 

to HCT116 cells are outlined in Table 3-8. Cytokine-cytokine receptor interaction was the 

KEGG pathway predicted to be most significantly enriched, with an enrichment score of 

7.39. 

 

3.4.18. Common protein interactors with C3 exist between HRA-19 and HCT116 cells 

 While the C3 interactome was significantly altered between HRA-19 and HCT116 

cells, the total protein dataset identified (2109) was assessed using STRING for potential 

common interactors of C3 derived from HRA-19 and HCT116 cells. A total of 23 proteins 

were identified that were predicted to directly interact with C3, none of which were 

expressed at significantly altered levels between HRA-19 and HCT116 cells. (Fig. 3-22) 

The fold change and -log(p-value) for these common interactors of C3 are outlined in 

Appendix 5. This demonstrates that while the C3 interactome is significantly altered 

between HCT116 and HRA-19 cells, common C3 binding partners potentially exist within 

these cell lines.  
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Table 3-6: Biological processes predicted to be enriched in the C3 interactome of HRA-19 

cells, relative to HCT116 cells.  

GO term 

ID 

Term Description Enrichment 

Score 

FDR Proteins from input 

0048247 Lymphocyte 

chemotaxis 

6.23651 0.00071 CCL20, CCL5, CXCL10, SLC12A2 

0070098 Chemokine-mediated 

signalling pathway 

5.77438 0.0018 CCL20, CCL5, CXCL10, RBM15 

2000406 Positive regulation of 

T cell migration 

5.672 0.0020 CCL20, CCL5, CXCL10, 
RHOA 

2000404 Regulation of T cell 

migration 

4.7012 0.0034 CCL20, CCL5, CXCL10, 
CRKL, RHOA 

1990869 Cellular response to 

chemokine 

3.9363 0.0020 CCL20, CCL5, CXCL10, SLC12A2, 
LOX, RBM15, RHOA 

0060337 Type I interferon 

signalling pathway 

3.50624 4.9E-05 OAS3, OASL, SAMHD1, ISG20, 
OAS2, JAK1, STAT1, XAF1, ADAR, 
IFIT1, IFIT3, HLA-C, ISG15, HLA-A, 
MX1, HLA-B 

0034340 Response to type I 

interferon 

3.23397 4.9E-05 OAS3, OASL, SAMHD1, ISG20, 
SHMT2, OAS2, JAK1, STAT1, XAF1, 
ADAR, IFIT1, IFIT3, HLA-C, ISG15, 
HLA-A, MX1, HLA-B 

0045071 Negative regulation of 

viral genome 

replication 

2.66903 4.9E-05 OAS3, LTF, EIF2AK2, ZC3HAV1, 
TRIM28, OASL, ISG20, KIAA1551, 
OAS2, VAPA, IFIT5, IFIT1, SRPK1, 
ISG15, MX1, ILF3, VAPB, HMGA2, 
CCL5 

0070268 Cornification 1.64672 0.0050 PKP2, KRT14, KRT23, CAPNS1, 
KRT9, KRT5, KRT1, KRT6B, KRT15, 
KRT71, KRT10, ST14, KRT16, 
KRT17, KRT2, KRT7, PKP3, KRT19, 
DSP, KRT6A, KRT18, KLK14, JUP, 
CAPN1, KRT8 

0006457 Protein folding 0.922026 5.86E-05 FKBP4, CD74, ST13, AHSA1, 
CSNK2A1, SGTA, CDC37, WFS1, 
MLEC, MOGS, HSPE1, TRAP1, 
CANX, HSPB1, LMAN1, DNAJB1, 
CCT7, PPIG, PSMC1, ERP29, 
DNAJB6, DNAJA3, CSNK2A2,  
DNAJC10, CCT6A, CCT5, RANBP2, 
PDIA4, PPIL3, CCT8, CCT3, HSPA9, 
CCT2, HSP90B1, PPIB, PDIA3, PPID, 
DNAJA2,  
GAK, TCP1, HSPH1, CHORDC1, 
NUDC, CALR, PDIA5, HSPA5, 
CCT6B, P4HB, HSP90AA1, GANAB, 
RAD23B, VCP, PFDN2, GNAI3, 
BAG2, HSP90AB1, PPIL1, HSPA1A, 
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CSNK2B, PRDX4, DNAJA1, 
DNAJC21, DNAJC19, HSPD1, CCT4, 
PFDN6, PDIA6, DNAJC7, UNC45A, 
DNAJB11, PPIA, HSPA8, B2M, 
PRKCSH, RUVBL2, GNB1 

0006119 Oxidative 

phosphorylation 

0.741185 0.0018 NDUFB4, NDUFS7, ATP5E, 
NDUFA10, COX5B, NDUFB5, 
ATP5B, NDUFS3, NDUFA9, 
UQCRC2, NDUFB10, NDUFB9, 
ATP5O, ATP5J2, NDUFS4, ATP5L, 
NDUFA7, ATP5H, ATP5I, CYCS, 
GBAS, NDUFS8, CYC1, COX5A, 
NDUFV1, NDUFV2, NDUFA12, 
NDUFB1, UQCR10, NDUFA4, 
STOML2, ATP5C1, MTCO2, NDUFS2 
,ATP5F1, OX7A2, NDUFS5, 
NDUFA8, UQCRQ, ATP5A1, 
NDUFS1, NDUFA13, COX6C, 
UQCRB, COX4I1 

Abbreviations; GO, gene ontology; FDR, False discovery rate.  
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Table 3-7: Molecular functions predicted to be enriched in the C3 interactome of HRA-19 

cells, relative to HCT116 cells.  

GO 

term ID 

Term 

Description 

Enrichment 

Score 

FDR Proteins from input 

0008009 Chemokine 

activity 

7.39111 0.00054 CXCL10, CCL20, CCL5 

0042379 Chemokine 

receptor 

binding 

3.93996 0.0039 NARS, CXCL10, CCL20, STAT1, YARS, 
CCL5 

0003735 Structural 

constituent of 

ribosome 

1.05585 0.0031 MRPS35, MRPS34, RPL18A, MRPL32, RPL19, 
MRPL27, RPS12, MRPS7, RPS16, MRPL34, 
MRPL4, MRPS25, MRPS36, MRPS9, RPL35, 
MRPS18B, RPL8, RPS11, RPS27A, MRPS5, 
RPS3, MRPL49, RPMS17, MRPL17, MRPL10, 
MRPL33, RPS23, MRPL16, NDUFA7, RPS9, 
RPL13, MRPL11, RPL15, RPL38, MRPL57, 
RPL4, MRPL46, MRPS31, MRPS11, MRPS24, 
RPS15A, MRPS23, RPLP2, RPS27L, MRPL54, 
MRPL12, MRPL30, RPS7, RPL7,MRPL43, 
RPS2, RPS21, RPL3, RPL36AL, RPL27A, 
RPL21, RPLP1, RPS17, RPS3A, RPSA, 
RPL22L1, RPL22, RPS26, MRPL24, RPL12, 
RPL39, MRPL18, DAP3, RPS27, MRPL9, 
RPL5, MRPL41, MRPS2, RPL7A, MRPL14, 
MRPS18A, MRPS16, MRPS15, RPS4X, 
RPL10A, RPL11, RPS6, RPL13A, MRPS33, 
RPL24, RPL34, RPS29, RPL14, RPS8, RPL23L, 
MRPS6, MRPS12, RPS14, RPL31, UBA52, 
RPL23A, RPS18, RPL17, RPL9, RPL6, 
MRPL55, RPL36A, RPL10, RPS24, RPL32, 
MRPL47, MRPS22, RPL37A, RPL7L1, RPL29, 
RPL35A, RPL23, MRPS14, RPL30, RPL26L1, 
RPS20, MRPL22, RPS25, FAU, RPS13, RPL18, 
RPLP0, RPL28, MRPS21, RPL26, RPL36, 
RPL27, RPS15, RPS19, RPS28, RPS5, RPS10 

0051082 Unfolded 

protein 

binding 

0.929661 0.00051 ST13, CDC37, HSPE1, TRAP1, CANX, 
LMAN1, DNAJB1, CCT7, DNAJB6, DNAJA3, 
AFG3L2, CCT6A, CCT5, CCT8, CCT3, NPM1, 
HSPA9, HEATR3, CCT2, HSP90B1, PPIB, 
DNAJA2, CHAF1B, TCP1, NUDC, CALR, 
HSPA5, CCT6B, HSP90AA1, TUBB4B, 
TOMM20, PFDN2, HSP90AB1, HSPA1A, 
DNAJA1, NAP1L4, HSPD1, CCT4, PFDN6, 
DNAJB11, PPIA, SRSF10, HSPA8, SERPINH1, 
NACA, RUVBL2 

 
Abbreviations; GO, gene ontology; FDR, False discovery rate.  
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Table 3-8: Top 5 KEGG pathways predicted to be enriched in the C3 interactome of HRA-19 

cells, relative to HCT116 cells.  

Term Description Enrichment 
Score 

FDR Proteins from input 

Cytokine-cytokine 
receptor interaction 

7.39111 8.18x 10-5 CXCL10, CCL20, CCL5 

Viral protein 
interaction with 
cytokine and 
cytokine receptor 

7.39111 8.18 x 10-5 CXCL10, CCL20, CCL5 

Cytosolic DNA-
sensing pathway 

3.17812 0.0075 POLR1D,CXCL10,POLR2L,POLR2K,ADAR,
CCL5 

Ribosome 1.14612 0.00058 MRPS10, RPL18A, MRPL32, RPL19, 
MRPL27, RPS12, MRPS7, RPS16, MRPL34, 
MRPL4, MRPS9, RPL35, RPL8, RPS11, 
RPS27A, MRPS5, RPMS17, MRPL17, 
MRPL10, MRPL33, RPS23, MRPL16, RPS9, 
RPL13, MRPL11, RPL15, RPL38, RPL4, 
MRPS11, RPS15A, RPLP2, RPS27L, MRPL12, 
MRPL30, RPS7, RPL7, RPS2, RPS21, RPL3, 
RPL36AL, RPL27A, RPL21, RPLP1, RPS1, 
RPS3A, RPSA, RPL22L1, RPL22, RPS26, 
MRPL24, RPL12, RPL39, MRPL18, RPS27, 
MRPL9, RPL5, MRPS2, RPL7A, MRPL14, 
MRPS18A, MRPS16, MRPS15, RPS4X, 
RPL10A, RPL11, RPS6, RPL13A, RPL24, 
RPL34, RPS29, RPL14, RPS8, RPL23L, 
MRPS6, MRPS12, RPS14, RPL31, UBA52, 
RPL23A, RPS18, RPL17, RPL9, RPL6, 
RPL36A, RPL10, RPS24, RPL32, RPL37A, 
RPL29, RPL35A, RPL23, MRPS14, RPL30, 
RPL26L1, RPS20, MRPL22, RPS25, FAU, 
RPS13, RPL18, RPLP0, RPL28, MRPS21, 
RPL26, RPL36, RPL27, RPS15, RPS19, RPS28, 
RPS5, RPS10 

Oxidative 
phosphorylation 

0.666638 0.00038 NDUFB4, ATP6V1D, NDUFS7, ATP5E, 
NDUFA10, COX5B, NDUFB5, ATP5B, 
NDUFS3, NDUFA9, UQCRC2, NDUFB10, 
ATP6V1A, NDUFB9, ATP5O, ATP5J2, 
NDUFS4, ATP5L, NDUFA7, ATP5H, ATP5I, 
NDUFS8, CYC1, COX5A, NDUFV1, 
NDUFV2, NDUFA12, NDUFB1, UQCR10, 
NDUFA4, ATP5C1, MT-CO2, NDUFS2, 
ATP5F1, COX7A2, NDUFS5, PPA1, NDUFA8, 
ATP6V1G1, UQCRQ, ATP5A1, NDUFS1, 
NDUFA13, COX6C, UQCRB, COX4I1 

 
Abbreviations; FDR, False discovery rate.  
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Figure 3-22: Proteins predicted to directly interact with C3 in HRA-19 and HCT116 cells. The 
initial (2109) protein dataset was analysed using STRING to identify proteins predicted to be direct 
interactors with C3. A total of 23 proteins were predicted to directly interact with C3 that were not 
expressed at significantly altered levels between HRA-19 and HCT116 cells. 
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3.5. Discussion 

Increasing evidence suggests a role for complement in the tumour response to anti-

cancer therapy, however, the role of complement in functionally modulating the response 

to radiation in CRC is currently unknown. Characterisation of a panel of CRC cell lines 

(Chapter 2), demonstrated that complement is activated in CRC cells and importantly, 

increased complement activation correlates with increased radioresistance to a clinically-

relevant dose of radiation. This suggests a potential role for complement in modulating the 

radioresponse in CRC cells.  

This chapter aimed to investigate the functional role of the central complement 

component C3 in modulating radiosensitivity in CRC cells through the use of a C3 

overexpression plasmid and C3 siRNA. In the radiosensitive HCT116 cell line, which 

express low levels of C3, transient C3 overexpression resulted in a significant increase in 

radioresistance to a clinically-relevant dose, when compared to cells transfected with a VC. 

In the radioresistant HRA-19 cell line, which expresses increased levels of C3, 

downregulation of C3 enhanced radiosensitivity to a clinically-relevant dose. This 

demonstrates for the first time that intracellular C3 plays a functional role in modulating 

radioresistance in CRC in vitro. Surprisingly, transient silencing of C3 in another 

radioresistant line, the SW837 rectal adenocarcinoma cell line did not alter radiosensitivity. 

HRA-19 and SW837 cells were selected to study the functional role of C3 in the 

radioresponse as they were demonstrated to express significantly higher levels of 

complement, when compared to the radiosensitive HCT116 cell line (Chapter 2). However, 

whilst relative C3 mRNA expression in SW837 and HRA-19 cells was significantly greater 

than that in HCT116 cells, at the protein level, only HRA-19 cells expressed significantly 

higher levels of C3, when compared to HCT116 cells. Furthermore, while both SW837 and 

HRA-19 cells express greater levels of complement overall, when compared to HCT116 

cells, (Chapter 2, Fig. 2-10 A), HRA-19 cells express significantly elevated levels of 

complement, when compared to SW837 cells. Therefore, alterations in the level of 

endogenous, intracellular C3 expression may account for the differing effects of C3 

silencing on the radioresponse in SW837 and HCT116 cells. Additionally, while silencing 

of C3 was confirmed in SW837 cells relative to si-scr transfected controls, notably the 

degree of silencing was variable between experimental replicates. Furthermore, irradiation 

of SW837 cells transfected with si-scr RNA resulted in a downregulation of C3, when 

compared to unirradiated controls. As C3 expression was therefore downregulated in both 
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si-C3 and si-scr transfected SW837 cells, this may account for why there were no 

differences in the surviving fraction of these cells. 

Having demonstrated that C3 modulates response to radiation in HCT116 and HRA-

19 cells, the potential functional mechanism underlying this C3-mediated radioresistance 

was investigated. The functional role of complement in the radioresponse has previously 

been explored in two independent studies. Both of these highlighted complement 

anaphylatoxins as the functional mediators of the radioresponse. Work by Elvington and 

colleagues, demonstrated that combining complement inhibition with RT, therefore 

reducing anaphylatoxin generation, improved response to treatment by relieving 

immunosuppression and restoring the anti-tumour immune response350. In contrast, Surace 

et al. demonstrated that anaphylatoxins were essential for RT efficacy, demonstrating that 

tumour control was lost in C3, C3aR or C5aR deficient mice when complement was 

inhibited351. Despite these seemingly opposing results, Elvington and Surace utilised 

different murine models, fractionation schedules and methods of complement inhibition, 

which may have resulted in the dichotomy of responses observed. Regardless, the 

complement-mediated regulation of therapeutic response demonstrated in these studies was 

dependent on immune cells within the TME, a factor that cannot be recapitulated by in vitro 

experiments. Therefore, the demonstrated C3-mediated modulation of 

radiosensitivity/radioresistance in HRA-19 and HCT116 cells in this chapter, supports a 

novel, non-canonical function for endogenous tumour-derived complement. 

In several cancer types including CRC, tumour-derived complement has been 

demonstrated to have autocrine effects on tumourigenesis324,342. Furthermore, increasing 

evidence demonstrates that complement components exist intracellularly, which may have 

canonical or non-canonical roles344. Study of complement in T cells identified this 

‘complosome’407, which demonstrated that activation of C3 and C5 occurs intracellularly 

to generate C3a and C5a, which play essential roles in survival and effector 

differentiation263,265. The complosome is also present in myeloid cells, where intracellular 

C5a/C5aR signalling in mitochondria modulates sterile inflammation266. Aside from 

immune cells, intracellular complement has also been described in cancer. CFH resides in 

lysosomes in lung adenocarcinoma and clear cell renal cell carcinoma, where it co-localises 

with C3 and promotes tumour cell survival, proliferation and migration342. Additionally, 

intracellular C4BPA has been demonstrated to regulate NF-kB-dependent apoptosis in 

cancer cells343. In CRC, Ding et al. have recently described a role for endosomal C5a/C5aR 
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in promoting tumourigenesis via stabilisation of b-catenin341. Given these novel roles for 

intracellular complement in cancer, it was hypothesised that C3 may modulate the 

radioresponse of CRC cells via an intracellular function. 

To investigate potential mechanism(s) by which C3 may be modulating 

radiosensitivity in CRC cells, the effect of modulating C3 expression on key parameters 

associated with radioresistance; apoptosis, DNA damage induction and repair and cell cycle 

were investigated. In HCT116 cells, transient overexpression of C3 did not impact any of 

these parameters basally, or following a clinically-relevant dose (1.8 Gy) of radiation. In 

contrast, silencing of C3 induced alterations in the phenotype of HRA-19 cells. This was 

unexpected, having demonstrated that modulation of C3 in both of these cell lines altered 

radiosensitivity. An important consideration is that these experiments were performed in 

vitro using cell lines. Cell lines are imperfect models as they arise from different driver 

mutations, and are characterised by different genetic backgrounds. Importantly, the 

HCT116 cell line is derived from a colon carcinoma, while the HRA-19 cell line was 

established from a rectal adenocarcinoma. This may suggest that the increased 

radioresistance demonstrated in HCT116 cells following C3 overexpression occurs by an 

independent mechanism not assessed in this chapter. While apoptosis, DNA damage and 

cell cycle are all implicated in resistance to RT134, there are additional parameters including 

metabolism and oxidative stress, which are involved in treatment response408. Full 

characterisation of both HCT116 and HRA-19 cells basally and post modulation of 

complement may identify the important mechanisms affecting response to radiation in 

CRC.  

Having demonstrated differences between HCT116 and HRA-19 cells, it raises the 

suggestion of whether an isogenic model would be useful to assess whether radioresistance 

is accompanied by altered complement expression. Previously within our Department, we 

have demonstrated using our in-house generated isogenic model of radioresistance in OAC, 

that radioresistant cells express significantly higher levels of C3, when compared to their 

parent counterparts (unpublished data). As isogenic models eliminate the genetic variation 

associated with the use of different cell lines, it would be useful to directly investigate 

which other genes and biological functions are altered. However, previous attempts by our 

research group to generate an isogenic model of radioresistance in rectal cancer using both 

the HRA-19 and SW837 cell lines has been unsuccessful, most likely due to the already 

high inherent radioresistance of these cells. Irrespective of this, isogenic models are still 
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accompanied by their own limitations, given that they reflect acquired radioresistance. To 

elucidate the function of C3 in rectal cancer that is inherently radioresistant or that displays 

a response followed by resistance to RT phenotype, other models would be required. 

In addition, the experimental set up may also account for the differing effect of C3 

modulation on the parameters of radioresistance investigated in HCT116 and HRA-19 

cells. While in HRA-19 cells, endogenous C3 expression was silenced, an experimental 

over-expression of exogenous C3 via DNA plasmid was performed in HCT116 cells. 

Potentially, overexpression of exogenous C3 may produce a form distinct from endogenous 

C3, which is involved in different cellular processes. Kremlitzka et al. have demonstrated 

alternative translation of C3 resulting in distinct cytosolic and secreted forms409. 

Interestingly, cytosolic C3 engages in unique roles following invasion of staphylococcus 

aureus. This provides evidence that distinct forms of C3 can exist within cells, which reside 

in different cellular compartments, and have different functions409. In clear cell renal cell 

carcinoma and lung adenocarcinoma, CFH has been identified in two cellular 

compartments; membranous and intracellular342. Distinct from the membranous form, 

intracellular CFH resided in lysosomes, and engaged in non-canonical functions including 

the promotion of tumour cell proliferation, migration and motility. In patients, tumoural 

expression of intracellular CFH correlated with poor prognosis342. These data demonstrate 

that in cancer, distinct forms of complement that occupy separate regions within the cell 

can have differing effects on tumour growth and patient outcomes. Considering both of 

these new studies, it is feasible to suggest that overexpression of exogenous C3 in HCT116 

cells potentially generates a form of C3 that is functionally distinct from endogenous C3. 

Theoretically speaking, this form of C3 may contribute to radiosensitivity in an alternative 

mechanism to that within HRA-19 cells.  

Alterations in apoptosis have been linked with resistance to RT143–145. Previous work 

by Olcina et al. has provided evidence that complement can regulate apoptosis343. In an 

elegant study, they elucidated a role for C4BPA in regulating NF-kB-dependent apoptosis 

in cancer cells in response to oxaliplatin343. Although this doesn’t provide us with insights 

into C3, it highlights how complement system components are continually being identified 

in previously unconsidered roles. Similarly to HCT116 cells, modulation of C3 expression 

in HRA-19 cells did not alter basal or radiation-induced apoptosis. These data suggest that 

apoptosis is not a major pathway of radiation-induced cell death in these cells. This 

contrasts with previous evidence in the literature that in rectal cancer, high levels of 
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apoptosis prior to neo-CRT correlate with good responses and reduced local recurrence146–

148. Similarly, in CRC cell lines, radioresistance has been observed to associate with lower 

rates of spontaneous and radiation-induced apoptosis410. However, the role of apoptosis in 

the response to radiation is controversial and has long been debated. Evidence that 

apoptosis determines the response to RT is strong only for some haematological 

malignancies411. Importantly, the induction of apoptosis that occurs 24 – 48 h post 

irradiation is likely to be secondary to an aberrant mitotic event, which is instead the 

determining factor in response to radiation412. These data support the hypothesis that other 

mechanisms of cell death play a more central role in the response to radiation in CRC. 

Furthermore, these results suggest that in HCT116 and HRA-19 cells, complement-

mediated apoptosis is not an important mediator of the tumour response to radiation. 

Importantly, experiments performed in this chapter utilised one dose of 1.8 Gy, and 

induction of apoptosis in HRA-19 and HCT116 cells may require multiple fractionated 

doses of radiation. 

DNA is the critical target of RT. Consequently, DNA damage induction and repair 

play a critical role in the response to radiation. In HRA-19 cells, downregulation of C3 was 

associated with increased basal DNA damage at 48 h post transfection. DNA damage was 

also significantly induced following irradiation, which was detectable at 10 h post radiation, 

suggesting persistent damage. As DNA damage was not induced in si-scr cells, it is not 

possible to compare the kinetics of DNA repair in si-scr and si-C3 cells. However, these 

results suggest that downregulation of C3 in HRA-19 cells significantly induces DNA 

damage, both basally and following IR, which can sensitise cells to radiation. This finding 

is supported by previous work in our Department, which highlighted that C3 expression is 

increased in pre-treatment tumour tissue from OAC patients with subsequent poor 

responses to neo-CRT. Within these same tumour biopsies, miR-187 expression was 

significantly decreased368. This was explored in vitro using an isogenic OAC model of 

radioresistance, which demonstrated that transient overexpression of miR-187 in 

radioresistant cells had a significant radiosensitising effect. Interestingly, this was 

accompanied by a downregulation of several DDR genes and C3368. These data highlight 

that C3 may be involved in the DDR and subsequently tumoural responses to radiation. 

The suggestion that complement components are implicated in the DDR are supported by 

recent studies which have identified a role for C1QBP in stabilising the MRN complex to 

promote HR in response to DSBs369, and a role for C5 in repairing chemotherapy-induced 

DNA damage347. Elucidating whether C3 modulates the DDR in HRA-19 cells would 
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require assessing expression of DDR genes following C3 silencing, to determine which, if 

any, pathways are implicated.   

Silencing of C3 in HRA-19 cells was also associated with alterations in basal cell 

cycle distribution. Cell cycle phase can impact on radiosensitivity, with cells in the G2 and 

M phases being most sensitive, cells in G0 being more resistant, and cells in S phase being 

most resistant to radiation95–97. Interestingly, at 24 h post C3 silencing, HRA-19 cells 

demonstrated a significant increase in cells in the radiosensitive G2/M phase, when 

compared to scrambled controls. This was accompanied by a reduction in the percentage 

of radioresistant S phase cells. This demonstrates that basally, C3 silencing alters cell cycle 

distribution in HRA-19 cells to a more radiosensitive phenotype. Complement components 

have previously been implicated in cell cycle distribution342. In a study of clear renal cell 

carcinoma cells, Daugan et al. demonstrated that silencing of CFH is associated with 

modifications in cell cycle distribution, including an increased percentage of cells in the 

G0/G1 phase342. Sublytic C5b-9 is another element of the complement system that has been 

demonstrated to influence cell cycle distribution in oligodendrocytes, by inducing cell cycle 

activation and entry into S phase373. While results presented in this chapter relate to the role 

of C3 in CRC, these studies support the hypothesis that modulating complement expression 

can induce modifications in cell cycle distribution. Interestingly, addition of C3 to the 

culture medium of gastric cancer cell lines has been demonstrated to enhance accumulation 

in S phase317. Given that fewer C3 silenced HRA-19 cells resided in S phase, this supports 

a role for C3 in accumulating cells in S phase, which is the most radioresistant cell cycle 

phase. Thus, therapeutically, targeting C3 may reduce S phase accumulation, leading to 

increased radiosensitivity. 

In addition to alterations in basal cell cycle distribution, silencing of C3 also modified 

cell cycle distribution following irradiation. Silencing of C3 resulted in a reduced 

distribution of cells in S phase, which was concomitant with an increased percentage of 

G0/G1 cells following irradiation. This shift suggests that complement influences cell cycle 

progression in response to radiation, and further highlights a relationship between C3 and 

S phase accumulation. No studies to date have explored the relationship between 

complement and cell cycle progression in the response to radiation. However, in 

radioresistant colon cancer cells, silencing of survivin, an anti-apoptotic protein, has 

previously been associated with G2/M arrest and elevated levels of DNA damage in the 

form of DSBs, post irradiation413. To our knowledge, the results presented here are the first 
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to demonstrate an association between C3 expression and altered cell cycle distribution in 

rectal cancer.  

Results presented in this chapter suggest that C3 may potentially engage in a different 

interactome, within radiosensitive and radioresistant cells. In support of potential differing 

roles for C3 in HCT116 and HRA-19 cells, overexpression and IP of C3 demonstrated 

differential expression of proteins associated with C3 between these two cell lines, with 3 

protein clusters also identified. Elongin A (ELOA1, TCEB3) was among the proteins 

identified in Cluster 1, which was upregulated in HRA-19 cells relative to HCT116 cells. 

As the transcriptionally active subunit of the Elongin complex, ELOA1 has been identified 

as a key contributor to efficient transcript elongation414. Study of ELOA1 in mammalian 

cells following ultra-violet radiation suggests that ELOA1 may contribute to the 

ubiquitylation and degradation of stalled RNA polymerase II (pol II) which has 

encountered damaged DNA, allowing gene transcription by another pol II molecule414. 

Nucleolar and spindle associated protein 1 (NUSAP1), another protein in Cluster 1, has 

been implicated in DNA damage and repair. NUSAP1 is reportedly overexpressed in colon 

cancer and associated with poor patient OS415. In chronic lymphocytic leukemia, 

interaction of NUSAP1 with RAD51 promotes resistance to chemotherapy by contributing 

to HR-mediated DNA repair415. Together, the findings in these studies highlight that 

ELOA1 and NUSAP1 contribute to the resolution of DNA damage. Given the upregulation 

of these proteins in HRA-19 cells, they may potentially contribute to enhanced DNA 

damage repair in HRA-19 cells, relative to HCT116 cells. However, neither ELOA1 or 

NUSAP 1 were predicted to directly interact with C3, so how exactly or if C3 expression 

is influencing this process requires further investigation.  

 Proteins identified in Cluster 2, which was upregulated in HRA-19 cells, when 

compared to HCT116 cells, also suggest that repair of DNA damage is a mechanism by 

which C3 mediates radioresistance in HRA-19 cells. Among the proteins in Cluster 2 are 

tripartite motif-containing protein 29 (TRIM29) and high-mobility group box 3 (HMGB3), 

which have been implicated in DNA repair and resistance to RT416,417. Within Cluster 2, 

the only predicted direct interactor with C3 was chemokine (c-x-c) motif ligand 10 

(CXCL10). High expression of CXCL10 is associated with poor response to RT in SCC of 

the tongue418, highlighting a potential role for CXCL10 in the radioresponse in CRC. 

C1QBP, identified in Cluster 3, which was enriched in HCT116 cells, has been identified 

as a promoter of HR in response to DSBs369. While results in this chapter did not identify 
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altered DNA damage and repair following modulation of C3 expression in HCT116 cells, 

it further highlights a relationship between C3 and the DDR.  

 Several biological and molecular pathways were functionally enriched in the C3 

interactome of HRA-19 cells relative to HCT116 cells. In particular, lymphocyte 

chemotaxis and chemokine activity were identified. KEGG pathway analysis highlighted 

enrichment of oxidative phosphorylation, which has previously been implicated in the 

response of rectal cancer cells to radiation in our department (unpublished data). Together, 

these data have identified potential pathways involved in C3-mediated radioresistance in 

CRC that warrant further investigation.  

Interestingly, several proteins were predicted to be direct interactors with C3 that 

were not significantly altered between HRA-19 and HCT116 cells. In particular, among 

these common, potential binding partners for C3 were several apolipoproteins (APO), 

APOE, APOA1, APOB and APOC3, suggesting a relationship between complement and 

cholesterol metabolism.  

Intracellular complement is gaining increasing attention both within and outside of 

the cancer research landscape. The data presented here demonstrate that in CRC cells, 

intracellular C3 functionally modulates radioresistance. Transient silencing of C3 in the 

radioresistant HRA-19 rectal cancer cell line is associated with significantly enhanced 

radiosensitivity. In these cells, C3 silencing induced elevated levels of basal DNA damage 

and shifted cell cycle distribution to a more radiosensitive phenotype. Mass spectrometry 

analysis following C3 pull-down from HCT116 and HRA-19 cells suggests that C3 engages 

with different interactomes in these cells, which potentially contributes to different 

mechanisms of radioresistance. Complement components are well accepted to function in 

an often context-dependent manner in human cancers177. This likely extends to the role of 

intracellular complement in treatment response. Given the recent discovery that 

intracellular C5a/C5aR signalling can promote tumourigenesis in CRC341, it is highly likely 

that C3/C3a also can modulate cellular phenotype and function. An important question is 

whether endogenous intracellular complement in this context is a different form to C3 that 

is secreted. Until recently, it was largely unknown whether intracellular complement is 

secreted before being re-internalized by the cell, or whether it gets diverted away from the 

secretory pathway409,419. Understanding this in the context of CRC is essential to fully 

elucidate the role for C3 in the radioresponse and assess its potential as a therapeutic target.  
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Chapter 4: Investigating the effect of CRC cell-derived C3 

on T cell phenotype 
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4.1. Introduction 

 In addition to acting as a first line of defence, the complement system is integral in 

coordinating the adaptive immune response and can modulate immune cell phenotype and 

function255. Complement enhances the induction of humoral responses, with complement 

receptor 2 (CR2) forming a B cell co-receptor with CD19 and CD81256. When complement-

opsonised antigens are co-ligated by the CR2 complex and the B cell receptor, the B cell 

threshold for activation is lowered254,257,258. In addition to augmenting the antibody 

response, complement plays key roles in the induction of T cell immunity. Cognate 

interactions between T cells and APCs result in local production of complement 

components, with upregulation of C3aR and C5aR and signalling of locally produced 

anaphylatoxins aiding co-stimulation171,259,260. In naïve T cells, C3a and C5a signals play 

roles in survival171, and following activation, C5a can control the expansion of effector T 

cells by suppressing activation-induced apoptosis172.  

 Importantly, local complement signals during activation can influence T cell 

phenotype. Together with antigen presentation and co-stimulation, polarising cytokines are 

a third critical signal during T cell activation, which induce differentiation into specific T 

cell subsets. Differentiation of Th1 cells is induced by interleukin (IL)-12420, IL-4 and IL-

13 induce differentiation into Th2 cells421,422, and IL-10 promotes differentiation of 

regulatory T cells (Tregs)423. The functions of these T cell subsets are shaped by the 

cytokines they produce, for example; production of IFN-g, TNF-a and IL-2 by Th1 cells 

drives their pro-inflammatory, anti-tumour role424. Engagement of C5aR expressed by 

APCs, by locally produced C5a, upregulates IL-12 production, fostering a Th1 IFN-g-

producing phenotype171,260. Local complement signals have also been demonstrated to 

drive differentiation of Th17 cells425. The importance of C3aR and C5aR signalling in 

providing co-stimulatory and survival signals is demonstrated by the enhanced induction 

of Tregs, which occurs due to elevated IL-10 levels produced in the absence of these 

complement signals261,426. Furthermore, recent evidence demonstrates that complement is 

activated intracellularly in T cells263,265. Activation of both intracellular C3263 and C5265 has 

important roles in normal T cell activation and the secretion of IFN-g407. This intracellular 

T cell ‘complosome’ has also been demonstrated to regulate nutrient uptake and metabolic 

processes during T cell activation264,427.  

 Unsurprisingly, given the demonstrated role of complement in T cell activation, 

complement has been demonstrated to modulate T cells in the context of cancer. To date, 
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many of the pro-tumour roles complement engages in can be attributed to the regulation of 

immune cells162. Evidence for complement-mediated immunosuppression has been 

demonstrated in models of ovarian298, breast321, lung274,326, and colon cancers323, and also 

in models of melanoma330,331 and sarcoma332. Activation of local complement yields 

anaphylatoxins, which can promote tumour growth by modulating the immune cell 

populations within the TME, often impacting anti-tumour T cell responses. In a syngeneic 

model of ovarian cancer, the C5a/C5aR signalling axis has been demonstrated to recruit 

MDSCs, which limit the responses and tumour infiltration of CD8+ T cells298. Similar 

observations have been reported in models of colitis-associated CRC324. Reduced T cell 

production of pro-inflammatory Th1 cytokines such as IFN-g has been demonstrated in 

cancer, following C3a and C5a signalling325,326. Complement-mediated 

immunosuppression can additionally contribute to tumour progression by facilitating the 

growth of metastases. In a murine model of breast cancer, C5aR signalling not only 

recruited MDSCs, but stimulated their production of IL-10 and TGFb321. This was 

associated with the generation of Tregs, which reduced T cell infiltration and responses in 

pre-metastatic lung niches321. Similarly, C3a/C3aR signalling has been demonstrated to 

restrict CD4+ T cell infiltration and promote metastasis, in a murine model of lung 

cancer326. These studies highlight a role for complement in the promotion of tumour growth 

via remodelling of the TME and immune cell phenotypes.  

 Beyond tumour growth, complement-mediated regulation of T cells has been 

implicated in the response to cancer treatment. C5a/C5aR signalling in squamous cell 

carcinoma limits the infiltration of CD8+ T cells, which is associated with a poor response 

to chemotherapy336. Suppression of CD8+ T cell responses by complement has also been 

linked with poor responses to anti-PD-1 and anti-PDL-1 therapy320,322,361,362. In this context, 

C3a has been demonstrated to reduce IL-10 production320 and C5a has been demonstrated 

to recruit MDSCs322 or increase the suppressive capacity of MDSCs361, all of which limit 

the effector function of CD8+ T cells and contribute to poor responses to anti-PD-1 

monoclonal antibodies. C3a/C3aR has additionally been demonstrated to activate PI3Kg 

signalling to promote the immunosuppressive functions of tumour associated macrophages, 

subsequently limiting responses to anti-PD-L1 therapy362. Evidence highlights that the 

therapeutic efficacy of RT can be influenced by complement-mediated modulation of local 

immune cells350,351. RT has been demonstrated to generate complement anaphylatoxins, 

which play essential roles in DC and subsequently anti-tumour T cell activation, and are 
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indispensable for therapeutic efficacy351. In contrast, others have demonstrated that RT-

induced activation of complement restricts immune cell infiltration and suppresses anti-

tumour responses350. While these studies report contrasting results, they demonstrate that 

the impact of complement signalling on the immune milieu within the TME, extends to 

altering treatment response. Complement has also been identified to modulate NK cells, 

with C3a signals restricting tumour infiltration in murine models of breast and colon 

cancer337. Antagonism of the C3a/C3aR signalling axis resulted in slower tumour growth 

and increased infiltration of NK cells338. In these models, complement-mediated 

modulation of NK cells was demonstrated to hinder the therapeutic efficacy of RT, as 

combined RT and complement inhibition demonstrated superior tumour control, when 

compared to RT alone338. These studies highlight that complement can negatively modulate 

immune cells within the TME, leading to poor therapeutic response.  

 In rectal tumours, T cell infiltration has been demonstrated to correspond with 

response to neo-CRT428,429. Understanding whether tumour-derived complement impacts 

the T cell phenotype in rectal cancer may provide essential insights into controlling tumour 

growth, and importantly, targeting resistance to cancer treatment. Given their roles in 

tumour promotion and progression, C3aR and C5aR have been proposed as a novel class 

of immune checkpoint receptors320,430. In the literature, little is known about the effects of 

tumour-derived complement, in particular C3/C3a, on T cells in CRC. Having characterised 

a panel of CRC cell lines, and demonstrated that complement is expressed by and activated 

within these cells, this chapter investigated the effect of CRC cell-derived C3 and 

recombinant C3a on T cell phenotype.  

 

4.2. Specific aims of Chapter 4 

 This chapter aimed to assess the effects of CRC cell-derived C3 and recombinant 

C3a on T cell phenotype in vitro. 

 

The specific aims of Chapter 4 are;  

1. To investigate the effect of CRC cell-derived complement on T cell viability, activation 

and cytokine production, in the context of activation followed by movement to a 

complement-rich TME, by pre-stimulating peripheral blood mononuclear cells 

(PBMCs) and then co-culturing with conditioned media (CM) from HRA-19 or 

HCT116 cells basally and following transient silencing or overexpression of C3, 

respectively.  
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2. To investigate the effect of recombinant C3a on T cell viability, activation and cytokine 

production, in the context of activation followed by movement to a complement-rich 

TME, by pre-stimulating PBMCs and then treating with recombinant C3a. 

3. To investigate the effect of CRC cell-derived complement on T cell viability, 

proliferation, activation and cytokine production, in the context of T cell activation 

within a complement-rich lymph node, by activating PBMCs while co-culturing with 

HRA-19 or HCT116 CM. 

4. To investigate the effect of recombinant C3a on T cell viability, proliferation, activation 

and cytokine production, in the context of T cell activation within a complement-rich 

lymph node, by activating PBMCs in the presence of recombinant C3a. 
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4.3. Materials and methods 

4.3.1. Ethical approval  

 This study utilised blood samples from healthy donors and was approved by the 

Faculty of Health Sciences Research Ethics Committee at Trinity College Dublin.  

 

4.3.2. Consent of healthy donors 

 Volunteers for blood donation provided written, informed consent prior to sample 

collection. Venous blood (maximum of 36 mL) was drawn from consenting healthy donors 

by a qualified phlebotomist. In line with GDPR regulations, blood samples were 

anonymised to protect donor privacy.  

 

4.3.3. PBMC isolation 

 PBMC isolation was performed in a laminar flow hood (Bioquell, Andover, United 

Kingdom). Aseptic technique was adopted for all procedures involving PBMCs and work 

was carried out in a laminar flow hood, which was switched on for at least 20 min prior to 

use. Before entering the hood, the area was decontaminated using 70% (v/v) ethanol. All 

reagents and equipment were sterilised with 70% (v/v) ethanol before they were placed in 

the laminar flow hood. PBMCs were isolated from whole blood by density gradient 

centrifugation using LymphoprepTM (STEMCELL Technologies, Vancouver, Canada). 

Whole blood was diluted 1:1 using complete RPMI and layered carefully over Lymphoprep 

at a ratio of 2:1 diluted blood to Lymphoprep, in a 50 mL falcon tube. Tubes were 

centrifuged at 2,000 RPM for 25 min (Acceleration 3, Deceleration 0). The white cloudy 

PBMC buffy layer was transferred to a new 50 mL falcon tube and the volume was made 

up to 50 mL with PBS. PBMCs were washed by centrifugation at 1,800 RPM for 10 min. 

Supernatants were discarded to waste and washed again as before. The pellet was re-

suspended in 1 mL of RPMI and 5 µL of this was added to 195 µL Trypan Blue (1:40 

dilution). Cells were counted using a haemocytomer as previously described (Section 

2.3.8). PBMCs/mL were calculated using the formula: 

 

Number of cells/mL = /"01&	'234)5	"6	%)&&*
7

	𝑥	107𝑥	40	(𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟) 

 

PBMCs were re-suspended in RPMI at a concentration of 1 x 106 cells/mL and incubated 

at 37°C, 5% CO2/ 95% humidified air until required.  
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4.3.4. T cell activation using anti-CD3 and anti-CD28 

 The PBMC buffy coat layer isolated from whole blood contains monocytes and T 

cells. To stimulate activation of T cells, PBMCs were stimulated using plate-bound anti-

CD3 and anti-CD28 antibodies.  

 A 2 µg/mL goat anti-mouse immunoglobulin G (IgG) (Sigma Aldrich, Merck) in 

sterile PBS was prepared and 300 µL was added to each well of a 12 -well plate. Plates 

were carefully sealed with parafilm and incubated for 2 h at 37°C, 5% CO2/ 95% humidified 

air. Unbound IgG antibody was removed by carefully washing wells twice with PBS. An 

ultra LeafTM anti-CD3 (2 µg/mL) (Biolegend, California, United States) and anti-CD28 (5 

µg/mL) (Ancell, Minnesota, United States) solution was prepared in sterile PBS and 300 

µL was added to IgG coated wells. The plate was incubated at 37°C for at least 2 h to allow 

anti-CD3/CD28 antibodies to bind to IgG. Prior to seeding PBMCs (Section 4.3.8), 

unbound anti-CD3/CD28 was removed by carefully washing wells twice with sterile PBS.  

 

4.3.5. Assessing C3aR expression on PBMCs 

 C3aR expression was assessed extracellularly on unactivated and activated PBMCs. 

PBMCs were activated by culturing in 2 mL of complete RPMI in 12-well plates coated 

with anti-CD3/CD28 (Section 4.3.4) at 37°C, 5% CO2/ 95% humidified air for 72 h. 

Unactivated PBMCs were cultured in 2 mL of complete RPMI in 12-well plates at 37°C, 

5% CO2/ 95% humidified air for 72 h. 

 To stain, PBMCs were collected in FACS tubes and pelleted by centrifugation at 

1,300 RPM for 3 min at RT°. Supernatants were discarded and PBMCs were washed with 

1 mL of FACS buffer (PBS with 2% FBS, 0.1% Sodium Azide) and pelleted as before. 

Supernatants were discarded and to eliminate dead cells during analysis, cells were stained 

with Zombie NIR (1:1000 dilution in PBS) (Biolegend, California, United States). Cells 

were stained in the dark at RT° for 15 min. Without washing off the Zombie NIR, PBMCs 

were stained using the extracellular antibodies detailed in Table 4-1 made up to a total 

volume of 100 µL with FACS buffer. Staining was performed in the dark at RT° for 20 

min. PBMCs were washed twice with FACS buffer and resuspended in 250 µL FACS 

buffer.  
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Table 4-1: Optimised volumes of extracellular antibodies used to distinguish T cell 
populations and assess expression of the C3aR.  

Antibody Company Clone Vol (µL) / tube 

CD3-Pe/Cy7 Biolegend OKT3 1  

CD4-APC Biolegend OKT4 1 

CD8-BV421 Biolegend SK1 1 

C3aR-PE Miltenyi hC3aRZ8 5 

 

 

4.3.6. Generation of CM  

 CM was generated from HCT116 and HRA-19 cells basally and following C3 

overexpression or silencing, respectively (Fig. 4-1). 

 C3 was knocked down in HRA-19 cells using siRNA (Qiagen, Hilden, Germany). 

Reverse transfection was performed using 10 nM si-C3 or si-scr in 6-well plates. Briefly, 

HRA-19 cells in the exponential growth phase were harvested by trypsinisation as 

previously described (Section 2.3.4), counted (Section 2.3.8) and adjusted to a final 

concentration of 1 x 105 cells per mL in RPMI supplemented with 10% FBS. Reverse 

transfection was carried out as described in Section 3.3.5. A 2.4 mL volume of cell 

suspension (2.4 x 105 cells) was added to each well. Plates were rocked back and forth 

gently for 10 s and incubated at 37°C, 5% CO2/ 95% humidified air for 24 h. After 24 h 

incubation, CM was removed and stored at -20°C until required. 

 C3 was overexpressed in HCT116 cells using C3 and VC plasmids (SinoBiological, 

Beijing, China). Briefly, HCT116 cells in the exponential growth phase were harvested by 

trypsinisation as previously described (Section 2.3.4), counted (Section 2.3.8) and adjusted 

to a final concentration of 2 x 105 cells per mL in RPMI supplemented with 10% FBS. 

Reverse transfection was carried out as described in Section 3.3.4. A 1.5 mL volume of cell 

suspension (3 x 105 cells) was added to each well. Plates were rocked back and forth gently 

for 10 s and incubated at 37°C, 5% CO2/ 95% humidified air for 4 h. After 4 h, media was 

carefully removed and replaced with 3 mL of fresh RPMI supplemented with 10% FBS. 

After 24 h incubation, CM was removed and stored at -20°C until required. 
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Figure 4-1: CM generation from HCT116 and HRA-19 cell lines. (A) The radiosensitive 
HCT116 cell line expresses significantly lower levels of complement, when compared to the 
radioresistant HRA-19 cell line. (B) CM was generated from HRA-19 cells lines basally (cells only) 
or following transient transfection with siRNA for C3 (si-C3) or a scrambled siRNA control (si-
scr) and from HCT116 cells lines basally (cells only) or following transient transfection with a 
cDNA plasmid for C3 (C3) or a vector control (VC) plasmid. At 24 h post transfection, CM was 
removed and stored at -20°C until required.  
 

 

4.3.7. Preparation of recombinant C3a 

 Recombinant human C3a (Bio-Techne, Minnesota, United States) was 

reconstituted in sterile PBS at a concentration of 250 μg/mL. Serial dilution of recombinant 

C3a (250 μg/mL) in complete RPMI was performed immediately prior to use as outlined 

in Table 4-2.  

 

Table 4-2: Preparation of C3a working stock. 
Volume recombinant C3a Volume RPMI Dilution 

factor 

Final 

Concentration 

6 μL of 250 μg/mL stock 744 μL 1:125 2000 ng/mL 

300 μL of 2000 ng/mL working 

stock 

300 μL 1:2 1000 ng/mL 

250 μL of 1000 ng/mL working 

stock 

250 μL 1:2 500 ng/mL 

 

 

A B
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4.3.8. Co-culture of PBMCs with CM or recombinant C3a 

 PBMCs were co-cultured with CM or recombinant C3a using two experimental set 

ups. Experimental set up 1 aimed to recapitulate pre-activated T cells coming in contact 

with complement after trafficking back to the TME (Fig. 4-2 A). PBMCs were resuspended 

in RPMI at a concentration of 2 x 106 cells/mL. A 500 µL volume of cell suspension (1 x 

106 cells) was added to 12-well plates pre-coated with anti-CD3/CD38 (Section 4.3.4). For 

CM co-cultures, 500 µL CM from HCT116 or HRA-19 cells (as generated in Section 4.3.6) 

was added to appropriate wells (1:2 dilution of CM). For recombinant C3a treatments, 100 

µL of recombinant C3a working stock (500 ng/mL, 1000 ng/mL or 2000 ng/mL) (Table 4-

2) was added to appropriate wells, followed by 400 µL RPMI to achieve a final well volume 

of 1 mL (1:10 dilution of recombinant C3a resulting in final concentrations of 50 ng/mL, 

100 ng/mL and 200 ng/mL). PBS (0.8% in RPMI) was used as a vehicle control. PBMCs 

were incubated at 37°C, 5% CO2/ 95% humidified air for 48 h (Fig. 4-2 C). 

 Experimental set up 2 aimed to recapitulate T cell activation within the tumour-

draining lymph node in the presence of tumour-derived complement (Fig. 4-2 B). PBMCs 

were resuspended in RPMI at a concentration of 1 x 106 cells/mL. A 1 mL volume of cell 

suspension (1 x 106 cells) was added to 12-well plates pre-coated with anti-CD3/CD38 

(Section 4.3.4), and PBMCs were incubated at 37°C, 5% CO2/ 95% humidified air for 24 

h. After 24 h activation, plates were centrifuged at 1,300 RPM for 3 min at RT° to pellet 

PBMCs and 500 µL of media was carefully removed. For CM co-cultures, 500 µL CM 

from HCT116 or HRA-19 cells (as generated in Section 4.3.6) was added to appropriate 

wells (1:2 dilution of CM). For recombinant C3a treatments, 100 µL recombinant C3a 

working stock (500 ng/mL, 1000 ng/mL or 2000 ng/mL) (Table 4-2) was added to 

appropriate wells, followed by 400 µL RPMI, to achieve a final well volume of 1 mL (1:10 

dilution of recombinant C3a resulting in final concentrations of 50 ng/mL, 100 ng/mL and 

200 ng/mL). PBS (0.8% in RPMI) was used as a vehicle control. PBMCs were incubated 

at 37°C, 5% CO2/ 95% humidified air for a further 24 h (Fig. 4-2 D). 

 

4.3.9. Carboxyfluorescein succinimidyl ester (CFSE) labelling to monitor 

proliferation 

 Proliferation of PBMCs was assessed using CFSE, which is a cell permeable dye. 

Following passive diffusion into cells, intracellular esters cleave CFSE ester groups, 

converting them into fluorescent esters, which bind intracellular proteins. CFSE is stable, 
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retained within the cell, and is passed on to daughter cells following divisions. At the time 

of sample acquisition, CFSE positive populations of varying fluorescence intensity can be 

identified, each corresponding to cell division.  

 Lyophilised CFSE was reconstituted to a concentration of 5 mM in DMSO. A 5 µM 

working solution of CFSE was prepared in sterile PBS. PBMCs were pelleted by 

centrifugation at 1,300 RPM for 3 min at RT° and resuspended in the 5 µM CFSE working 

solution at a concentration of 10 x 106 cells/mL. PBMCs were incubated in CFSE staining 

solution for 20 min at 37°C, 5% CO2/ 95% humidified air in the dark. The stain was 

quenched by the addition of 5 times the original staining volume of complete medium. 

CFSE-labelled PBMCs were pelleted by centrifugation as before and resuspended in 

complete medium at a concentration of 1 x 106 cells/mL. CFSE-labelled PBMCs (1 x 106 

cells) were seeded into 12-well plates pre-coated with anti-CD3/CD28 antibodies in a total 

volume of 2 mL complete medium. As controls, unstained PBMCs were also stimulated in 

anti-CD3/CD28 coated plates (unstained, activated), and CFSE-labelled PBMCs were 

seeded in an uncoated 12-well plate (stained, unactivated). PBMCs were incubated at 37°C, 

5% CO2/ 95% humidified air for 5 d. After 5 d, PBMCs were collected in FACS tubes and 

pelleted by centrifugation at 1,300 RPM for 3 min at RT°. The supernatants were discarded 

and PBMCs were washed with 1 mL FACS buffer (PBS with 2% FBS, 0.1% sodium azide). 

PBMCs were stained using 2 µL CD3-PeCy7 antibody (Biolegend, California, United 

States) in 98 µL FACS buffer in the dark at RT° for 20 min. PBMCs were washed twice 

with FACS buffer and resuspended in 250 µL FACS buffer.  

 

4.3.10. AV/PI assay to assess viability  

 The viability of PBMCs co-cultured with CM or treated with recombinant C3a 

(Section 4.3.8) was assessed using the AV/PI assay.  

 Cells were collected in 5 mL round bottom polystyrene falcon tubes (Becton, 

Dickinson and Company, New Jersey, United States). Cells were pelleted by centrifugation 

at 1,300 RPM for 3 min at RT° and the supernatants were discarded. Cells were washed 

with 500 µL 1X AV binding buffer (Diluted 1:10 with PBS from 10X stock, (0.1 M HEPES 

pH 7.4, 1.4 M NaCl, 25 Mm CaCl2 in dH2O) ). Cells were pelleted again by centrifugation 

at 1,300 RPM for 3 min at RT° and stained with 100 µL AV-FITC antibody staining 

solution (Biolegend, San Diego, United States) (2 µL AV-FITC antibody in 98 µL 1X AV 

binding buffer) in the dark at RT° for 20 min. After incubation, cells were washed with 500 
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µL 1X AV binding buffer and pelleted as before. Cells were resuspended in 250 µL 1X AV 

binding buffer. PI (Invitrogen, Massachusetts, United States) was diluted 1:4000 using 1X 

AV binding buffer immediately before sample acquisition and 250 µL diluted PI solution 

was added to each tube, resulting in a final dilution of 1:8000.  

 

4.3.11. Flow cytometry staining to assess T cell activation  

 The expression of activation markers on the surface of PBMCs co-cultured with 

CM or treated with recombinant C3a (Section 4.3.8) was assessed by flow cytometry.  

 PBMCs were collected in FACS tubes and pelleted by centrifugation at 1,300 RPM 

for 3 min at RT°. Supernatants were discarded and PBMCs were washed with 1 mL FACS 

buffer and pelleted as before. Supernatants were discarded and to eliminate dead cells 

during analysis, cells were stained with Zombie NIR (1:1000 dilution in PBS). Cells were 

stained in the dark at RT° for 15 min. Without washing off the Zombie NIR, PBMCs were 

stained for cell surface activation markers using the extracellular antibodies detailed in 

Table 4-3 made up to a total volume of 100 µL with FACs buffer. Staining was performed 

in the dark at RT° for 20 min. PBMCs were washed twice with FACS buffer and 

resuspended in 250 µL FACS buffer.  

 

Table 4-3: Optimised volumes of extracellular antibodies used to distinguish T cell 
populations and assess expression of activation markers.  

Antibody Company Clone Vol (µL) / tube 

CD3-Pe/Cy7 Biolegend OKT3 1  

CD4-APC Biolegend OKT4 1 

CD8-BV421 Biolegend SK1 1 

CD69-PE BD Biosciences FN50 2  

CD62L-Pe/Cy5 BD Biosciences DREG-56 2  

CD45RA-V500 BD Biosciences HI100  1  

CD45RO-FITC Biolegend UCHL1 1  
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4.3.12. Intracellular flow cytometry staining to assess cytokine production 

 Cytokine production by PBMCs co-cultured with CM or treated with recombinant 

C3a (Section 4.3.8) was assessed by flow cytometry.  

 Prior to staining, PBMCs were treated with PMA (10 ng/mL) and Ionomycin (1 

µg/mL) (both Sigma Aldrich, Missouri, United States) during the last 4 h of incubation. 

For the final 3 h of incubation, PBMCs were additionally treated with Brefeldin A (10 

µg/mL) (eBiosciences, Thermofisher Scientific, Massachusetts, United States).  

 PBMCs were collected in FACS tubes, washed and stained with Zombie NIR as 

previously described (Section 4.3.11). Without washing off the Zombie NIR, PBMCs were 

stained using extracellular antibodies for CD3, CD4 and CD8 using the optimised volumes 

outlined in Table 4-4 made up to a total volume of 100 µL with FACS buffer. Staining was 

performed in the dark at RT° for 20 min. PBMCs were washed using 1mL FACS buffer, 

pelleted by centrifugation as before and supernatants were discarded.  

 To assess intracellular cytokine expression the eBioscience Intracellular Fixation 

and Permeabilization Buffer Set (Thermofisher Scientific, Massachusetts, United States) 

was used. PBMCs were fixed using 100 µL intracellular fixation buffer. FACS tubes were 

vortexed well and incubated in the dark at RT° for 20 min. PBMCs were washed with 1 

mL 1X permeabilization buffer (10X permeabilization buffer diluted 1:10 with distilled 

water) and centrifuged at 1300 RPMI for 3 min. PBMCs were stained for intracellular 

cytokines using the optimised volumes of intracellular antibodies presented in Table 4-5, 

in a final volume of 100 µL 1X permeabilization buffer per sample. Samples were 

incubated in the dark at RT° for 20 min before being washed twice with 1mL of 1X 

permeabilization buffer and resuspended in 250 µl FACS buffer. 

 

Table 4-4: Optimised volumes of extracellular antibodies used to distinguish T cell 
populations.  

Antibody Company Clone Vol / tube 

CD3-PerCP Biolegend HIT3a 1 µL 

CD4-FITC Biolegend OKT4 1 µL 

CD8-BV421 Biolegend SK1 1 µL 
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Table 4-5: Optimised volumes of intracellular antibodies used to assess cytokine expression. 
Antibody Company Clone Vol / tube 

IL-10-PE Biolegend JESS-19F1 1 µL 

IL-4-Pe/Cy7 Biolegend MP4-25D2 1 µL 

IL-17A-APC Biolegend BL168 1 µL 

IFN-	g-BV510 Biolegend 4S.B3 1 µL 

 

4.3.13. Flow cytometry acquisition and analysis 

 All samples were acquired using a BD FACSCanto II (Becton, Dickinson and 

Company, New Jersey, United States) and FACSDiva Software (Becton, Dickinson and 

Company, New Jersey, United States). Analysis was performed using FlowJo v10 Software 

(Becton, Dickinson and Company, New Jersey, United States). Gating strategies to assess 

expression of the C3aR, surface activation markers and intracellular cytokines are 

presented in Appendices 6,7, and 8 respectively.   

 

4.3.14. Statistical analysis 

 Graphing of results and statistical analysis was performed using Prism 9 Software 

(GraphPad, California, United States). All data are presented as mean ± SEM, unless 

otherwise indicated. Significance was determined by ANOVA with post-hoc Tukey’s 

multiple comparisons testing or Student’s t-test, as detailed in figure legends. Where 

comparison groups were paired (i.e. untreated vs. treated), a paired t-test was performed, 

otherwise unpaired t-tests were used. Results were considered significant where p £ 0.05.  
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Figure 4-2: Experimental set ups for PBMC co-cultures with CM or recombinant C3a. 
Experiments were performed using two experimental set ups. (A) Experimental set up 1 aimed to 
recapitulate T cell activation followed by movement to a complement-rich TME. To assess the 
effect of this on T cell phenotype in vitro (C) PBMCs were pre-stimulated using plate-bound anti-
CD3/CD28 for 24 h (1), before being co-cultured with CM from HCT116 or HRA-19 cells or 
treated with recombinant C3a (2). (B) Experimental set up 2 aimed to recapitulate T cell activation 
within the tumour-draining lymph node in the presence of tumoural complement. To assess the 
effects of this on T cell phenotype in vitro, (D) PBMCs were activated using plate-bound anti-
CD3/CD28 while being co-cultured with CM from HCT116 or HRA-19 cells or treated with 
recombinant C3a. 
 

 

A B

C D
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4.4. Results  

4.4.1. T cell expression of the C3aR increases following activation 

 C3a signals through the C3aR expressed on the surface of tumour cells and immune 

cells. Extracellular expression of the C3aR on T cells was assessed by flow cytometry using 

both unactivated T cells and T cells stimulated using anti-CD3/CD28 for 3 d.  

 The C3aR was expressed by both activated and unactivated T cells (Fig. 4-3). 

Expression of the C3aR was significantly elevated (p = 0.0032) on the surface of activated 

CD3+ T cells, when compared to unactivated CD3+ T cells (Mean % of CD3+ cells 

expressing C3aR ± SEM; activated 53.6 ± 3.089, unactivated 11.06 ± 1.323). C3aR 

expression was also significantly increased (p = 0.0017) on activated, when compared to 

unactivated CD3+CD4+ T cells (Mean % of CD3+CD4+ cells expressing C3aR ± SEM; 

activated 53.90 ± 2.307, unactivated 13.83 ± 2.398). Similarly, CD3+CD8+ T cells 

demonstrated significantly increased expression of C3aR following activation (p = 0.0283) 

(Mean % of CD3+CD8+ cells expressing C3aR ± SEM; activated 55 ± 6.710, unactivated 

11.15 ± 1.651). This demonstrates low basal expression of C3aR on T cells which increases 

following activation.  
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Figure 4-3: T cell expression of C3aR significantly increases following activation. Expression 
of C3aR was assessed on CD3+, CD3+ CD4+ and CD3+ CD8+ T cells by flow cytometry. Data are 
presented as mean ± SEM for 3 biological replicates. Statistical analysis was performed by paired 
two-tailed Student’s t-test. *p < 0.05, **p < 0.01. 
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4.4.2. CM from si-C3 transfected HRA-19 cells induces elevated early-stage apoptosis 

in PBMCs 

 HRA-19 cells express C3 protein that can be detected in CM generated from these 

cells. To investigate potential effects of HRA-19-derived complement on PBMCs, CM was 

generated basally and following transient C3 silencing using siRNA (As illustrated in Fig. 

4-1). Transient C3 silencing was demonstrated to reduce the concentration of C3 protein in 

CM from HRA-19 cells by approximately 50% (Fig. 4-4 A).  

 PBMCs were pre-activated using plate-bound anti-CD3/CD28 and then cultured for 

a further 24 h in the presence of HRA-19 CM (as illustrated in Fig. 4-5 A), with the aim of 

recapitulating uninterrupted T cell activation followed by movement to a complement-rich 

TME (Fig. 4-2 A). Viability was assessed using the AV/PI assay and flow cytometry. The 

percentage of viable (AV-PI-) cells was similar when PBMCs were cultured in RPMI or 

with CM from HRA-19 cells, si-C3 transfected HRA-19 cells or si-scr transfected HRA-

19 cells (Fig. 4-5 C). PBMCs co-cultured with CM from si-C3 HRA-19 cells demonstrated 

significantly elevated levels of early-stage apoptosis (AV+PI), when compared to those co-

cultured with si-scr CM (Fig. 4-5 D). There were no alterations in the percentage of PBMCs 

undergoing late stage apoptosis/death (AV+PI+) (Fig. 4-5 E) or necrosis (AV-PI+) when co-

cultured with CM from si-C3 HRA-19 cells, when compared to controls (Fig. 4-5 F).  

 These data demonstrate that in the absence of C3-derived from HRA-19 cells, early-

stage apoptosis of PBMCs is elevated, suggesting that tumour cell-derived C3 may promote 

PBMC viability in CRC.  
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Figure 4-4: Concentration of C3 in CM generated from HCT116 and HRA-19 cells. C3 
expression was transiently silenced in HRA-19 cells using siRNA (si-C3), or transiently 
overexpressed in HCT116 cells using a C3 DNA plasmid (C3). Controls were transfected with 
scrambled siRNA (si-scr), or vector control (VC) DNA plasmids, respectively. Cells were cultured 
for 24 h before CM was removed. Concentration of C3 in CM generated from (A) HRA-19 cells 
and (B) HCT116 cells was assessed by ELISA. Data are representative of results from a single 
experiment.  
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Figure 4-5: CM from si-C3 transfected HRA-19 cells induces significant early apoptosis in 
pre-activated PBMCs. (A) PBMCs were pre-activated for 24 h with plate-bound anti-CD3/CD28 
and then co-cultured for a further 24 h with CM from HRA-19 cells basally or following transient 
transfection with C3 siRNA (si-C3), or a scrambled control siRNA (si-scr). Viability was assessed 
by flow cytometry using the AV/PI assay. (B) Representative dot plot. The percentage of (C) live 
(AV-PI-), (D) early apoptotic (AV+PI-), (E) late apoptotic/dead (AV+PI+) and (F) necrotic (AV-PI+) 
PBMCs was analysed. Data are presented as mean ± SEM for 3 biological replicates. Statistical 
analysis was performed by paired two-tailed Student’s t-test. *p < 0.05. 
 

A

C D

E F

57.8 % 35.7 %

Late-stage apoptotic/ 
dead5.94 %

Necrotic

Viable

0.49 %

Annexin V

Pr
op

id
iu

m
 Io

di
deB

Early-stage apoptotic

RPMI
 C

M

si-
sc

r C
M

si-
C3 C

M
0

20

40

60

80

%
 A

V
- P

I-  c
el

ls

Viable cells

RPMI
 C

M

si-
sc

r C
M

si-
C3 C

M
0

20

40

60

%
 A

V
+ P

I-  c
el

ls

Early-stage apoptotic cells

*

RPMI
 C

M

si-
sc

r C
M

si-
C3 C

M
0

2

4

6

8

%
 A

V
+ P

I+  
ce

lls

Late-stage apoptotic/dead cells

RPMI
 C

M

si-
sc

r C
M

si-
C3 C

M
0

1

2

3

4

5

%
 A

V
- P

I+  
ce

lls

Necrotic cells



 191 
 
 

4.4.3. CM from si-C3 transfected HRA-19 cells increases CD4RO expression in pre-

activated CD8+ T cells  

 The effect of CM from HRA-19 cells on T cell activation was assessed. Using the 

same experimental set up (as illustrated in Fig. 4-5 A), PBMCs activated for 24 h and co-

cultured with CM from HRA-19 cells were assessed for surface activation marker 

expression by flow cytometry (Fig. 4-6).   

 There were no differences in the percentages of CD3+, CD3+CD4+ or CD3+CD8+ T 

cells expressing CD69, CD62L and CD45RA following co-culture with CM from si-C3 

HRA-19 cells, when compared to CM from si-scr cells (Fig. 4-6 A-C). There was a 

significant increase in the percentage of CD3+CD8+ T cells expressing CD45RO following 

co-culture with CM from si-C3 cells, when compared to CM from si-scr cells (p = 0.0132) 

(Mean % of CD3+CD8+ cells expressing CD45RO ± SEM; si-C3 co-cultured 13.113 ± 

2.547, si-scr co-cultured 12.27 ± 2.606) (Fig. 4-6 D). This demonstrates that CD8+ T cells 

are significantly more activated when exposed to lower concentrations of C3 derived from 

HRA-19 cells, suggesting that HRA-19 cell-derived C3 may contribute to the maintenance 

of a naïve state.  

 MFI of activation markers expressed by CD3+ , CD3+ CD4+ or CD3+ CD8+ T cells 

co-cultured with CM from HRA-19 cells was also assessed. No alterations in the MFI of 

CD69, CD62L, CD45RA or CD45RO were demonstrated when the concentration of HRA-

19 cell-derived C3 was reduced (Fig. 4-6 E-H), suggesting that in this setting, C3 derived 

from HRA-19 cells does not alter the degree of activation markers expressed by T cells.   

 

4.4.4. CM from si-C3 transfected HRA-19 cells does not alter cytokine expression in 

pre-activated T cells  

 Having demonstrated that HRA-19 CM induces alterations in surface expression of 

activation markers by pre-activated T cells, the effects of HRA-19 CM on T cell cytokine 

expression was assessed. Similarly, PBMCs activated for 24 h were co-cultured with CM 

from HRA-19 cells (as illustrated in Fig. 4-5 A), and intracellular cytokine expression was 

assessed by flow cytometry (Fig. 4-7). As PMA downregulates human CD4, for this 

experiment CD4+ T cells were classified as CD3+CD8-. 

 The percentage of CD3+, CD3+CD8+ or CD3+CD8- T cells expressing IFN-g, IL-10, 

IL-4 or IL-17A was unchanged following co-culture with CM from si-C3 HRA-19 cells, 

when compared to CM from si-scr controls (Fig. 4-7 A-D). Additionally, the MFI of 
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cytokines expressed by CD3+, CD3+CD8+ or CD3+CD8- T cells was unchanged following 

co-culture with CM from si-C3 HRA-19 cells, when compared to CM from si-scr controls 

(Fig. 4-7 E-H). These data demonstrate that cytokine expression is similar in pre-activated 

T cells co-cultured with CM from si-C3 and si-scr HRA-19 cells. This suggests that C3 

derived from HRA-19 cells does not alter cytokine production in pre-activated T cells.  

 

4.4.5. CM from HCT116 cells overexpressing C3 does not alter the viability of pre-

activated PBMCs 

 Having investigated the effect of HRA-19 cell-derived C3 on T cell phenotype in 

the context of pre-activated T cell movement to a complement-rich TME (Fig. 4-2 A), the 

effect of C3 derived from another CRC cell line, HCT116 cells, was investigated.  

 HCT116 cells produce C3 protein at low levels that is present at low levels (<1 

ng/mL) in CM generated from these cells. To investigate the effect of HCT116-derived 

complement on PBMCs, CM was generated from HCT116 cells basally and following 

transfection with a C3 overexpression vector or VC (As illustrated in Fig. 4-1). PBMCs 

were pre-activated using plate-bound anti-CD3/CD28 and then cultured for a further 24 h 

in the presence of HCT116 CM (as illustrated in Fig. 4-8 A). 

 The percentage of viable (AV-PI-) PBMCs was unchanged following co-culture 

with CM from HCT116 cells overexpressing C3 (Fig. 4-8 C). Similarly, CM from HCT116 

cells overexpressing C3 did not alter the percentage of PBMCs that were undergoing early 

stage apoptosis (AV+PI-) (Fig. 4-8 D), late stage apoptosis/death (AV+PI+) (Fig. 4-8 E) or 

necrosis (AV-PI+) (Fig. 4-8 F), when compared to CM from HCT116 cells transfected with 

a VC or RPMI controls. Overall these data demonstrate that viability is similar in pre-

activated T cells co-cultured with CM from HCT116 cells overexpressing C3, suggesting 

that C3 derived from HCT116 cells does not alter the viability of PBMCs. 
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Figure 4-6: CM from si-C3 transfected HRA-19 cells increases CD45RO expression in pre-
activated CD8+ T cells. PBMCs were pre-activated for 24 h with plate-bound anti-CD3/CD28 and 
then co-cultured for a further 24 h with CM from HRA-19 cells basally or following transient 
transfection with C3 siRNA (si-C3), or a scrambled control siRNA (si-scr). The percentage of 
CD3+, CD3+CD4+ and CD3+CD8+ T cells expressing (A) CD69, (B) CD62L, (C) CD45RA and (D) 
CD45RO was assessed by flow cytometry. (E-H) MFI of markers expressed. Data are presented as 
mean ± SEM for 3 biological replicates. Statistical analysis was performed by paired two-tailed 
Student’s t-test. *p < 0.05. 
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Figure 4-7: CM from si-C3 transfected HRA-19 cells does not alter cytokine expression in 
pre-activated T cells. PBMCs were pre-activated for 24 h with plate-bound anti-CD3/CD28 and 
then co-cultured for a further 24 h with CM from HRA-19 cells basally or following transient 
transfection with C3 siRNA (si-C3), or a scrambled control siRNA (si-scr). The percentage of 
CD3+, CD3+CD8+ and CD3+CD8- T cells expressing (A) IFN-g, (B) IL-10, (C) IL-4 and (D) IL-
17A was assessed by flow cytometry. (E-H) MFI of cytokines expressed. Data are presented as 
mean ± SEM for 4 biological replicates. Statistical analysis was performed by paired two-tailed 
Student’s t-test. 
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Figure 4-8: CM media from HCT116 cells overexpressing C3 does not alter the viability of 
PBMCs. (A) PBMCs were pre-activated for 24 h with plate-bound anti-CD3/CD28 and then co-
cultured for a further 24 h with CM from HCT116 cells basally or following transient transfection 
with a C3 DNA plasmid or a VC plasmid. Viability was assessed by flow cytometry using the 
AV/PI assay. (B) Representative dot plot. The percentage of (C) live (AV-PI-), (D) early apoptotic 
(AV+PI-), (E) late apoptotic/dead (AV+PI+) and (F) necrotic (AV-PI+) PBMCs were analysed. Data 
are presented as mean ± SEM for 3 biological replicates. Statistical analysis was performed by 
paired two-tailed Student’s t-test. 
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4.4.6. CM from HCT116 cells overexpressing C3 does not alter activation marker 

expression in pre-activated T cells  

 The effect of CM from HCT116 cells on T cell activation was assessed. PBMCs 

pre-activated for 24 h and co-cultured with CM from HCT116 cells (as illustrated in Fig. 

4-8 A) were assessed for activation marker expression by flow cytometry (Fig. 4-9).   

 There were no differences in the percentage of CD3+, CD3+CD4+ or CD3+CD8+ T 

cells expressing CD69, CD62L, CD45RA or CD45RO following co-culture with CM from 

HCT116 cells overexpressing C3, when compared to CM from HCT116 cells transfected 

with a VC (Fig. 4-9 A-D). MFI of activation markers expressed by CD3+, CD3+CD4+ or 

CD3+CD8+ T cells co-cultured with C3 CM, when compared to those co-cultured with VC 

CM was also assessed. No alterations in the MFI of CD69, CD62L, CD45RA or CD45RO 

expression were demonstrated (Fig. 4-9 E-H). These data demonstrate that activation 

marker expression in pre-activated T cells is unchanged following co-culture with CM from 

HCT116 cells overexpressing C3, suggesting that HCT116 cell-derived C3 does not alter 

T cell activation. 

 

4.4.7. CM from HCT116 cells overexpressing C3 does not alter cytokine expression in 

pre-activated T cells  

 Having demonstrated that HCT116 CM does not induce alterations in surface 

expression of activation markers by pre-activated T cells, the effects of HCT116 CM on T 

cell cytokine expression was assessed. PBMCs activated for 24 h were co-cultured with 

CM from HCT116 cells (as illustrated in Fig. 4-8 A), and intracellular cytokine expression 

was assessed by flow cytometry (Fig. 4-10). As PMA downregulates human CD4, for this 

experiment CD4+ T cells were classified as CD3+CD8-. 

 The percentage of CD3+, CD3+CD8+ or CD3+CD8- T cells expressing IFN-g, IL-10, 

IL-4 or IL-17A was unchanged following co-culture with CM from HCT116 cells 

overexpressing C3, when compared to CM from HCT116 cells transfected with a VC (Fig. 

4-10 A-D). Additionally, the MFI of cytokines expressed by CD3+ , CD3+CD8+ or 

CD3+CD8- T cells was unchanged (Fig. 4-10 E-H). These data demonstrate that cytokine 

expression in pre-activated T cells is unchanged following co-culture with CM from 

HCT116 cells overexpressing C3, suggesting that HCT116 cell-derived C3 does not alter 

cytokine expression.  
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Figure 4-9: CM from HCT116 cells overexpressing C3 does not alter activation marker 
expression in pre-activated T cells. PBMCs were pre-activated for 24 h with plate-bound anti-
CD3/CD28 and then co-cultured for a further 24 h with CM from HCT116 cells basally or following 
transient transfection with a C3 DNA plasmid, or a VC DNA plasmid. The percentage of CD3+, 
CD3+CD4+ and CD3+CD8+ T cells expressing (A) CD69, (B) CD62L, (C) CD45RA and (D) 
CD45RO was assessed by flow cytometry. (E-H) MFI of markers expressed. Data are presented as 
mean ± SEM for 3 biological replicates. Statistical analysis was performed by paired two-tailed 
Student’s t-test. 
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Figure 4-10: CM from HCT116 cells overexpressing C3 does not alter cytokine expression in 
pre-activated T cells. PBMCs were pre-activated for 24 h with plate-bound anti-CD3/CD28 and 
then co-cultured for a further 24 h with CM from HCT116 cells basally or following transient 
transfection with a C3 DNA plasmid or a VC plasmid. The percentage of CD3+, CD3+CD8+ and 
CD3+CD8- T cells expressing (A) IFN-g, (B) IL-10, (C) IL-4 and (D) IL-17A was assessed by flow 
cytometry. (E-H) MFI of cytokines expressed. Data are presented as mean ± SEM for 4 biological 
replicates. Statistical analysis was performed by paired two-tailed Student’s t-test. 
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4.4.8. Recombinant C3a does not alter the viability of pre-activated PBMCs 

 Having investigated the effects of CRC cell-derived complement on pre-activated 

PBMCs, the effect of recombinant C3a on T cell phenotype was assessed. In a similar 

manner to HRA-19 or HCT116 CM experiments, PBMCs were pre-activated using plate-

bound anti-CD3/CD28 and then cultured for a further 24 h with recombinant C3a (Fig. 4-

11 A).  

 At all concentrations used, recombinant C3a did not alter the percentage of viable 

PBMCs when compared to vehicle or RPMI controls (Fig. 4-11 C). Recombinant C3a at a 

concentration of 50 ng /mL resulted in a significant increase in the percentage of PBMCs 

undergoing early-stage apoptosis, when compared to vehicle controls (p = 0.0238) (Mean 

% of AV+PI- PBMCs ± SEM; 50 ng/mL C3a 38.9 ± 1.609, Veh 33.733 ± 1.257) (Fig. 4-11 

D). This was accompanied by a corresponding decrease in the percentage of cells 

undergoing late-stage apoptosis/death (p = 0.0126) (Mean % of AV+PI+ PBMCs ± SEM; 

50 ng/mL C3a 1.527 ± 0.252, Veh 3.057 ± 0.386) (Fig. 4-11 E). There were no alterations 

in the percentage of necrotic PBMCs after treatment with recombinant C3a (Fig. 4-11 F). 

 

4.4.9. Recombinant C3a increases expression of CD62L by pre-activated CD4+ T cells 

 PBMCs activated for 24 h and then treated with recombinant C3a (Fig. 4-11 A) 

were assessed for activation marker expression by flow cytometry to further investigate the 

effects of recombinant C3a on T cell activation (Fig. 4-12).   

 There were no differences in the percentage of CD3+, CD3+CD4+ or CD3+CD8+ T 

cells expressing CD69, CD45RA or CD45RO following treatment with recombinant C3a, 

when compared to RPMI or vehicle controls (Fig. 4-12 A, C-D). The percentage of 

CD3+CD4+ T cells expressing CD62L was significantly elevated following treatment with 

recombinant C3a (100 ng/mL), when compared to vehicle control (p = 0.0094) (Mean % 

of CD3+CD4+ cells expressing CD62L ± SEM; C3a 100 ng/mL 83.167 ± 5.357, Vehicle 

80.933 ± 5.407) (Fig. 4-12 B). CD62L is a lymph node homing and naïve T cell marker431. 

These data suggest that C3a may promote retention of CD4+ T cells in the lymph nodes. 

MFI of activation markers expressed by CD3+, CD3+CD4+ or CD3+CD8+ T cells was also 

assessed. No alterations in the MFI of CD69, CD62L, CD45RA or CD45RO expressed by 

T cells following treatment with recombinant C3a were demonstrated (Fig. 4-12 E-H).  
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Figure 4-11: Recombinant C3a alters the viability of pre-activated PBMCs. (A) PBMCs were 
pre-activated for 24 h with plate-bound anti-CD3/CD28 and then treated for a further 24 h with 
recombinant C3a or the vehicle control (PBS). Viability was assessed by flow cytometry using the 
AV/PI assay. Percentage of (C) live (AV-PI-), (D) early apoptotic (AV+PI-), (E) late apoptotic/dead 
(AV+PI+) and (F) necrotic (AV-PI+) PBMCs analysed. (B) Representative dot plot. Data are 
presented as mean ± SEM for 3 biological replicates. Statistical analysis was performed by paired 
two-tailed Student’s t-test. 
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Figure 4-12: CD62L expression is elevated in pre-activated CD4+ T cells following treatment 
with recombinant C3a. PBMCs were pre-activated for 24 h with plate-bound anti-CD3/CD28 and 
then treated for a further 24 h with recombinant C3a or vehicle control (PBS). The percentage of 
CD3+, CD3+CD4+ and CD3+CD8+ T cells expressing (A) CD69, (B) CD62L, (C) CD45RA and (D) 
CD45RO was assessed by flow cytometry. (E-H) MFI of markers expressed. Data are presented as 
mean ± SEM for 3 biological replicates. Statistical analysis was performed by paired two-tailed 
Student’s t-test. 
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4.4.10. Recombinant C3a reduces IL-4 expression in pre-activated T cells  

 The effects of recombinant C3a on cytokine expression were also assessed using 

PBMCs activated for 24 h (Fig. 4-11 A). T cell expression of IFN-g, IL-10 and IL-17A was 

unchanged following treatment with recombinant C3a (Fig. 4-13 A-B, D). The percentage 

of IL-4 producing CD3+ cells was significantly reduced following treatment with 

recombinant C3a (50 ng/mL), when compared to vehicle controls (Fig. 4-13 C) (p = 0.01) 

(Mean % of CD3+ cells expressing IL-4 ± SEM; C3a 50 ng/mL 0.53 ± 0.13, Vehicle 0.693 

± 0.121). Similar was demonstrated in CD3+CD8- cells (Fig. 4-13 C) (p = 0.0393) (Mean 

% of CD3+ CD8- cells expressing IL-4 ± SEM; C3a 50 ng/mL 0.468 ± 0.103, Vehicle 0.64 

± 0.089). No alterations in the MFI of IFN-g, IL-10, IL-4 and IL-17A expressed by T cells 

following treatment with recombinant C3a were demonstrated (Fig. 4-13 E-H). These data 

demonstrate that recombinant C3a reduces T cell expression of IL-4.  

 

4.4.11. CM from si-C3 transfected HRA-19 cells reduces late-stage apoptosis in 

PBMCs during activation 

 Having investigated the effects of complement in the context of the TME, these 

experiments aimed to recapitulate T cell activation within the tumour-draining lymph node, 

in the presence of tumour-derived complement (Fig. 4-2 B). Local lymph nodes play a 

central role in the anti-tumour immune response, and drainage of soluble mediators 

produced by tumour cells to this region via the lymphatic system can influence B and T 

cell activation432,433.  

  PBMCs were activated using plate-bound anti-CD3/CD28 while being co-cultured 

with CM from HRA-19 cells (as illustrated in Fig. 4-14 A).The percentages of viable and 

early-stage apoptotic PBMCs was unchanged when co-cultured with CM from si-C3 

transfected HRA-19 cells, when compared to si-scr CM (Fig. 4-14 C-D). Co-culture with 

CM from HRA-19 cells transfected with si-C3 significantly reduced the percentage of 

PBMCs undergoing late apoptosis/death (AV+PI+), when compared to CM from HRA-19 

cells transfected with si-scr (Fig. 4-14 E) (p = 0.0354) (Mean % of AV+PI+ PBMCs ± SEM; 

si-C3 CM 3.413 ± 0.56, si-scr CM 3.983 ± 0.592). PBMCs co-cultured with CM from si-

C3 transfected HRA-19 cells demonstrated a trend towards decreased necrosis relative to 

si-scr CM, however this was not significant (p = 0.0549) (Fig. 4-14 F). These data 

demonstrate that less HRA-19 cell-derived C3 reduces late-stage apoptosis in PBMCs, 

suggesting that HRA-19-derived C3 may promote cell death during PBMC activation. 
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Figure 4-13: Recombinant C3a decreases IL-4 expression in pre-activated T cells. PBMCs 
were pre-activated for 24 h with plate-bound anti-CD3/CD28 and then treated for a further 24 h 
with recombinant C3a or vehicle control (PBS). The percentage of CD3+, CD3+CD8+ and 
CD3+CD8- T cells expressing (A) IFN-g, (B) IL-10, (C) IL-4 and (D) IL-17A was assessed by flow 
cytometry. (E-H) MFI of cytokines expressed. Data are presented as mean ± SEM for 4 biological 
replicates. Statistical analysis was performed by paired two-tailed Student’s t-test. *p < 0.05. 
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Figure 4-14: CM from si-C3 transfected HRA-19 cells reduces late-stage apoptosis of PBMCs 
during activation. (A) PBMCs were activated using plate-bound anti-CD3/CD28 and co-cultured 
with CM from HRA-19 cells basally or following transient transfection with C3 siRNA (si-C3 CM), 
or a scrambled control siRNA (si-scr), for 48 h. Viability was assessed by flow cytometry using the 
AV/PI assay. (B) Representative dot plot. Percentage of (C) live (AV-PI-), (D) early apoptotic 
(AV+PI-), (E) late apoptotic/dead (AV+PI+) and (F) necrotic (AV-PI+) PBMCs were assessed. Data 
are presented as mean ± SEM for 3 biological replicates. Statistical analysis was performed by 
paired two-tailed Student’s t-test. *p < 0.05. 
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4.4.12. CM from si-C3 transfected HRA-19 cells does not alter proliferation of CD3+ 

T cells 

 The effect of HRA-19 cell-derived C3 on T cell proliferation was assessed. PBMCs 

were stained with CFSE and activated using plate-bound anti-CD3/CD28 while being co-

cultured with CM from HRA-19 cells, for 5 d (Fig. 4-15). 

 Co-culture with CM from HRA-19 cells transfected with si-C3 did not result in 

alterations to the total percentage of CD3+ that had proliferated, when compared to CM 

from HRA-19 cells transfected with si-scr or RPMI controls (Fig. 4-15 B). The percentage 

of CD3+ cells in each division was quantified, however the distribution across the 7 cell 

divisions was similar for all conditions (Fig. 4-15 C). These data suggest that C3 derived 

from HRA-19 cells does not alter T cell proliferation during activation.  

 

4.4.13. CM from si-C3 transfected HRA-19 cells reduces T cell expression of CD62L  

 The effects of HRA-19 cell derived complement on T cell activation marker 

expression was assessed by flow cytometry (as illustrated in Fig. 4-14 A). 

 Co-culture of PBMCs with CM from si-C3 transfected HRA-19 cells during anti-

CD3/CD28 activation did not result in alterations in the percentage expression of CD69, 

CD62L, CD45RA or CD45RO by CD3+ , CD3+CD4+ or CD3+CD8+ T cells (Fig. 4-16 A-

D). There were similarly no alterations in MFI of CD69, CD45RA and CD45RO in T cells 

(Fig. 4-16 E, G-H). Interestingly, the MFI of CD62L expressed by CD3+ and CD3+CD4 T 

cells was significantly reduced following co-culture with si-C3 CM, when compared to si-

scr CM (p = 0.0138 and p = 0.0241 , respectively) (Mean MFI CD62L ± SEM; CD3+; si-

C3 CM 3215 ± 1063, si-scr CM 3884 ± 1105. CD3+ CD4+; si-C3 CM 3953 ± 1422 si-scr 

CM 4724 ± 1435) (Fig. 4-16 F). These data suggest that C3 derived from HRA-19 cells 

may promote a lymph node homing, naïve phenotype in T cells.  
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Figure 4-15: CM from si-C3 transfected HRA-19 cells does not alter proliferation of CD3+ T 
cells during activation. PBMCs were stained with CFSE and co-cultured with CM from HRA-19 
cells basally or following transfection with C3 siRNA (si-C3), or a scrambled control siRNA (si-
scr) for 5 d, while being activated by plate-bound anti-CD3/CD28 (A) Representative dot plot 
demonstrating gating strategies to determine the total percentage of CD3+ proliferated cells and the 
number of cell divisions that has taken place. (B) Total percentage of proliferated CD3+ T cells. 
Statistical analysis was performed by paired two-tailed Student’s t-test. (C) Percentage of 
unproliferated CD3+ T cells, and the percentages of proliferated cells per division (Div). Data are 
presented as mean ± SEM for 3 biological replicates. Statistical analysis was performed by two-
way ANOVA. *p < 0.05, ***p < 0.001.   
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Figure 4-16: CM from si-C3 transfected HRA-19 cells reduces T cell expression of CD62L. 
PBMCs were activated using plate-bound anti-CD3/CD28 and co-cultured with CM from HRA-19 
cells basally or following transient transfection with C3 siRNA (si-C3), or a scrambled control 
siRNA (si-scr), for 48 h. The percentage of CD3+, CD3+CD4+ and CD3+CD8+ T cells expressing 
(A) CD69, (B) CD62L, (C) CD45RA and (D) CD45RO was assessed by flow cytometry. (E-H) 
MFI of markers expressed. Data are presented as mean ± SEM for 3 biological replicates. Statistical 
analysis was performed by paired two-tailed Student’s t-test. *p < 0.05. 
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4.4.14. CM from si-C3 HRA-19 cells does not alter T cell cytokine production during 

activation  

 The effect of HRA-19 cell-derived C3 on T cell cytokine expression during T cell 

activation was assessed. PBMCs were co-cultured with CM from HRA-19 cells transfected 

with si-C3 or si-scr (as illustrated in Fig. 4-14 A) and intracellular cytokine expression was 

assessed by flow cytometry (Fig. 4-17). As PMA downregulates human CD4, for this 

experiment CD4+ T cells were classified as CD3+CD8-. 

 The percentage of CD3+, CD3+ CD8+ or CD3+ CD8- T cells expressing IFN-g, IL-

10, IL-4 or IL-17A was unchanged following co-culture with CM from si-C3 transfected 

HRA-19 cells, when compared to CM from si-scr transfected HRA-19 cells (Fig. 4-17 A-

D). Additionally, the MFI of cytokines expressed by CD3+ , CD3+ CD8+ or CD3+ CD8- T 

cells was unchanged following co-culture with CM from si-C3 HRA-19 cells (Fig. 4-17 E-

H). These data demonstrate that C3 derived from HRA-19 cells does not alter cytokine 

expression in T cells during activation.  
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Figure 4-17: CM from si-C3 transfected HRA-19 cells does not alter T cell cytokine 
production during activation. PBMCs were activated using plate-bound anti-CD3/CD28 and co-
cultured with CM from HRA-19 cells basally or following transient transfection with C3 siRNA 
(si-C3), or a scrambled control siRNA (si-scr), for 48 h. The percentage of CD3+, CD3+CD8+ and 
CD3+CD8- T cells expressing (A) IFN-g, (B) IL-10, (C) IL-4 and (D) IL-17A was assessed by flow 
cytometry. (E-H) MFI of cytokines expressed. Data are presented as mean ± SEM for 4 biological 
replicates. 
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4.4.15. CM media from HCT116 cells overexpressing C3 does not alter the viability 

of PBMCs during activation 

 To further investigate the effects of complement in the context of the tumour-

draining lymph node, the effect of C3 derived from HCT116 cells on T cell phenotype 

during activation was assessed (Fig. 4-18 A). 

 Using the AV/PI assay and flow cytometry, co-culture of PBMCs with CM from 

HCT116 cells overexpressing C3 was not demonstrated to alter the percentage of viable, 

early-stage apoptotic/dead, late-stage apoptotic or necrotic cells, when compared to RPMI 

or VC controls (Fig. 4-18 C-F). These data suggest that HCT116 cell-derived C3 does not 

alter PBMC viability.  

 

4.4.16. CM from HCT116 cells overexpressing C3 does not alter proliferation of CD3+ 

T cells 

 The effect of HCT116 cell-derived C3 on T cell proliferation was assessed. PBMCs 

were stained with CFSE and activated using plate-bound anti-CD3/CD28 while being co-

cultured with CM from HCT116 cells, for 5 d (Fig. 4-19). 

 Co-culture with CM from HCT116 cells overexpressing C3 did not alter the total 

percentage of CD3+ that had proliferated, when compared to CM from HCT116 cells 

expressing a VC or RPMI (Fig. 4-19 B). The percentage of CD3+ cells in each division was 

quantified, however the distribution across the 7 cell divisions was similar for all conditions 

(Fig. 4-19 C). These data suggest that HCT116 cell-derived C3 does not alter T cell 

proliferation.  

 

4.4.17. CM from HCT116 cells overexpressing C3 does not alter T cell expression of 

activation markers  

 The effects of HCT116 cell-derived complement on T cell activation marker 

expression, during activation was assessed by flow cytometry (Fig. 4-20).   

 Co-culture of PBMCs with CM from HCT116 cells overexpressing C3 did not alter 

the expression of CD69, CD62L, CD45RA or CD45RO by CD3+, CD3+CD4+ or 

CD3+CD8+ T cells (Fig. 4-20 A-D). Similarly, there were no alterations in the MFI of any 

of the activation markers accessed (Fig. 4-20 E-H). These data suggest that C3 derived 

from HCT116 cells does not alter expression of activation markers by T cells.   
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Figure 4-18: CM from HCT116 cells overexpressing C3 during activation does not alter 
PBMC viability. (A) PBMCs were activated using plate-bound anti-CD3/CD28 and co-cultured 
with CM from HCT116 cells basally or following transient transfection with a C3 DNA plasmid or 
a VC plasmid, for 48 h. Viability was assessed by flow cytometry using the AV/PI assay. (B) 
Representative dot plot. Percentage of (C) live (AV-PI-), (D) early apoptotic (AV+PI-), (E) late 
apoptotic/dead (AV+PI+) and (F) necrotic (AV-PI+) PBMCs were assessed. Data are presented as 
mean ± SEM for 3 biological replicates. Statistical analysis was performed by paired t-test. *p < 
0.05. 
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Figure 4-19: CM from HCT116 cells overexpressing C3 does not alter proliferation of CD3+ 
T cells during activation. PBMCs were stained with CFSE and co-cultured with CM from 
HCT116 cells basally or following transient transfection with a C3 DNA plasmid or a VC plasmid 
for 5 d, while being activated by plate-bound anti-CD3/CD28. (A) Representative dot plot 
demonstrating gating strategies to determine the total percentage of CD3+ proliferated cells and the 
number of cell divisions that has taken place. (B) Total percentage of proliferated CD3+ T cells. 
Statistical analysis was performed by paired two-tailed Student’s t-test. (C) Percentage of 
unproliferated CD3+ T cells, and the percentages of proliferated cells per division (Div). Data are 
presented as mean ± SEM for 3 biological replicates. Statistical analysis was performed by two-
way ANOVA.  
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Figure 4-20: CM from HCT116 cells overexpressing C3 does not alter T cell expression of 
activation markers. PBMCs were activated using plate-bound anti-CD3/CD28 and co-cultured 
with CM from HCT116 cells basally or following transient transfection with a C3 or VC DNA 
plasmid for 48 h. The percentage of CD3+, CD3+CD4+ and CD3+CD8+ T cells expressing (A) CD69, 
(B) CD62L, (C) CD45RA and (D) CD45RO was assessed by flow cytometry. (E-H) MFI of 
markers expressed. Data are presented as mean ± SEM for 3 biological replicates. Statistical 
analysis was performed by paired two-tailed Student’s t-test. 
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4.4.18. CM from HCT116 cells overexpressing C3 alters T cell expression of 

intracellular cytokines  

 The effect of CM from HCT116 cells on intracellular cytokine expression, during 

activation, was also assessed by flow cytometry (Fig. 4-21). As PMA downregulates 

human CD4, for this experiment CD4+ T cells were classified as CD3+CD8-. 

 Co-culture with CM from HCT116 cells overexpressing C3 during activation 

significantly increased (p = 0.0149) the percentage of CD3+ CD8+ cells expressing IFN-g, 

when compared to CM from HCT116 cells expressing a VC (Mean % of IFN-g+ cells ± 

SEM; C3 CM 16.14 ± 4.588, VC CM 15.31 ± 4.529) (Fig. 4-21 A). These data suggest that 

C3 derived from HCT116 cells promotes more CD8+ T cells to express IFN-g. There were 

no alterations in MFI of IFN-g expression (Fig. 4-21 E).  

 Percentage expression and MFI of IL-10 was unchanged following co-culture with 

CM from HCT116 cells overexpressing C3 (Fig. 4-21 B, F).  

 While there were no alterations in the percentage of IL-4 producing cells (Fig. 4-

21 C), the MFI of IL-4 expressed by CD3+ and CD3+ CD8- cells was significantly reduced 

after co-culture with CM from HCT116 cells overexpressing C3, when compared to CM 

from HCT116 cells expressing a VC (p = 0.0272 and p = 0.0042, respectively) (Mean MFI 

IL-4 ± SEM; CD3+; C3 CM 850.75 ± 127, VC CM 861.5 ± 128. CD3+CD8- ; C3 CM 808 

± 121.56, VC CM 823.25 ± 122.772) (Fig. 4-21 G). 

 The percentage of CD3+, CD3+CD8+ or CD3+CD8- T cells positive for IL-17A was 

unchanged following co-culture with CM from HCT116 cells overexpressing C3, when 

compared to CM from HCT116 cells expressing a VC (Fig. 4-21 D). However, CD3+CD8+ 

cells expressed significantly more IL-17A following co-culture with CM from C3 HCT116 

cells, when compared to CM from HCT116 cells expressing a VC (p = 0.027) (Mean MFI 

IL-17A ± SEM; C3 CM 382.25 ± 50.553 , VC CM 327.750 ± 45.735) (Fig. 4-21 H). These 

data suggest that HCT116 cell-derived C3 alters T cell cytokine production during 

activation.  
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Figure 4-21: CM from HCT116 cells overexpressing C3 alters T cell cytokine production 
during activation. PBMCs were activated using plate-bound anti-CD3/CD28 and co-cultured with 
CM from HCT116 cells basally or following transient transfection with a C3 or VC DNA plasmid, 
for 48 h. The percentage of CD3+, CD3+CD8+ and CD3+CD8- T cells expressing (A) IFN-g, (B) IL-
10, (C) IL-4 and (D) IL-17A was assessed by flow cytometry. (E-H) MFI of cytokines expressed. 
Data are presented as mean ± SEM for 4 biological replicates. Statistical analysis was performed 
by paired two-tailed Student’s t-test. *p < 0.05. 
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4.4.19. Recombinant C3a decreases late-stage apoptosis of PBMCs during activation 

 Having investigated the effects of CRC cell-derived complement on PBMCs during 

activation, the effect of recombinant C3a on T cell phenotype was assessed. In a similar 

manner to HRA-19 or HCT116 CM experiments, PBMCs were activated using plate-bound 

anti-CD3/CD28, in the presence of recombinant C3a, for 48 h (Fig. 4-22 A) 

 Treatment with recombinant C3a did not alter the percentage of viable, early-stage 

apoptotic or necrotic PBMCs, when compared to vehicle or RPMI controls (Fig. 4-22 C-

D, F). Interestingly, there was a significant decrease in the percentage of PBMCs 

undergoing late-stage apoptosis/cell death treated with recombinant C3a (50 ng/mL), when 

compared to the vehicle control (p = 0.0104) (Mean % of AV+PI+ PBMCs; C3a 50 ng/mL 

2.303 ± 0.377, Veh 3.37 ± 0.454, (Fig. 4-22 E). This suggests that recombinant C3a 

enhances PBMC viability during activation.  

 

4.4.20. Recombinant C3a does not alter the proliferation of CD3+ cells  

 The effect of recombinant C3a on T cell proliferation was also assessed. PBMCs 

were stained with CFSE and activated while in the presence of recombinant C3a for 5 d 

(Fig. 4-23). 

 Recombinant C3a did not alter the total percentage of CD3+ cells that had 

proliferated in this setting, when compared to vehicle controls (Fig. 4-23 B). The 

percentage of CD3+ cells in each cellular division was quantified, but the distribution across 

the 7 cell divisions was similar for all conditions (Fig. 4-23 C). These data suggest that 

recombinant C3a does not alter proliferation of CD3+ cells.  
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Figure 4-22: Recombinant C3a reduces late-stage apoptosis in PBMCs during activation. (A) 
PBMCs were activated with plate-bound anti-CD3/CD28 in the presence of recombinant C3a or 
the vehicle control (PBS) for 48 h. Viability was assessed by flow cytometry using the AV/PI assay. 
(B) Representative dot plot. Percentage of (C) live (AV-PI-), (D) early apoptotic (AV+PI-), (E) late 
apoptotic/dead (AV+PI+) and (F) necrotic (AV-PI+) PBMCs analysed. Data are presented as mean 
± SEM for 3 biological replicates. Statistical analysis was performed by paired two-tailed Student’s 
t-test. *p < 0.05.  
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Figure 4-23: Recombinant C3a does not alter proliferation of CD3+ T cells during activation. 
PBMCs were stained with CFSE and activated with plate-bound anti-CD3/CD28 in the presence of 
recombinant C3a or the vehicle control (PBS) for 5 d, while being activated by plate-bound anti-
CD3/CD28. (A) Representative dot plot demonstrating gating strategies to determine the total 
percentage of CD3+ proliferated cells and the number of cell divisions that has taken place. (B) 
Total percentage of proliferated CD3+ T cells. (C) Percentage of unproliferated CD3+ T cells, and 
the percentages of proliferated cells per division (Div). Data are presented as mean ± SEM for 3 
biological replicates. Statistical analysis was performed by two-way ANOVA.  
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4.4.21. Recombinant C3a increases T cell expression of naïve markers during 

activation 

 PBMCs treated with recombinant C3a for 48 h during activation were assessed for 

the effects of C3a on the expression of T cell activation markers (Fig. 4-24). 

 Recombinant C3a did not alter the percentage of cells expressing CD69, or the MFI 

of CD69 expressed by T cells at all concentrations assessed (Fig. 4-24 A, E). Similarly, the 

percentage expression and MFI of CD45RO on the surface of CD3+, CD3+CD8+ and 

CD3+CD8- cells was unaltered by recombinant C3a treatment (Fig. 4-24 D, H). 

Interestingly however, recombinant C3a (50 ng/mL) was increased the percentage of 

CD62L-expressing CD3+ and CD3+CD4+ cells (p = 0.0353, p = 0.0214, respectively ) 

(Mean % of cells expressing CD62L ± SEM; CD3+; C3a 50 ng/mL 62.5 ± 5.3, Vehicle 60.7 

± 5.4. CD3+CD4+; C3a 50 ng/mL 86.767 ± 4.113, Vehicle 84.933 ± 3.931). This increase 

was also demonstrated in the MFI of CD62L expressed by CD3+ and CD3+CD8+ cells (p = 

0.0075, p = 0.0273, respectively) (Mean MFI CD62L; CD3+ ; C3a 50 ng/mL 2404.667 ± 

615.239, Vehicle 2269 ± 603.541; CD3+CD8+; C3a 50 ng/mL 2942.33 ± 792.835, Vehicle 

2741.667 ± 784.64).  Recombinant C3a was also demonstrated to significantly increase 

the percentage of CD3+CD4+ cells expressing CD45RA, when compared to vehicle control 

(p = 0.0315) (Mean % of CD3+CD4+ cells expressing CD45RA; C3a (50 ng/mL) 63.733 ± 

6.729, Vehicle 63 ± 6.596) (Fig. 4-24 C). These data demonstrate that recombinant C3a 

(50 ng/mL) is associated with expression of naïve T cell markers, suggesting that in the 

context of T cell activation, C3a promotes a naïve phenotype. 

 

4.4.22. Recombinant C3a does not alter T cell cytokine production  

 The effect of recombinant C3a on cytokine expression during T cell activation was 

assessed. PBMCs were treated with recombinant C3a during activation, and intracellular 

cytokine expression was assessed by flow cytometry (Fig. 4-25). As PMA downregulates 

human CD4, for this experiment CD4+ T cells were classified as CD3+CD8-. 

 The percentage of CD3+, CD3+CD8+ or CD3+CD8- T cells producing IFN-g, IL-10, 

IL-4 or IL-17A was unchanged following co-culture with recombinant C3a (Fig. 4-25 A-

D). Similarly, the MFI of cytokines expressed by CD3+ , CD3+CD8+ or CD3+CD8- T cells 

was unchanged following co-culture with recombinant C3a (Fig. 4-25 E-H). These data 

suggest that recombinant C3a does not alter cytokine expression during T cell activation.  
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Figure 4-24: Recombinant C3a alters T cell expression of activation markers during anti-
CD3/CD28 stimulation. PBMCs were activated using plate-bound anti-CD3/CD28 and treated 
with recombinant C3a or the vehicle control (PBS) for 48 h. The percentage of CD3+, CD3+CD4+ 

and CD3+CD8+ T cells expressing (A) CD69, (B) CD62L, (C) CD45RA and (D) CD45RO was 
assessed by flow cytometry. (E-H) MFI of markers expressed. Data are presented as mean ± SEM 
for 3 biological replicates. Statistical analysis was performed by paired two-tailed Student’s t-test. 
*p < 0.05, **p < 0.01.  
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Figure 4-25: Recombinant C3a does not alter T cell cytokine production during activation. 
PBMCs were activated using plate-bound anti-CD3/CD28 and treated with recombinant C3a or the 
vehicle control (PBS) for 48 h. The percentage of CD3+, CD3+CD8+ and CD3+CD8- T cells 
expressing (A) IFN-g, (B) IL-10, (C) IL-4 and (D) IL-17A was assessed by flow cytometry. (E-H) 
MFI of markers expressed. Data are presented as mean ± SEM for 4 biological replicates 

% cells positive MFI

A

B

E

F

C

D

G

H

RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
0

10

20

30

40
%

 c
el

ls
 p

os
iti

ve
IFN-γ

CD3+ cells CD3+CD8+ cells CD3+CD8- cells

RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
0

200

400

600

M
FI

IFN-γ

CD3+ cells CD3+CD8+ cells CD3+CD8- cells

RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
0

5

10

15

%
 c

el
ls

 p
os

iti
ve

IL-10

CD3+ cells CD3+CD8+ cells CD3+CD8- cells

RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
0

400

800

1200

1600

M
FI

IL-10

CD3+ cells CD3+CD8+ cells CD3+CD8- cells

RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
0.0

0.5

1.0

1.5

2.0

%
 c

el
ls

 p
os

iti
ve

IL-4

CD3+ cells CD3+CD8+ cells CD3+CD8- cells

RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
0

500

1000

1500

M
FI

IL-4

CD3+ cells CD3+CD8+ cells CD3+CD8- cells

RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
0

20

40

60

80

100

%
 c

el
ls

 p
os

iti
ve

IL-17A

CD3+ cells CD3+CD8+ cells CD3+CD8- cells

RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
RPMI

Veh
icl

e

C3a
 50

 n
g/m

L

C3a
 10

0 n
g/m

L

C3a
 20

0 n
g/m

L
0

1000

2000

3000

4000

M
FI

IL-17A

CD3+ cells CD3+CD8+ cells CD3+CD8- cells



 222 
 
 

4.5.  Discussion 

 The immune system is well recognised as an important mediator in the response to 

cancer therapy, and immune infiltrates correspond with clinical outcomes in CRC434,435. In 

rectal tumours, T cell infiltration has been demonstrated to correspond with response to 

neo-CRT428,429. Several ‘immune subtypes’ have been defined for CRC, with tumours 

displaying heterogenous immune profiles within the TME436. The therapeutic efficacy of 

RT is at least in part dependent on immune infiltrates, which provide innate immune 

recognition of IR-induced DNA damage and subsequent priming of anti-tumour CD8+ T 

cells437,438. Therefore, tackling poor response rates to neo-CRT in rectal cancer requires 

understanding the molecular factors and microenvironmental influences behind the 

immune profiles of these tumours. In 2015, a comprehensive study by Guinney et al. 

defined the CMS classification system for CRCs25. One of these subtypes, CMS4, is 

characterised by worse OS and relapse-free survival, and demonstrates an upregulation of 

genes involved in EMT. Notably, these CMS4 classified tumours were associated with an 

upregulation of the complement system25. This highlights that in CRC, the complement 

system may have functional roles that affect patient outcomes. Complement has been 

demonstrated to modify immune cell populations within the TME; recruiting 

MDSCs298,321–324,327, skewing macrophages toward an M2 phenotype332,335, limiting NK 

cell responses339,340 and reducing T cell function and infiltration. While both C3 and C5 

have been implicated in the modulation of T cell activity298,320, little is known about the 

role of tumour cell-derived C3 on T cell phenotype in the context of CRC. This chapter 

aimed to characterise the effects of CRC cell-derived C3 on T cell viability, proliferation, 

activation and cytokine production.  

 Complement signals play important roles in maintaining the viability of naïve CD4+ 

T cells171,263. To assess the effects of CRC cell-derived complement on T cell phenotype, 

this chapter used CM generated from HRA-119 and HCT116 cells basally and after 

modulation of C3 expression. Data presented in this chapter demonstrate that CM generated 

from HRA-19 cells following transient C3 silencing, significantly increases early apoptosis 

in pre-activated PBMCs. This suggests that PBMCs that are already undergoing activation 

are protected from apoptosis by C3 derived from HRA-19 cells. While to date there are no 

studies in the literature that report the effects of tumour-derived C3 on T cell viability in 

cancer, these results agree with evidence that complement maintains T cell viability under 

normal physiological conditions171,263. From a clinical perspective, this may suggest that 

tumour production of C3 and release into the TME may enhance the viability of pre-
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activated T cells that have migrated to the tumour, potentially augmenting anti-tumour 

immune responses. This was further investigated using C3 derived from HCT116 cells. 

Conversely, CM generated from HCT116 cells following C3 overexpression did not alter 

the viability of pre-activated PBMCs. As discussed in Chapter 3, overexpression of 

exogenous C3 in HCT116 cells may produce a form of C3 that is distinct from the 

endogenous form. Recent data from Kremlitzka et al. demonstrates that C3 can be 

alternatively translated, resulting in a form distinct in functionality and cellular location409. 

This may be why culture with CM from HCT116 cells overexpressing C3 does not enhance 

viability of PBMCs. Additionally, as HRA-19 and HCT116 cell lines are derived from 

rectal and colon tumours, respectively, they may express varying forms of C3, with the 

ability to differentially alter PBMC viability. 

  Effects of CRC cell-derived C3 on PBMC viability were also assessed when 

PBMCs were cultured with CM during activation. Co-culture of PBMCs during activation 

with CM from HRA-19 cells in which C3 was silenced, resulted in decreased percentages 

of late apoptotic/dead and necrotic cells. This may suggest that HRA-19 cell-derived C3 

reduces PBMC viability during activation. Under normal homeostasis, complement signals 

are important for maintaining CD4+ T cells in a naïve state171,263. This experimental set up 

aimed to recapitulate activation of T cells in the tumour-draining lymph node, where 

tumour-derived complement is present. Therefore, these data suggest that in cancer, 

complement may have the opposite effect on viability171,263. Given the two experimental 

set ups used; whereby complement is present during T cell activation or post activation 

only, it suggests that the effect of complement on viability is context-dependent and may 

depend on the sequence in which T cells are activated and encounter tumour-derived 

complement.  

 Expression levels of complement in tumours varies, with overexpression or 

mutations often correlating with poor prognosis in several human cancers287,317,318,394,439 

including CRC284,335. In rectal cancer patients with high tumoural expression of 

complement, if complement remains localised within the TME, it may have a positive 

effect on anti-tumour immunity by promoting T cell viability. However, if tumoural 

complement drains to local lymph nodes, it may favour T cell death and the anti-tumour 

immune response may be hindered. An important question to be considered in future 

studies is whether anaphylatoxin generation solely occurs in the TME in rectal cancer, or 

whether cleavage of central complement components can be activated following drainage 

to local lymph nodes. One function of mCRPs is the regulation of C3 and C5 cleavage to 



 224 
 
 

produce their respective anaphylatoxins186. In head and neck cancers, mCRPs are expressed 

in metastatic lymph node tissue, suggesting that complement can be regulated at this 

location290. Expression of mCRPs in the draining lymph nodes in rectal cancer may prevent 

cleavage of C3 to C3a. This may mean that less C3a is present and encountered by T cells 

during their activation, and clinically may translate to a more viable T cell population. 

Whether tumour-derived complement is retained within the TME or the majority drains to 

the tumour-draining lymph node is therefore an important question to answer when 

considering complement as a therapeutic target. Removing tumour-derived complement 

would either, reduce T cell viability or enhance it, if complement predominates in the TME 

or lymph nodes, respectively.  

 The concentration of C3 protein secreted by both HCT116 and HRA-19 cell lines 

and therefore within CM generated, is within the low ng/mL range. To assess the effects of 

higher concentrations of complement on the T cell parameters explored in this chapter, 

experiments were performed using recombinant complement. Recombinant C3a was used 

at concentrations of 50, 100 and 200 ng/mL. These concentrations were selected not only 

as they are much greater than the level of endogenous complement present in CM from 

HRA-19 and HCT116 cell lines, but also as they align with previously utilised 

concentrations reported in the literature171,440. Data presented in Chapter 2 of this study 

demonstrate that both HRA-19 and HCT116 cells possess an intrinsic ability to cleave C3 

to produce the C3a anaphylatoxin.  The concentration of C3a was assessed in CM from 

HCT116 and HRA-19 cells in Chapter 2, however although detectable, the levels were 

lower than the standard curve. Therefore, the inclusion of recombinant C3a had the 

additional benefit of assessing the effects of known concentrations of C3a, on T cell 

phenotype. Surprisingly, recombinant C3a had the same effect of increasing the percentage 

of pre-activated PBMCs undergoing early stage apoptosis, as CM from HRA-19 cells 

transfected with si-C3 did. Furthermore, when PBMCs were activated during treatment 

with recombinant C3a, late apoptosis/cell death was increased, again having the same effect 

as CM from si-C3 transfected HRA-19 cells. This suggests that endogenous complement 

is distinct from recombinant complement. A recent study, which investigated the effect of 

tumour-derived C1s on T cell phenotype demonstrated differing effects of tumour cell- and 

plasma-derived C1s on T cell activation394, suggesting that recombinant C3a and tumour-

derived C3a have different effects. A limitation of these viability experiments is that 

analysis was performed on whole CD3+ populations rather than specific T cell subsets. 
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Therefore, future investigations would benefit from examining CD4+ and CD8+ T cells to 

assess whether alterations in viability vary between these populations.  

 Neither CM from HRA-19 or HCT116 cells, or recombinant C3a induced 

alterations in CD3+ T cell proliferation. This is supported by a study by Zha et al., who 

investigated the effect of CT26 (a colon carcinoma cell line) cell-derived C3 on T cell 

proliferation. In their study, they report that within C3 knockout colon tumours, the 

proliferative ability of T cells was enhanced362. However, similar to the results presented 

here, in vitro addition of C3a to T cells had no effect on proliferation. They suggest, that 

the effects of tumour-derived C3 on T cell proliferation occurs via an indirect 

mechanism362. This may suggest that C3 derived from the CRC cell lines studied here may 

have effects on T cell proliferation that cannot be recapitulated in vitro. Therefore, to gain 

further insight into the role of HCT116 and HRA-19 cell-derived C3 on T cell proliferation, 

a murine model that contains other elements of the TME may be essential.  

 Activated effector T cells are essential for the recognition and elimination of 

tumours but also for effective responses to cancer therapy441. CM generated from both 

HCT116 and HRA-19 cells following modulation of complement expression, did not 

induce alterations in activation marker expression by T cells that were pre-activated before 

exposure to the CM. This suggests that movement of activated T cells to a TME where 

CRC-derived C3 is present, does not affect their activation status. Therefore, if patients 

have tumours that express and release complement that remains within the TME, this may 

not impact on T cell activation, and therefore effector function. However, when pre-

activated T cells were treated with recombinant C3a (100 ng/mL), the percentage of CD4+ 

T cells expressing CD62L, was significantly increased. CD62L, also known as L-selectin, 

is a lymph node homing marker required for the retention of naïve T cells, which is shed 

by activated T cells allowing them to egress from the lymph node442. These data suggest 

that C3a may limit the movement of pre-activated T cells. Assessing the effect of 

recombinant or CRC cell-derived C3 on T cell activation marker expression, during 

activation, also highlighted that C3 alters CD62L expression. CM from C3 silenced HRA-

19 cells, significantly decreased the MFI of CD62L expressed by CD3+ and CD4+ T cells, 

with a similar trend demonstrated in CD8+ T cells. In contrast, recombinant C3a (50 ng/mL) 

increased both the percentage and MFI of CD62L expressed by CD3+ and CD4+ T cells. 

Recombinant C3a also increased the percentage of CD4+ T cells expressing CD45RA, a 

naïve T cell marker. These data suggest that if complement is present in the tumour-

draining lymph node during activation, a naïve, lymph node homing T cell phenotype may 



 226 
 
 

be favoured. Therefore, if complement drains to local lymph nodes it may prevent T cell 

movement to the tumour and patients may have a reduced anti-tumour immune response, 

with potentially larger tumours and poor responses to cancer therapy. C3 has been 

demonstrated to both negatively and positively correlate with tumour infiltration of T cells. 

In non-small cell lung cancer, C3 expression positively correlates with CD4+ and CD8+ T 

cell infiltration364. In contrast, in murine colon cancer tumours, C3 has previously been 

linked with lower numbers of infiltrating T cells323. Complement inhibition enhanced T 

cell infiltration, reduced the numbers of MDSCs and upregulated chemo-attractive 

cytokines such as CCL5. This suggests that the restricted movement of T cells within the 

TME was indirectly mediated by complement323. More recently, expression of the C3aR in 

tumours from colon and rectal cancer patients has been demonstrated to associate with the 

number of innate and adaptive infiltrating immune cells360. In both patient and murine 

models, reduced C3aR expression correlated with elevated immune infiltrates360. These 

data suggest a role for C3a/C3aR-mediated modulated of immune cell migration in CRC. 

The effect of C3 on CD62L expression demonstrated in this chapter further suggests that 

complement may play direct roles in modulating T cell movement. To fully explore the 

role of CRC cell-derived C3 in modulating T cell movement, migration-specific assays 

would be required.  

 T cell expression of CD69, an early activation marker443 was unaltered by CRC 

cell-derived C3 or recombinant C3a, in both experimental set ups. This is supported by a 

study by Daugan et al., where they similarly demonstrated that CD69 expression was 

unaltered in pre-activated T cells treated with recombinant C3a394. These data suggest that 

complement does not alter CD69 expression in vitro. Similarly, no effects on CD45RO 

were demonstrated here, however at present there are no reports in the literature assessing 

expression of this activation marker following exposure to tumour-derived or recombinant 

complement. While only CD62L expression was altered, these data suggest that 

complement, including tumour cell-derived complement may limit CD4+ T cell activation. 

In support of this, Kwak et al., have previously demonstrated that in a model of lung cancer, 

CD4+ and CD8+ T cells were more activated in C3 deficient mice326. Study of CRC cell-

derived C3 using an in vivo model in the future may provide greater insights. 

 The effector functions of T cell subsets are shaped by the cytokines they produce424. 

Cytokine expression in pre-activated T cells was unchanged by CM from HRA-19 and 

HCT116 cells following modulation of C3 expression, however, recombinant C3a reduced 

the MFI of IL-4 expressed by CD3+ and CD8- T cells. IL-4 is a cytokine with an important 
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role in humoral immunity, produced by Th2 cells alongside IL-10 and IL-5444. Th2 cells 

can inhibit the pro-inflammatory functions of Th1 cells, shifting the immune response 

towards pro-tumour445,446 These data suggest that when pre-activated T cells are exposed 

to complement it promotes a pro-inflammatory, anti-tumour immune response. Similar 

effects were demonstrated when T cells were exposed to CRC cell-derived C3 during 

activation. A significant decrease in the percentage of CD8- T cells expressing IL-4 during 

activation, resulted from co-culture with CM from HCT116 cells overexpressing C3. Th2 

cytokines have been implicated in complement-mediated tumour progression. The lung is 

a common site of metastasis for breast cancer, with pulmonary mesenchymal stromal cells 

(MSCs) playing an essential role in facilitating the development of pre-metastatic niches447. 

Recently, Th2 cytokines have been demonstrated to induce C3 expression in MSCs, which 

recruits neutrophils leading to neutrophil extracellular trap formation and subsequent 

metastasis in the lung447. Therefore, the results presented here demonstrating that both 

recombinant and CRC cell-derived complement lowers IL-4 expression, suggests that 

tumour-derived complement may favour the induction of a pro-inflammatory immune 

response. These alterations in the expression of Th2-like cytokines may also have wider 

anti-tumour effects within the TME, such as limiting complement expression in stromal 

cells that potentially promotes tumour progression.   

 Changes in IFN-g expression further support the observation that complement may 

promote a pro-inflammatory, Th-1 like immune response. IFN-g is a multifunctional 

cytokine, promoting both CD4+ and CD8+ T cell responses, which positively impact cancer 

patient survival outcomes448. Increased numbers of CD8+ T cells expressed IFN-g 

following co-culture with CM from C3 overexpressing HCT116 cells, during activation, 

suggesting that HCT116-derived C3 promotes expression of IFN-g. This is in contrast with 

murine lung326 and colon362 cancer models, whereby C3 deficiency was associated with 

increased numbers of IFN-g+ T cells. However, these studies differ in terms of model and 

set up, when compared to this in vitro study, which lacks additional immune or TME 

influences and may account for the differences observed. In further support of a pro-

inflammatory role for complement in T cell cytokine production, CM from C3 

overexpressing HCT116 cells also increased IL-17A production in CD8+ T cells. IL-17A 

has contradictory roles in tumourigenesis, with both pro- and anti-tumour functions 

associated with CD8+ T cells449. As IL-17A has been reported to have anti-tumour functions 
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when secreted in combination with IFN-g, overall the trend in these results suggests CRC 

cell-derived C3 potentially promotes an anti-tumour response.  

 No alterations in IL-10 expression were induced by recombinant or CRC cell-

derived complement, suggesting that complement does not affect IL-10 production. 

However, previous studies have demonstrated that autocrine production of C3 by CD8+ T 

cells inhibits IL-10 production320,362. Again, these contrasting results may be a feature of 

the models used. As these experiments were performed using CM generated from CRC cell 

lines, future in vitro studies may yield further insights if T cells were co-cultured directly 

with CRC cells themselves following C3 silencing or overexpression. This may more 

closely recapitulate T cells coming into contact with tumour-derived complement within 

the TME. Using different ratios of T cells to CRC cells would be useful to model tumours 

with varying degrees of immune infiltration. As the in vitro culture used here is devoid of 

other immune influences, elucidating the full extent of the effects of CRC cell-derived 

complement on T cell phenotype would require an in vivo model. Given that interactions 

between T cells and APCs produce complement components that are indispensable for 

normal function, it seems plausible to suggest that investigating the effects of tumour-

derived complement on T cell phenotype require T cells to be in a setting where this normal 

complement activity can also take place. Furthermore, an important consideration for future 

studies is the expression of complement within the lymph node itself, and how this affects 

T cell phenotype. In lymph node metastases arising from luminal breast cancer, expression 

of C3 is reduced relative to the primary tumour, providing evidence for alterations in 

complement gene expression during cancer progression450. The contribution of 

complement derived from secondary tumour sites, and whether this may be enhanced by 

complement which drains from the primary tumour, has largely been unexplored in in vivo 

studies.  

 To conclude, data presented in this chapter aligns with existing literature 

demonstrating that complement can function in maintaining T cells in a naïve state, with 

both recombinant and CRC cell-derived C3 observed to decrease expression of CD62L on 

CD4+ cells. While this would suggest that complement does not boost effector function, 

assessment of T cell cytokine expression demonstrated that complement potentially shifts 

T cell responses away from Th2-like towards an IFN-g producing, Th1-like phenotype. No 

effect on T cell proliferation was demonstrated by either tumour cell-derived or 

recombinant complement, however this may be a feature of the model used. Collectively, 
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these results demonstrate that CRC cell-derived C3 has the ability to modulate T cell 

phenotype (Fig. 4-26), which may have implications for the pathogenesis and treatment 

response of CRC. 
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Figure 4-26: CM from HCT116 cells overexpressing C3, CM from C3 silenced HRA-19 cells 
and recombinant C3a alters T cell phenotype. Summary of results based on two experimental 
set ups; C3/C3a present post T cell activation only, or if C3/C3a is present during T cell activation. 
 
 

 

 

 

 

 

Experimental set up

Summary of Results

Complement present 
during T cell activation

Complement present post 
T cell activation only



 231 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5: Characterisation of complement in pre-

treatment tumour biopsies and sera from rectal cancer 

patients 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 232 
 
 

5.1. Introduction 

 Rectal cancer significantly contributes to the global cancer burden. Of the 

approximately 1.9 million new global cancer cases in 2020, more than 700,000 occurred in 

the rectum1. In Ireland, rectal cancers account for approximately one third of all CRCs 

diagnosed2. Furthermore, CRC accounts for 10% of all cancer-related deaths, with rectal 

cancer responsible for over 300,000 global deaths in 2020 alone2. Worryingly, the 

incidence of CRC is rising, with new diagnoses projected to surpass 3 million in 20405. 

CRC is increasing in particular in younger people (<50 y), with more of these patients 

presenting with tumours in the rectum as opposed to the colon7,8.  

For patients with locally advanced rectal cancer, the current standard of care is neo-

CRT followed by total mesorectal excision, which involves surgical excision of the rectum 

including mesorectal fat and the pararectal lymph nodes21. Neo-CRT consists of short 

course RT (SCRT) (25 Gy in 5 Gy fractions, delivered over one week) or long course RT 

(LCRT) (45-50 Gy delivered in 25-28 fractions over several weeks), and chemotherapy21. 

Oral capecitabine and/or 5-fluorouracil (5-FU), delivered via continuous intravenous 

infusion rather than a bolus dose, are the recommended chemotherapy agents21,51.  

The addition of neo-CRT prior to surgery aims to reduce local recurrence rates post-

surgery. Neo-CRT can aid resection by downstaging tumours prior to surgery, however 

LCRT has been demonstrated to achieve increased rates of downstaging relative to 

SCRT451. The tumour response to neo-CRT is assessed pathologically following surgical 

resection. In Ireland, tumour regression score (TRS) is determined using the modified Ryan 

tumour regression grading system. This score is a 4-point grading system based on the 

recommendations outlined by the American Joint Committee of Cancer52. TRS 0 (a 

complete response) is defined as no viable tumour cells, TRS 1 (a near-complete response) 

refers to single or small groups of cancer cells, TRS 2 (a partial response) describes evident 

tumour regression with evidence of residual tumour beyond single or groups of cancer cells 

and TRS 3 (a poor or no response) defines residual cancer that is extensive, with no 

evidence of tumour regression452. Rectal cancer patients who achieve a pCR (TRS 0) 

following neo-CRT have significantly improved disease-free and overall survival53. 

Unfortunately, a pCR is limited to less than 30% of rectal cancer patients who receive neo-

CRT21,55,56. This means that the majority of patients are subject to therapeutic-toxicities 

without apparent therapeutic benefit. Additionally, the delay to surgery while neo-CRT is 

administered may allow time for disease progression, leading to more advanced tumours 

that are more difficult to resect. The ability to predict prior to initiation of treatment those 
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patients who are likely to respond to treatment and conversely those patients who are likely 

to be resistant to treatment, for improved patient stratification, would be of significant 

clinical benefit. A variety of biomarkers spanning clinical and histopathological features, 

the TME and molecular markers have demonstrated some degree of predictive ability in 

the response to neo-CRT in rectal cancer453. Despite this, no single or combination 

biomarker has been clinically approved by the United States Food and Drug Administration 

(FDA) to indicate prior to the initiation of neo-CRT, whether a patient is likely to respond. 

For the majority of patients who are resistant to the current standard of care, there 

are no alternative treatment options. Therefore, there is an unmet global need to identify 

novel therapeutic targets to enhance the radiosensitivity of rectal tumours to neo-CRT, and 

boost treatment outcomes for rectal cancer patients. Total mesorectal excision is a major 

procedure and is associated with increased risk of perioperative mortality and morbidity 

and has long term impacts on the quality of life for cancer survivors454. Therefore, there is 

an increasing interest in the identification of treatment strategies that can facilitate organ 

preservation455. Previously, accurate detection of response to neo-CRT was only possible 

post-surgery, by pathological examination of the resected specimen. More recently, 

evidence suggests that stringent clinical examination following neo-CRT may reliably 

identify patients with a complete clinical response (cCR)58. In this instance, endoscopic or 

radiologic assessment of patients does not detect residual tumour53. This presents a 

potential opportunity to employ a wait-and-see-strategy as an alternative to immediate total 

mesorectal excision after neo-CRT. Motivation for a wait-and-see policy includes the 

avoidance of patient overtreatment58 and reduction of total mesorectal excision-associated 

impairments in bowel, urinary and sexual function59,60. Several large studies have 

demonstrated that in patients identified using strict selection criteria it may be a safe 

management option, providing adequate follow-up takes place53,61. Similar recurrence rates 

and outcomes have been reported in wait-and-see and surgically resected patient cohorts61–

63. With this in mind, the ability to identify novel therapeutic targets to improve tumour 

responses to neo-CRT in rectal cancer may have the ability to increase the number of 

patients who can be managed using a wait-and-see strategy, subsequently reducing patient 

overtreatment and improving survival and quality of life for patients.  

Expression of components of the complement system in cancer have been 

demonstrated to correlate with a variety of clinical and pathological parameters. In primary 

human tumours, high expression of C5aR has been demonstrated to correlate with vascular 

invasion310. C4d, a complement activation product, associates with nodal invasion, tumour 
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differentiation grade and disease stage in oropharyngeal squamous cell carcinoma275. In 

breast cancer, expression of C5aR correlates with larger tumours, lymph node metastasis 

and advanced clinical stages319. While these studies suggest a potential role for complement 

components as biomarkers of aggressive disease, a number of studies have also highlighted 

that expression of complement components are associated with survival outcomes. A study 

of gastric cancer patients demonstrated that patients with high tumour expression of C5aR 

had a significantly reduced 5-year OS383. Similarly in breast cancer, patients with C5aR 

positive tumours had poorer survival than patients with C5aR negative tumours319. 

Expression of C3aR has similarly been demonstrated to correlate with decreased OS, in 

lung and ovarian tumours300. The prognostic significance of complement expression 

appears to be largely context-dependent456.  

 Aberrant expression of complement components has also been demonstrated to 

have biomarker potential in response to anti-cancer therapy. Assessment of differentially 

expressed genes in soft tissue sarcomas with varying sensitivities to chemotherapy, 

demonstrated that complement cascade genes including C3aR, C1QC and CFI were 

significantly upregulated in chemoresistant tissues, when compared to chemosensitive 

tissue365. Neo-CRT prior to surgery is also a mainstay of treatment for OAC patients with 

resectable, locally-advanced disease457. In a previous study performed in our Department, 

high expression of C3 in pre-treatment OAC tumour biopsies was associated with 

subsequent poor responses to neo-CRT368. 

In addition to tumoural expression, circulating levels of complement components 

have demonstrated potential as prognostic or predictive biomarkers. While tumoural 

biomarkers have clinical potential to inform and support the design of patient treatment 

plans, circulating biomarkers represent a more convenient, less invasive and potentially 

more cost-effective option458. A study investigating chemoresistance in ovarian cancer has 

demonstrated that plasma levels of C3 were decreased, while C4-A was increased, in 

patients who were resistant to platinum-based chemotherapy, when compared to patients 

with chemosensitive tumours459. Furthermore, isoforms of C3 and C4 in the plasma of 

breast cancer patients have been demonstrated to correlate with response to neoadjuvant 

chemotherapy366. Evidence has also been presented for complement as a circulating 

biomarker in the response to immune checkpoint inhibitors (ICI). In renal cell carcinoma, 

poor responses to nivolumab (anti-PD-1) or nivolumab in combination with ipilimumab 

(anti-CTLA-4), were associated with increased plasma levels of complement factor D and 

CFH and decreased levels of C5b-9 and CFI. Reduced C5b-9 levels in combination with 
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elevated C5a additionally predicted worse responses to ICI460. Previous work in our 

Department also demonstrated that pre-treatment sera levels of C3a and C4a were elevated 

in OAC patients with subsequent poor pathological responses to neo-CRT, when compared 

to those who had good responses367. This suggests that complement anaphylatoxins may 

have potential as circulating biomarkers of response to neo-CRT.  

Data presented in Chapters 2 and 3 demonstrates that complement components are 

increased in radioresistant rectal cancer cells and that C3 plays a functional role in the 

tumoural response to radiation. However, the circulating and tumoural expression of 

complement components in rectal cancer patients is largely unknown. Therefore, the aim 

of this chapter was to profile key complement components in pre-treatment tumour tissue 

and sera from rectal cancer patients, and rectal tissue samples from non-cancer controls to 

determine if alterations in complement levels are associated with key clinicopathological 

factors including response to neo-CRT and prognosis.  
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5.2. Specific aims of Chapter 5 

 This chapter aimed to characterise complement in pre-treatment tumour biopsies 

and sera from rectal cancer patients and determine if there is a relationship between 

complement and key clinicopathological factors including response to neo-CRT and 

prognosis. 

 

The specific aims of Chapter 5 are:  

1. Assess the expression of central complement cascade components (C3, C5) and 

complement activation pathway components (CFB, C1q, MBL2) in pre-treatment 

rectal tumour biopsies and normal non-cancer rectal tissue to determine if 

complement expression is altered in rectal cancer. 

2. Investigate the relationship between tumoural complement expression and key 

clinicopathological factors including pathological tumour stage, Body Mass Index 

(BMI) and TRS. 

3. Investigate the relationship between tumour and circulating levels of C3 in a pilot 

cohort of rectal cancer patients.  

4. Assess the relationship between C3 and IL-6 in sera and tumour conditioned media 

(TCM) from rectal cancer patients. 

5. Investigate the relationship between circulating complement components (C3, C3a, 

C5, C5a and C5b-9) in pre-treatment sera from rectal cancer patients and key 

clinicopathological factors including pathological tumour stage, BMI, TRS and 

prognosis. 
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5.3. Materials and methods 

 

5.3.1. Patient recruitment and ethical approval 

Two patient cohorts were utilised in this chapter. The analyses performed on each of 

these cohorts is outlined in Figure 5-1.  

 

5.3.1.1. St James’s Hospital/Beacon Hospital, Dublin patient cohort 

Following Ethical approval (Joint St. James’s Hospital / AMNCH ethical review 

board and the Beacon Hospital Research Ethics Committee) and written informed consent, 

sera and rectal tumour tissue were taken from rectal cancer patients and normal non-cancer 

rectal tissue was taken from healthy controls undergoing colonoscopy for symptoms 

including unexplained rectal bleeding and changes in bowel habit, between January 2018 

and August 2021, at St James’s Hospital and Beacon Hospital, Dublin. Samples from 

cancer patients were obtained prior to neo-CRT. All patient data was pseudo-anonymised 

and given a unique biobank identifier. 

 

5.3.1.2. OxyTarget patient cohort 

Following Ethical approval (Regional Committee for Medical and Health Research 

Ethics of South-East Norway (reference number REK 2013/152) and the Institutional 

Review Board (reference number 12-106) ) and written informed consent, sera samples 

were taken from rectal adenocarcinoma patients between October 2013 and November 

2017, at Akershus University Hospital (Lørenskog, Norway) (ClinicalTrials.gov 

NCT01816607) prior to neo-CRT.  
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Figure 5-1: Overview of patient cohorts. Non-cancer and pre-treatment rectal cancer tissue, pre-
treatment sera from rectal cancer patients and TCM generated from rectal tumour biopsies were 
utilised for experiments in this chapter. The site of patient recruitment, the cohort size, the 
complement components assessed and methods used are outlined.  
 

 

5.3.2. Patient treatment  

5.3.2.3. St James’s Hospital/Beacon Hospital patient cohort 

 Patients were treated according to the prevailing national guidelines with neo-CRT 

and radical pelvic surgery. Chemotherapy consisted of FOLFOX (leucovorin, 5-FU, 

oxaliplatin) or FOLFIRI (leucovorin, fluorouracil, irinotecan hydrochloride). RT was 

delivered in 28 fractions of 1.8 Gy.  

 

5.3.2.4. OxyTarget patient cohort 

Patients were treated according to the prevailing national guidelines with neo-CRT 

and radical pelvic surgery. The absence of metastatic disease at the time of diagnosis was 

established on CT scans of the thoracic and abdominal cavities. Chemotherapy consisted 

of capecitabine, FLOX (fluorouracil, leucovorin, oxaliplatin) or FLV (5-FU, leucovorin). 

RT was delivered in either 25 fractions of 2 Gy, or 5 fractions of 5 Gy. All patients were 

followed systematically with clinical examination and CT scans at 3, 6, 12, 18 and 24 

months and then every year for a total of 5 years after surgery. 
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5.3.3. Pathological response to neo-CRT 

Tumour response to neo-CRT was assessed pathologically using resected rectal 

specimens. TRS was determined in the St James’s Hospital and Beacon Hospital patient 

cohort using the modified Ryan tumour regression system. In the OxyTarget patient cohort, 

TRS was assessed using the American Joint Committee of Cancer and College of American 

Pathologists (AJCC/CAP) system. Both of these grading schemes use the ratio of fibrosis 

to residual tumour and are identical 4 tier grading systems, where 0 (a complete response) 

is defined as no viable tumour cells, 1 (a near-complete response) refers to single or small 

groups of cancer cells, 2 (a partial response) describes tumour regression that is evident to 

a greater extent than single or groups of cancer cells and 3 (a poor or no response) defines 

residual cancer that is extensive, with no evidence of tumour regression452.  

 

5.3.4. Rectal tissue collection and processing 

Pre-treatment tumour biopsies were obtained from consenting rectal cancer patients, 

prior to neo-CRT, and were taken by a qualified endoscopist during diagnostic 

colonoscopy. Normal (non-cancer) rectal biopsies were obtained from consenting patients 

undergoing colonoscopy, that did not have cancer. Tissue biopsies were placed in RNAlater 

(Thermo Fisher Scientific, Massachusetts, United States) and refrigerated at 4°C. After 24 

h, RNAlater was removed and biopsies were snap frozen in liquid nitrogen, before being 

stored at -80°C. Tumour and non-tumour tissue was confirmed using haematoxylin and 

eosin staining by an experienced GI pathologist. 

 

5.3.5. RNA isolation from tissue biopsies 

RNA was isolated using the miRNeasy Mini Kit (Qiagen, Hilden, Germany). Tissue 

samples were lysed by the addition of 700 µL of QIAzol Lysis Reagent. Samples were 

pipetted repeatedly to ensure complete lysis, briefly vortexed and incubated for 5 min at 

RT°. A 140 μL volume of 1-bromo-3-chloropropane was added and the homogenate was 

shaken for 15 s, before resting for 1 min at RT°. Homogenates were centrifuged for 15 min 

at 4°C at 12,000 x g to allow for phase separation. The RNA-containing, upper, aqueous 

phase was carefully removed to a new 1.5 mL eppendorf. A 525 μL volume of ethanol was 

added to each eppendorf, and samples were mixed by repeated pipetting. RNeasy spin 

columns were placed in 2 mL collection tubes and 700 μL of each sample was transferred. 

Tubes were centrifuged for 15 s at RT° at 10,000 x g. The flow-through was discarded and 
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the remaining samples were added to the spin columns and centrifuged as before. To wash, 

700 μL of RWT buffer was added to each spin column before centrifugation for 15 s at RT° 

at 10,000 x g. A 500 μL volume of RPE buffer was then added to each spin column before 

centrifugation again for 15 s at RT° at 10,000 x g. This was repeated, instead with 

centrifugation for 2 min at RT° at 10,000 x g, to dry the spin column membrane. To elute 

the RNA, spin columns were transferred to new collection tubes and 30 μL of RNase-free 

H2O was added to each column, before centrifugation for 1 min at full speed, at RT°. RNA 

was quantified as previously described (Section 2.3.14).  

 

5.3.6. Assessing rectal tissue expression of complement components 

Gene expression of C3, C5, CFB, C1q and MBL2 was assessed by qPCR. RNA 

isolated from tissue biopsies (Section 5.3.5) was reverse transcribed to cDNA (Section 

2.3.15), which was used as the template for qPCR. qPCR was performed as outlined in 

Section 2.3.16, using TaqmanTM gene-specific primers (Applied Biosystems). Results were 

analysed using the qPCR Relative Quantification App on the ThermoFisher ConnectTM 

platform (Section 2.3.17).  

 

5.3.7. Processing of whole blood to isolate serum 

 Pre-treatment blood samples were obtained from consenting rectal cancer patients 

attending St James’s Hospital, Dublin and Beacon Hospital, Dublin. To isolate serum, 

blood tubes were centrifuged at 3,000 RPM for 10 min at RT°. Serum was carefully 

removed from the top of the blood tubes using a pipette, and added to 2 mL eppendorf tubes 

in 1 mL aliquots. Serum samples were stored at -80° until required. Serum samples obtained 

from the OxyTarget patient cohort had already been isolated from whole blood so did not 

require further processing.   

 

5.3.8. Assessing circulating levels of complement components  

The circulating levels of complement components in pre-treatment sera was assessed 

using several ELISAs. Details of the ELISAs used and the dilution factor of sera that was 

performed for each assay is outlined in Table 5-1. 

 All ELISAs were performed according to the manufacturer's instructions. 

Following the specified incubation times, ELISA plates were read using a GloMaxÒ 

Explorer Multimode Plate Reader (Promega, Wisconsin, United States). Graphical and 
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statistical analysis was performed using GraphPad Prism and standard curves were 

constructed using the absorbance readings of the standards. This standard curve was used 

to interpolate the absorbance readings of sera samples to determine the concentration of 

complement components present in these samples.  

 
Table 5-1: Details of ELISAs used to assess circulating levels of complement components. 

Complement 

Component 

Manufacturer Dilution Factor 

C3 

C3a 

C5 

C5a 

C5b-9 

Abcam (Cambridge, United Kingdom) 

Invitrogen (Massachusetts, United States) 

Abcam (Cambridge, United Kingdom) 

Abcam (Cambridge, United Kingdom) 

Novus Biologicals (Minnesota, United 

States) 

1:800 in 1 X Diluent M (from kit)  

1:5000 in 1 X Assay Buffer (from kit)  

1:80,000 in 1 X Diluent N (from kit)  

1:40 in 1 X Assay Diluent A (from kit) 

1:10 in Sample Diluent (from kit) 

 

5.3.9. TCM generation 

TCM was generated from fresh pre-treatment rectal tumour biopsies. Within 30 min 

of sampling, biopsies were washed gently four times in PBS supplemented with 1% 

penicillin-streptomycin, 1% Fungizone® (amphotericin B) and 0.1% gentamicin. In a 12-

well plate, each biopsy was then incubated in 1 mL of M199 medium supplemented with 

10% FBS, 1% penicillin-streptomycin, 1% Fungizone®, 0.1% gentamicin and 1 μg/mL 

insulin for 24 h at 37°C, 5% CO2/ 95% humidified air. After 24 h, TCM was collected and 

biopsies were removed and snap-frozen in liquid nitrogen. Both the TCM and snap frozen 

biopsies were stored at -80°C until required.  

 

5.3.10. Determining IL-6 levels in sera and TCM 

The level of IL-6 was assessed in the OxyTarget sera cohort using a custom Luminex 

(Luminex Corporation, Texas, United States) multi-plex assay. This was performed by Dr 

Sebastian Meltzer in Akershus University Hospital (Lørenskog, Norway).  

The level of IL-6 in TCM generated from pre-treatment rectal cancer biopsies was 

assessed using the V-Plex Proinflammatory Panel 1 Human Kit, from the Meso Scale 

Diagnostics (MSD) (Maryland, United States) Human Biomarker 54-plex kit. The assay 

was performed as instructed by the manufacturer's guidelines, and incubations were 

performed overnight. TCM samples were assessed neat. Data was normalised to protein 
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concentration of the biopsies used to generate the TCM, as assessed by BCA assay (Section 

2.3.20).  

5.3.11. Determining the level of C3 in TCM 

The level of C3 in TCM (generated as outlined in Section 5.3.9) was assessed by 

ELISA (Abcam). TCMs were assessed neat and the ELISA was performed according to the 

manufacturer's instructions. The plate was read using a GloMaxÒ Explorer Multimode 

Plate Reader (Promega, Wisconsin, United States). Graphical and statistical analysis was 

performed using GraphPad Prism and standard curves were constructed using the 

absorbance readings of the standards. This standard curve was used to interpolate the 

absorbance readings of the TCM samples to determine the concentration of complement 

components present in these samples. TCM samples exceeded the standard curve so 

relative absorbance readings were obtained. Relative absorbances were normalised to 

protein concentration of the biopsies used to generate the TCM, as assessed by BCA assay 

(Section 2.3.20).  

 

5.3.12. Statistical analysis 

 Graphing of results and statistical analysis was performed using Prism 9 Software 

(GraphPad, California, United States). All data are presented as mean ± SEM, unless 

otherwise indicated. Significance was determined by ANOVA with post-hoc Tukey’s 

multiple comparisons testing or Student’s t-test, as detailed in figure legends. Where 

comparison groups were paired (i.e. untreated vs. treated), a paired t-test was performed, 

otherwise unpaired t-tests were used. Results were considered significant where p £ 0.05. 

Correlations were performed using Pearson’s correlation coefficient.  

 Data analysis of the central complement components C3 and C5 and their respective 

anaphylatoxins, C3a and C5a, was performed by Andrew Sheppard (Dept. of Surgery, 

TCD) using R Studio.  

The probability of recurrence-free survival (RFS) and OS data was determined in 

accordance with the REMARK checklist461, as encouraged by the equator network, by 

performing Cox regression analysis and the Kaplan-Meier (log-rank) test using the median 

as a cut-off. This was performed by Dr Sebastian Meltzer (Akershus University Hospital, 

Lørenskog, Norway).  

 



 243 
 
 

5.4. Results  

5.4.1. Expression of C3 and C5 is elevated in rectal tumour biopsies, when compared 

to non-cancer rectal tissue  

Elevated expression of complement components has been reported in several human 

cancers. To assess whether complement components are altered in rectal tumour tissue, 

levels of C3 and C5 were assessed in pre-treatment rectal tumour biopsies (n=18) and 

normal non-cancer (confirmed histologically) rectal tissue biopsies (n=20) taken from 

patients undergoing investigative colonoscopy. Rectal cancer patient characteristics are 

outlined in Table 5-2. Non-cancer rectal tissue was obtained from n=20 patients (Male n=8 

Female n=12). The non-cancer cohort had an age range of 28-79, with a median age of 54.  

Interestingly, relative expression of C3 mRNA was significantly (p = 0.0063) 

upregulated in rectal tumour tissue, when compared to non-cancer rectal tissue (Mean 

relative C3 mRNA expression ± SEM; cancer 4.324 ± 0.9351, non-cancer 1.298 ± 0.4938) 

(Fig. 5-2 A). Similarly, relative expression of C5 mRNA was significantly (p = 0.0023) 

greater in rectal tumour tissue, when compared to non-cancer rectal tissue (Mean relative 

C5 mRNA expression ± SEM; cancer 1.747 ± 0.2527, non-cancer 0.7729 ± 0.1669) (Fig. 

5-2 B). These data demonstrate that expression of central complement components are 

increased in rectal tumours in this rectal cancer patient cohort.  

 

5.4.2. Expression of CFB and C1q are differentially altered in rectal tumour biopsies, 

when compared to non-cancer rectal tissue 

 Having demonstrated elevated levels of C3 and C5 in rectal tumour tissue, the 

mRNA expression of Clq, MBL2 and CFB, key factors in the initiating stages of the 

classical, lectin and alternative complement pathways, respectively, were assessed by 

qPCR in pre-treatment rectal cancer tissue and normal non-cancer rectal tissue.   

 MBL2 was not detected in cancer or non-cancer rectal tissue (Appendix 9). 

Relative expression of CFB mRNA was significantly (p < 0.0001) greater in rectal tumour 

tissue, when compared to non-cancer rectal tissue (Mean relative CFB mRNA expression 

± SEM; cancer 1.274 ± 0.1904, non-cancer 0.2021 ± 0.0376) (Fig. 5-2 C). In contrast, 

relative expression of C1q mRNA was significantly (p = 0.0023) reduced in rectal tumour 

tissue, when compared to non-cancer rectal tissue (Mean relative C1q mRNA expression ± 

SEM; cancer 4.882 ± 1.916, non-cancer 32.48 ± 8.579) (Fig. 5-2 D). These data suggest 

that the classical and alternative pathways may be more active in non-cancer and cancerous 

rectal tissue, respectively.  
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Table 5-2: Patient characteristics of patient cohort in which tumour biopsies were assessed 
for complement gene expression. 
  Cancer (n=18) 
Gender Male (n) 

Female (n) 
11 
7 

Age at diagnosis  Median (y) 65.5 

 Range (y) 48-89 

Histology Adenocarcinoma (n) 18 

Differentiation Poor-moderate (n) 
Moderate (n) 
Well (n) 
Unknown (n) 

2 
14 
1 
1 

BMI at diagnosis Normal (18.5-24.9) (n) 
Overweight (25-29.9) (n) 
Obese (>30) (n) 
N/A (n) 

3 
5 
6 
4 

Pathological T stage 0 (n) 
1 (n) 
2 (n) 
3 (n) 
N/A (n) 

5 
2 
4 
6 
1 

Treatment received  Neo-CRT 
Neo-RT 

16 
2 

TRS 
(Modified Ryan Scale) 

0 (n) 
1 (n) 
2 (n) 
3 (n) 
N/A (n) 

5 
7 
4 
1 
1 

Abbreviations; BMI, body mass index; CRT, chemoradiation therapy; N/A, not available; neo, neo-
adjuvant; RT, radiation therapy; TRS, tumour regression score; T stage, tumour stage; y, years. 
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Figure 5-2: Expression of complement components differs in rectal tumour tissue and non-
cancer rectal tissue. Expression of C3, C5, CFB and C1q in pre-treatment rectal cancer tissue 
(n=18) and non-cancer rectal tissue (n=20) was assessed by qPCR. Statistical analysis was 
performed by unpaired two-tailed Student’s t-test. **p < 0.01, ****p < 0.0001. 
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5.4.3. Expression of C3 and C5 in pre-treatment rectal tumour biopsies does not 

correspond with subsequent pathological response to neo-CRT 

Having demonstrated that the expression of complement components is altered in 

rectal tumour tissue, when compared to normal non-cancer rectal tissue, the relationship 

between complement expression in tumour tissue and subsequent TRS was explored. 

Expression of C3 and C5, two central complement cascade components was assessed at the 

gene level in pre-treatment rectal tumour biopsies (n=18) using qPCR and correlated with 

subsequent pathological response (TRS) to neo-CRT. Patient cohort characteristics are 

outlined in Table 5-2, and TRS was available for n=17 patients.  

Expression of C3 (Fig. 5-3 A) or C5 (Fig. 5-3 B) mRNA was similar in tumours from 

patients achieving a subsequent TRS 0, 1, 2 or 3. As this patient cohort was relatively small, 

patients were also grouped based on a good (TRS 0 or 1) or poor (TRS 2 or 3) response to 

neo-CRT. No trends in C3 or C5 expression were demonstrated when TRS 0-1 (n=12) vs 

TRS 2 (n=4) (Fig. 5-3 C-D), TRS 0-1 (n=12) vs TRS 2-3 (n=5) (Fig. 5-3 E-F), TRS 1 

(n=7) vs TRS 2 (n=4) (Fig. 5-3 G-H), or TRS 0 (n=5) vs TRS 2 (n=4) (Fig. 5-3 I-J) were 

compared. 

These data demonstrate that at the mRNA level, C3 and C5 expression in pre-

treatment rectal tumour biopsies is not associated with subsequent TRS in this cohort of 

rectal cancer patients.  
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Figure 5-3: Tumour expression of central complement cascade components does not correlate 
with TRS in rectal cancer. Relative (A) C3 and (B) C5 mRNA expression levels were assessed in 
pre-treatment rectal cancer biopsies (n=18), TRS 0 n=5, TRS 1 n=7, TRS 2 n=4, TRS 3 n=1. (C-
D) Relative C3 and C5 mRNA expression in patients with TRS 0-1 vs 2, (E-F) TRS 0-1 vs 2-3, (G-
H) TRS 1 vs 2 and (I-J) TRS 0 vs 2 was compared. Statistical analysis was performed by unpaired 
two-tailed Student’s t-test.  
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5.4.4. Expression of complement activation pathway components in pre-treatment 

rectal tumour tissue does not correspond with subsequent pathological response 

to neo-CRT  

Having assessed the mRNA expression of Clq, MBL2 and CFB, key factors in the 

initiating stages of the classical, lectin and alternative complement pathways, respectively, 

in pre-treatment rectal cancer tissue by qPCR, the relationship with subsequent TRS was 

investigated. Patient cohort characteristics are outlined in Table 5-2, and TRS was 

available for n=17 patients. 

MBL2 mRNA was not detected in rectal cancer tissue (Appendix 9). Expression of 

C1q (Fig. 5-4 A) and CFB (Fig. 5-4 B) mRNA was similar in tumours from patients with 

a subsequent TRS of 0, 1, 2 or 3. Patients were grouped based on a good (TRS 0 or 1) or 

poor (TRS 2 or 3) response to neo-CRT. No trends in C1q or CFB expression were 

demonstrated when TRS 0-1 (n=12) vs TRS 2 (n=4) (Fig. 5-4 C-D), TRS 0-1 (n=12) vs 

TRS 2-3 (n=5) (Fig. 5-4 E-F), TRS 1 (n=7) vs TRS 2 (n=4) (Fig. 5-4 G-H), or TRS 0 vs 

TRS 2 (n=4) (Fig. 5-4 I-J) were compared.  

These data demonstrate that at the mRNA level, C1q and CFB expression does not 

associate with TRS, suggesting that C1q and CFB mRNA expression is not predictive of 

subsequent response to neo-CRT in this cohort of rectal cancer patients.  
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Figure 5-4: Tumour expression of classical and alternative pathway components is not 
associated with TRS in rectal cancer. Relative (A) C1Q and (B) CFB mRNA expression levels 
were assessed in pre-treatment rectal cancer biopsies (n=18), TRS 0 n=5, TRS 1 n=7, TRS 2 n=4, 
TRS 3 n=1. (C-D) Relative C1Q and CFB mRNA expression in patients with TRS 0-1 vs 2, (E-F) 
TRS 0-1 vs 2-3, (G-H) TRS 1 vs 2 and (I-J) TRS 0 vs 2 was compared. Statistical analysis was 
performed by unpaired two-tailed Student’s t-test.  
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5.4.5. Expression of central complement components is not associated with expression 

of complement activation pathway components in rectal tumour tissue 

To investigate whether there was a relationship between tumour expression of the 

central complement components C3 and C5 in rectal cancer tissue, a simple linear 

regression was performed. Relative C3 mRNA expression did not significantly correlate 

with relative C5 mRNA expression (p = 0.5479) (Fig. 5-5 A). This may suggest the 

relationship between C3 and C5 mRNA expression in rectal cancer tissue is not linear.  

Having demonstrated that classical (C1q) and alternative (CFB) activation pathway 

components are expressed by rectal cancer tissue, their expression was correlated with C3 

and C5 expression to assess whether complement expression is associated with a particular 

activation pathway. Relative expression of C3 positively correlated with relative CFB 

expression, but the trend didn’t reach statistical significance (p = 0.0506) (Fig. 5-5 B). 

There was no correlation between relative C5 and CFB expression (Fig. 5-5 C). Relative 

C1q mRNA expression did not correlate with the relative expression level of C3 mRNA 

(Fig. 5-5 D) or C5 mRNA (Fig. 5-5 E) mRNA. These data suggest that in this rectal cancer 

patient cohort, tumoural expression of C3 may be associated with CFB at the mRNA level, 

suggesting the alternative pathway as a pathway of activation in rectal tumours.  

 

5.4.6. Expression of C3, C5, C1q or CFB does not associate with pathological tumour 

stage in rectal cancer.  

To assess whether expression of central complement components is elevated in 

patients with advanced tumour stages, relative C3 and C5 mRNA expression was assessed 

in patients based on pathological tumour stage. Expression of C3 (Fig. 5-6 A) and C5 (Fig. 

5-6 B) was similar in patients with a pathological tumour stage of 0 (n=5), 1 (n=2), 2 (n=4) 

or 3 (n=6). This suggests that expression of C3 and C5 in pre-treatment tumour biopsies is 

not associated with pathological tumour stage in this cohort of rectal cancer patients. 

To assess whether expression of complement components from the alternative and 

classical pathways is elevated in patients with advanced tumour stages, relative expression 

of CFB and C1q mRNA was assessed in patients based on pathological tumour stage.  

Expression of CFB (Fig. 5-6 C) and C1q (Fig. 5-6 D) was similar in patients with a 

pathological tumour stage of 0, 1, 2 or 3. This suggests that expression of complement 

activation pathway components is not associated with pathological tumour stage in this 

cohort of rectal cancer patients. 
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Figure 5-5: Relative mRNA expression of C3 and C5 do not correlate with each other, or 
expression of C1q or CFB in rectal cancer tissue. Expression of C3, C5, C1q and CFB in pre-
treatment rectal cancer tissue (n=18) was assessed by qPCR. (A) Relative mRNA expression of C3 
does not correlate with relative expression of C5. (B) Relative mRNA expression of C3 
demonstrated a trend towards a positive correlation with relative CFB expression. (C) Relative 
mRNA expression of C5 does not correlate with relative expression of CFB. Relative mRNA 
expression of (D) C3 and (E) C5 does not correlate with relative expression of C1q. Statistical 
analysis was performed by simple linear regression.  
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Figure 5-6: Tumour expression of C3, C5, CFB and C1q is not altered based on pathological 
tumour stage in rectal cancer patients. Expression of C3, C5, C1q and MBL2 in pre-treatment 
rectal cancer tissue (n=17) was assessed by qPCR. Relative mRNA expression of (A) C3, (B) C5, 
(C) CFB and (D) C1q was assessed in patients with a pathological tumour (T) stage of 0 (n=5), 1 
(n=2), 2 (n=4) and 3 (n=6). Expression of complement components did not significantly vary based 
on pathological T stage. Statistical analysis was performed by one-way ANOVA and post-hoc 
Tukey’s multiple comparisons testing. 
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5.4.7. C5 mRNA is elevated in rectal tumours from obese patients, when compared to 

overweight patients 

Obesity is a recognised driver of cancer development462, however in some instances, 

paradoxically may associate with better outcomes463. In rectal cancer, obesity has been 

demonstrated to associate with poorer responses to neo-CRT in some studies, while others 

report it is a positive prognostic factor464. To explore the relationship between obesity and 

complement expression in rectal cancer, relative expression levels of complement 

components was correlated with body mass index (BMI). Patients for whom BMI 

information was available were grouped into normal (BMI 18.5-24.9) (n=3) overweight 

(BMI 25-29.9) (n=5) and obese (BMI ³ 30) (n=6) categories465 to assess whether relative 

expression levels varied across these categories.  

Relative expression of C3 mRNA did not correlate with BMI (Fig. 5-7 A) or differ 

based on BMI group (Fig. 5-7 B). However, relative C5 mRNA expression demonstrated 

a significant positive correlation with BMI (p = 0.0326) (Fig. 5-7 C). Interestingly relative 

expression levels of C5 were significantly higher (p = 0.0464) in tumour tissue from obese 

rectal cancer patients, when compared to overweight patients (Mean relative C5 mRNA 

expression ± SEM; obese 2.757 ± 0.4765, overweight 1.457 ± 0.2423) (Fig. 5-7 D). This 

suggests that C5 expression may increase with obesity in this rectal cancer patient cohort.  

 

5.4.8. C1q and CFB expression in rectal cancer tissue is not associated with BMI 

Having demonstrated that tumoural C5 expression is associated with obesity in rectal 

cancer, the relationship between complement activation pathway components CFB and 

C1q and BMI was also assessed.  

Neither CFB (Fig. 5-7 E) nor C1q (Fig. 5-7 G) relative mRNA expression levels 

correlated with BMI. Similarly, relative expression levels of CFB (Fig. 5-7 F) and C1q 

(Fig. 5-7 H) did not alter across BMI groups. This suggests that expression of complement 

activation pathway components is not associated with BMI in this rectal cancer patient 

cohort.  
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Figure 5-7: Tumour expression of C5 is elevated in obese rectal cancer patients. Expression of 
C3, C5, CFB and C1q in pre-treatment rectal cancer tissue (n=13) was assessed by qPCR. Relative 
mRNA expression of (A) C3 (C) C5 (E) CFB and (G) C1q was correlated with body mass index 
(BMI). Statistical analysis was performed by simple linear regression. Patients were grouped based 
on BMI into normal (n=3), overweight (n=5) and obese (n=6) and relative mRNA expression of 
(B) C3 (D) C5 (F) CFB and (H) C1q were assessed in these groups. Statistical analysis was 
performed by one-way ANOVA and post-hoc Tukey’s multiple comparisons testing. *p < 0.05.  

A

0 5 10 15
15

20

25

30

35

40

Relative C3 expression

B
M

I

R2 = 0.0013
p = 0.9054

0 1 2 3 4 5
15

20

25

30

35

40

Relative C5 expression

B
M

I

R2 = 0.352
p = 0.0326

0 1 2 3 4
15

20

25

30

35

40

Relative CFB expression

B
M

I

R2 = 0.016
p = 0.68

0 20 40 60 80
15

20

25

30

35

40

Relative C1q expression

B
M

I

R2 = 1.68 x 10-6

p = 0.99

Norm
al

Ove
rw

eig
ht

Obes
e

0

5

10

15

R
el

at
iv

e 
C

3 
ex

pr
es

si
on

BMI group

Norm
al

Ove
rw

eig
ht

Obes
e

0

1

2

3

4

5

R
el

at
iv

e 
C

5 
ex

pr
es

si
on

BMI group

*

Norm
al

Ove
rw

eig
ht

Obes
e

0

1

2

3

4

R
el

at
iv

e 
C

FB
 e

xp
re

ss
io

n

BMI group

Norm
al

Ove
rw

eig
ht

Obes
e

0

20

40

60

80

R
el

at
iv

e 
C

1q
 e

xp
re

ss
io

n

BMI group

B

C D

E F

G H



 255 
 
 

5.4.9. Tumour-derived C3 expression does not significantly correlate with sera levels 

of C3  

Matched pre-treatment sera samples were available for n=10 patients from the cohort 

used to assess tumoural mRNA expression of complement components. To investigate 

whether tumoural expression of complement is associated with circulating levels of 

complement in this cohort, serum level of C3 was assessed by ELISA and correlated with 

C3 mRNA expression levels in these matched patients. Patient cohort characteristics are 

outlined in Table 5-3.  

There was no significant correlation between pre-treatment sera C3 levels and C3 

mRNA expression in pre-treatment rectal tumour biopsies in this cohort of matched 

patients. However, there was a trend towards increasing circulating levels of C3 with 

decreasing tumoural expression of C3 (p = 0.0828) (Fig. 5-8). This may suggest a potential 

inverse relationship between tumoural and circulating C3.  
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Table 5-3: Patient characteristics of patient cohort used for correlation of C3 expression in 
tumour biopsies with circulating levels of C3 in sera. 

  Cancer (n=10) 
Gender Male (n) 

Female (n) 
7 
3 

Age at diagnosis  Median (y) 71 

 Range (y) 53-89 

Histology Adenocarcinoma (n) 10 

Differentiation Poor-moderate (n) 
Moderate (n) 
 

8 
2 
 

BMI at diagnosis Normal (18.5-24.9) (n) 
Overweight (25-29) (n) 
Obese (>30) (n) 
N/A (n) 

2 
2 
5 
1 

Pathological T stage 0 (n) 
1 (n) 
2 (n) 
3 (n) 

3 
2 
0 
5 
 

Treatment received  Neo-CRT 
Neo-RT 

8 
2 

TRS 
(Modified Ryan Scale) 

0 (n) 
1 (n) 
2 (n) 
3 (n) 

3 
3 
3 
1 

Abbreviations; BMI, body mass index; CRT, chemoradiation therapy; N/A, not available; neo, neo-
adjuvant; RT, radiation therapy; TRS, tumour regression score; T stage, tumour stage; y, years. 
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Figure 5-8: Circulating C3 levels do not correlate with tumoural expression of C3 mRNA in 
rectal cancer patients. The concentration of C3 was assessed in pre-treatment sera from rectal 
cancer patients and correlated with C3 mRNA expression in tumour biopsies from matched patients 
(n=10). Statistical analysis was performed by simple linear regression and calculating Pearson’s 
correlation coefficient.   
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5.4.10. Complement components are circulating in pre-treatment sera from rectal 

cancer patients  

Having demonstrated that complement was expressed in pre-treatment tumour 

biopsies, the levels of circulating complement components were assessed in pre-treatment 

sera from rectal cancer patients in the OxyTarget cohort. The levels of C3, C5 and the C3a 

and C5a anaphylatoxins were assessed by ELISA in pre-treatment sera samples from rectal 

cancer patients (n=40). Patient cohort characteristics are outlined in Table 5-4.  

 All components assessed were detected in all samples. C3 was the most abundant 

complement component in rectal cancer patient sera, present at significantly higher (p < 

0.0001 for all) levels, when compared to C3a, C5 and C5a. The level of C3a was 

significantly higher than C5a (p < 0.0001) (Mean concentration (ng/mL) ± SEM; C3 

381777 ± 15601, C3a 4578 ± 576.6, C5 72409 ± 2226, C5a 16.81 ± 1.762) (Fig. 5-9). These 

data demonstrate that systemic activation of central complement cascade components C3 

and C5 to generate anaphylatoxins (C3a and C5a) occurs in rectal cancer patients.  

 

5.4.11. C3 positively correlates with C3a levels in pre-treatment sera from rectal 

cancer patients  

To investigate the relationship between circulating complement components and 

anaphylatoxins in pre-treatment sera from rectal cancer, analysis was performed using R 

studio.  

The circulating levels of C3 and C3a were positively correlated and significantly 

associated (p = 0.0072), suggesting that increased production of C3a is associated with 

higher circulating levels of C3 (Fig. 5-10 A). In contrast, there was no correlation between 

circulating C5 and C5a levels (Fig. 5-10 B). Circulating C3a levels were positively 

correlated and significantly associated with C5a levels (p = 0.00079). Interestingly, this 

relationship remained significant (p = 0.00439) when the association was adjusted for age, 

sex and circulating C3 and C5 levels (Fig. 5-10 C). This suggests that the levels of C3a and 

C5a are associated independently of the levels of C3 and C5 in pre-treatment sera from 

rectal cancer patients.  
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Table 5-4: Patient characteristics of OxyTarget pre-treatment rectal cancer sera cohort.  
  Cancer (n=40) 
Gender Male (n) 

Female (n) 
24 
16 

Age at study inclusion  Median (y) 65 

 Range (y) 41-79 

Histology Adenocarcinoma (n) 40 

Differentiation Low (n) 
Mean/Moderate (n) 
High (n) 
N/A (n) 

3 
25 
7 
5 

BMI at diagnosis Underweight (< 18.5) (n) 
Normal (18.5-24.9) (n) 
Overweight (25-29.9) (n) 
Obese (> 30) (n) 

2 
16 
14 
8 

Pathological T stage 
 

1 (n) 
2 (n) 
3 (n) 
4 (n) 

4 
3 
31 
2 

Clinical T stage 2 (n) 
3 (n) 
4 (n) 

2 
17 
21 

Treatment received  Neo-CRT 40 

TRS 
(CAP/AJCC) 

1 (n) 
2 (n) 
3 (n) 

13 
16 
11 

Abbreviations; AJCC, American Joint Committee on Cancer; BMI, body mass index; CAP, college 
of American pathologists; N/A, not available; neo-CRT, neo-adjuvant chemoradiation therapy; 
TRS, tumour regression score; T stage, tumour stage; y, years. 
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Figure 5-9: Circulating complement components are detected in pre-treatment sera from 
rectal cancer patients. Circulating levels of C3, C3a, C5 and C5a were assessed by ELISA in pre-
treatment rectal cancer sera (n=40). Statistical analysis was performed by one-way ANOVA with 
Tukey’s multiple comparisons testing. **** p < 0.0001, where significance is between the indicated 
components and every other component. 
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Figure 5-10: Circulating C3 and C3a levels are positively associated in pre-treatment sera 
from rectal cancer patients. Levels of circulating complement components were assessed in pre-
treatment rectal cancer patient sera (n=40). (A) C3 and C3a are positively correlated and 
significantly associated. (B) C5 and C5a are not significantly associated. Linear regression was 
performed to assess the strength of the association and calculate the R2 value. (C) C3a and C5a are 
positively correlated and significantly associated, independent of C3, C5, age and sex. Multiple 
linear regression was carried out to determine the R2 value and assess the strength of the association 
independent of these parameters.  
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5.4.12. Sera levels of C3a are associated with clinical tumour stage 

 Having demonstrated that C3, C3a, C5 and C5a are present at detectable levels in 

pre-treatment rectal cancer patient sera, the relationship between these circulating 

complement components and tumour stage was investigated.  

 Circulating levels of C3 (Fig. 5-11 A), C5 (Fig. 5-11 C) and C5a (Fig. 5-11 D) were 

not altered in patients with a clinical tumour stage of 2 (n=2), 3 (n=17) or 4 (n=21). 

Interestingly, circulating levels of C3a were significantly higher (p = 0.0247) in patients 

with a clinical tumour stage of 4, when compared to those with a clinical tumour stage of 

3 (Mean concentration of C3a (ng/mL) ± SEM; clinical tumour stage of 3: 3104 ± 369.5, 

clinical tumour stage of 4: 6158 ± 987.6) (Fig. 5-11 B).  

Having demonstrated that C3a levels were altered based on clinical tumour stage, the 

relationship between circulating complement levels and pathological tumour stage was 

assessed. There were no significant alterations in circulating levels of C3, C3a, C5 or C5a 

in patients having a pathological tumour stage of 1 (n=4), 2 (n=3), 3 (n=31), or 4 (n=2), 

(Fig. 5-12).These data suggest that circulating levels of C3, C3a, C5 and C5a in sera are 

not associated with pathological tumour stage in this cohort of rectal cancer patients.  

 

5.4.13. Sera levels of C3, C3a, C5 and C5a are not associated with BMI  

Having demonstrated that expression of C5 mRNA is elevated in tumours from obese 

rectal cancer patients, when compared to overweight rectal cancer patients in the St James’s 

Hospital/Beacon Hospital patient cohort, the relationship between circulating complement 

components and BMI was assessed in the OxyTarget patient cohort .  

Circulating levels of C3 (Fig. 5-13 A), C3a (Fig. 5-13 C), C5 (Fig. 5-13 E), and C5a 

(Fig. 5-13 G) did not correlate with BMI. Similarly, sera levels of these complement 

components were unaltered when patients were grouped by BMI into underweight (BMI 

<18.5) (n=2), normal (BMI 18.5-24.9) (n=16) overweight (BMI 25-29.9) (n=14) and obese 

(BMI ³ 30) (n=8) categories (Fig. 5-13). This suggests that the circulating levels of 

complement components are not associated with BMI in this cohort of rectal cancer 

patients.  
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Figure 5-11: Circulating levels of C3a in pre-treatment sera from rectal cancer patients are 
altered across clinical T stage. Levels of circulating complement components were assessed in 
pre-treatment rectal cancer patient sera (n=40). Patients were grouped based on clinical tumour (T) 
stage; 2, (n=2), 3 (n=17) and 4 (n=21) and circulating levels of (A) C3 (B) C3a (C) C5 and (D) C5a 
were assessed in these groups. Statistical analysis was performed by one-way ANOVA and post-
hoc Tukey’s multiple comparisons testing. *p. < 0.05.  
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Figure 5-12: Circulating levels of complement components in pre-treatment sera from rectal 
cancer patients are not altered based on pathological tumour stage. Levels of circulating 
complement components were assessed in pre-treatment rectal cancer patient sera (n=40). Patients 
were grouped based on pathological tumour (T) stage; 1 (n=4), 2, (n=3), 3 (n=31) and 4 (n=2) and 
circulating levels of (A) C3 (B) C3a (C) C5 and (D) C5a were assessed in these groups. Statistical 
analysis was performed by one-way ANOVA and post-hoc Tukey’s multiple comparisons testing. 
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Figure 5-13: Circulating levels of complement components in pre-treatment sera from rectal 
cancer patients are not altered based on BMI group. Levels of circulating complement 
components were assessed in pre-treatment rectal cancer patient sera (n=40). Sera levels of (A) C3 
(C) C3a (E) C5 and (G) C5a were correlated with body mass index (BMI). Statistical analysis was 
performed by simple linear regression. Patients were grouped based on BMI into underweight 
(n=2), normal (n=16), overweight (n=14) and obese (n=8) and circulating levels of (B) C3 (D) C3a 
(F) C5 and (H) C5a were assessed in these groups. Statistical analysis was performed by one-way 
ANOVA and post-hoc Tukey’s multiple comparisons testing. 
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5.4.14. Circulating levels of C3 positively correlate with circulating levels of IL-6 

IL-6 is a pleiotropic cytokine which is upregulated in several cancers and can have 

immunosuppressive effects466. In CRC, IL-6 has been demonstrated to promote 

tumourigenesis and elevated IL-6 levels of IL-6 are demonstrated to correlate with and 

reduced survival467. Previous profiling of the sera from the OxyTarget patient cohort by 

Multiplex ELISA (performed by collaborators at Akershus University Hospital, Lørenskog, 

Norway) had investigated circulating levels of IL-6 in this patient cohort. The relationship 

between IL-6 levels and levels of C3, C5, C3a and C5a pre-treatment sera samples from 

the OxyTarget patient cohort (n=40) was investigated. Interestingly, the levels of C3 and 

IL-6 demonstrated a significantly positive correlation (p = 0.021, rho = 0.363) (Fig. 5-14), 

suggesting a relationship between circulating levels of IL-6 and C3 in this cohort of rectal 

cancer patients.  

 

5.4.15. Secreted levels of C3 from rectal tumour biopsies positively correlates with 

secreted levels of IL-6 in the TME 

Having demonstrated that circulating C3 and IL-6 levels positively correlate in rectal 

cancer patient sera, the relationship between secreted C3 and IL-6 in TCM generated from 

pre-treatment rectal tumour biopsies was assessed (n=5). Patient cohort characteristics are 

outlined in Table 5-5.  

The concentration of C3 in rectal cancer TCM exceeded the standard curve so relative 

absorbances relating to C3 concentration in each TCM sample was calculated. The relative 

absorbance of C3 in TCM significantly positively correlated with the level of IL-6 in TCM 

(p = 0.0272, R2 = 0.08) (Fig. 5-15), suggesting a relationship between IL-6 and C3 within 

the TME in rectal cancer.  
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Figure 5-14: Circulating levels of C3 positively correlate with circulating levels of IL-6 in pre-
treatment sera from rectal cancer patients. The concentration of C3 was assessed in pre-
treatment sera from rectal cancer patients (OxyTarget Cohort) and correlated with the concentration 
of IL-6 determined in these samples (n=40). Statistical analysis was performed by assessing 
Spearman’s rho.  
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Table 5-5: Patient characteristics of patient cohort in which TCM was assessed.  
  Cancer 

(n=5) 
Gender Male (n) 

Female (n) 
3 
2 

Age at diagnosis  Median (y)  

 Range (y) 47-78 

Histology Adenocarcinoma (n) 5 

Differentiation Poor-moderate (n) 
Moderate (n) 
Well (n) 
N/A (n) 

1 
2 
1 
1 
 

BMI Normal (18.5-24.9) (n) 
Overweight (25-29.9) (n) 
Obese (>30) (n) 

1 
2 
2 
 

Pathological T stage 1 (n) 
3 (n) 
N/A (n) 

2 
2 
1 

Treatment received  Neo-CRT (n) 
Surgery only (n) 
Unknown (n)  
 

2 
2 
1 

TRS 
(Modified Ryan Scale) 

2 (n) 
3 (n) 
N/A (n) 

1 
1 
3 

Abbreviations; BMI, body mass index; N/A, not available; neo-CRT, neo-adjuvant chemoradiation 
therapy; TRS, tumour regression score; T stage, tumour stage; y, years.  
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Figure 5-15: Relative absorbance of secreted C3 positively correlates with the level of secreted 
IL-6 in TCM from pre-treatment rectal cancer biopsies. The concentration of C3 and IL-6 was 
assessed in TCM generated from pre-treatment rectal cancer biopsies (n=5) by ELISA and Multi-
Plex ELISA, respectively. Statistical analysis was performed using simple linear regression.   
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5.4.16. Pre-treatment sera levels of C3a are elevated in patients with subsequent poor 

responses to neo-CRT in rectal cancer  

 Having determined the circulating levels of C3, C5, C3 and C5a in pre-treatment 

sera from rectal cancer patients, the relationship between circulating complement and 

subsequent pathological response to neo-CRT was investigated. Patient cohort (n=40) 

characteristics are outlined in Table 5-4. 

 Circulating C3 (Fig. 5-16 A), C5 (Fig. 5-16 C) and C5a (Fig. 5-16 D) levels were 

similar in pre-treatment sera from rectal cancer patients with a TRS of 1, 2 or 3. However, 

interestingly, pre-treatment C3a levels were significantly (p = 0.0432) higher in patients 

with a subsequent TRS of 3, when compared to patients with a TRS of 1 (Mean 

concentration of C3a (ng/mL) ± SEM; TRS 1 3232 ± 352.5, TRS 3 6906 ± 1770) (Fig. 5-

16 B). These data suggest that elevated pre-treatment levels of C3a may have potential as 

a predictive biomarker of poor response to neo-CRT.  

 

5.4.17. Pre-treatment sera levels of C3, C3a, C5 and C5a are not associated with 

recurrence-free or overall survival 

Pathological response to neo-CRT in rectal cancer is associated with outcome, with 

attainment of a pCR associated with reduced disease recurrence and improved survival53. 

Having demonstrated that elevated circulating levels of C3a correlate with a poor response 

to neo-CRT in this cohort of rectal cancer patients, the relationship between circulating 

complement components and recurrence-free survival (RFS) and OS was assessed using 

Cox regression analysis and log-rank testing. There were no statistically significant 

associations between circulating levels of C3 and C5 and RFS or OS when Cox regression 

analysis was performed (Table 5-6). Cox regression analysis of circulating C3a levels 

demonstrated a significant association with both RFS and OS (Table 5-6). However, using 

Kaplan Meier log-rank testing, there was no statistically significant association between 

levels of C3a and RFS (Fig. 5-17 A) or OS (Fig. 5-17 B). Similarly, Cox regression analysis 

demonstrated that circulating C5a levels were significantly associated with RFS (p = 0.002) 

(Table 5-6), however log-rank analysis demonstrated that circulating C5a was did not 

significantly associate with RFS or OS (Fig. 5-17 C-D).  

These data suggest that in this rectal cancer patient cohort circulating levels of C3, C5 

and their respective anaphylatoxins are not associated with survival.  
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Figure 5-16: C3a is significantly elevated in pre-treatment sera from rectal patients with a 
subsequent poor pathological response to neo-CRT. Levels of circulating complement 
components were assessed in pre-treatment rectal cancer patient sera (n=40). Patients were grouped 
based on tumour regression score; 1 (n=13), 2 (n=16) or 3 (n=11) and circulating levels of (A) C3 
(B) C3a (C) C5 and (D) C5a were assessed in these groups. Statistical analysis was performed by 
one-way ANOVA and post-hoc Tukey’s multiple comparisons testing. *p < 0.05. 
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Table 5-6: Results of Cox regression analysis (HR) and log-rank test to investigate the effect 
of circulating complement levels on recurrence-free and overall survival in rectal cancer.  
 

 
RFS 

    
OS 

  

 

n HR (95% CI) p 
Log-rank 

p (median) 
n HR (95% CI) p 

Log-rank 

p 

(median) 

C3 32 1.000 (1.000-1.000) 0.800 0.4029 40 1.000 (1.000-1.000) 0.500 0.9768 

C3a 32 1.000 (1.000-1.000) 0.040 0.7279 39 1.000 (1.000-1.000) <0.001 0.1613 

C5 32 1.000 (0.999-1.000) 0.600 0.7680 40 1.000 (1.000-1.000) 0.600 0.1644 

C5a 32 1.000 (1.000-1.000) 0.002 0.0777 40 1.000 (1.000-1.000) 0.100 0.2316 

Abbreviations; CI, confidence interval; HR, hazard ratio; OS, overall survival; RFS, recurrence-
free survival. 
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Figure 5-17: Circulating C3a and C5a levels in pre-treatment sera are not associated with 
recurrence-free survival or overall survival in rectal cancer patients. Kaplan Meier curves 
demonstrating the effect of pre-treatment circulating C3a levels on (A) recurrence-free survival and 
(B) overall survival in rectal cancer (n=32 and n=39, respectively). Levels of C3a were separated 
into two groups; above the median and below the median. Survival is measured in months. Analysis 
was performed using the log-rank test.  
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5.4.18. Pre-treatment sera levels of C5b-9 are not associated with tumour stage or 

BMI  

 Having demonstrated that the complement anaphylatoxins C3a and C5a are present 

in the serum of rectal cancer patients, the levels of C5b-9, the terminal complement 

component (TCC), was assessed in pre-treatment sera by ELISA, to assess whether 

activation of the terminal complement pathway occurs in rectal cancer. The relationship 

between circulating C5b-9 and tumour stage and BMI was assessed. Patient cohort (n=40) 

characteristics are outlined in Table 5-4. 

C5b-9 was present in all pre-treatment sera samples tested. There were no significant 

alterations in circulating C5b-9 levels across clinical or pathological tumour stage (Fig. 5-

18 A-B), suggesting that C5b-9 does not correlate with tumour stage in this cohort of rectal 

cancer patients. Similarly, levels of C5b-9 did not correlate with BMI or associate with 

BMI groups, suggesting that C5b-9 is not related with obesity status in this cohort of rectal 

cancer patients (Fig. 5-18 C-D). 

 

5.4.19. Pre-treatment sera levels of C5b-9 are elevated in patients with subsequent 

poor responses to neo-CRT in rectal cancer  

Having demonstrated that C5b-9 was present in pre-treatment sera from rectal cancer 

patients, the relationship between C5b-9 and subsequent pathological response to neo-CRT 

was assessed. Patient cohort (n=40) characteristics are outlined in Table 5-4. 

 Levels of C5b-9 in pre-treatment sera were significantly (p = 0.0134) elevated in 

rectal cancer patients with a subsequent TRS of 3, when compared to those with a TRS of 

1 (Mean concentration of C5b-9 (ng/mL) ± SEM; TRS 1 457.7 ± 34.09, TRS 3 797.5 ± 

129) (Fig. 5-19 A). This data suggests that increased circulating levels of C5b-9 is 

associated with a poorer response to neo-CRT, highlighting C5b-9 as a potential predictive 

biomarker of response to neo-CRT.  

 

5.4.20. Elevated pre-treatment sera levels of C5b-9 are associated with worse 

recurrence-free and overall survival in rectal cancer patients  

Having demonstrated that increased levels of C5b-9 in pre-treatment sera is associated 

with a poor response to neo-CRT, the relationship between circulating C5b-9 levels and 

RFS and OS was assessed using Cox regression analysis and log-rank testing (Table 5-7). 

Pre-treatment sera levels of C5b-9 were significantly increased in patients with poorer RFS 

(Fig. 5-19 B) and OS (Fig. 5-19 C), suggesting a potential role for complement in the 
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pathogenesis of rectal cancer and highlighting C5b-9 as a potential prognostic biomarker 

in rectal cancer.  
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Figure 5-18: Circulating levels of C5b-9 in pre-treatment sera from rectal cancer patients are 
not associated with tumour stage or BMI. Levels of C5b-9 were assessed in pre-treatment sera 
from rectal cancer patients (n=40) by ELISA. Patients were grouped based on (A) clinical tumour 
(T) stage; 2 (n=2), 3, (n=17) and 3 (n=21) and (B) pathological T stage; 1 (n=4), 2, (n=3), 3 (n=31) 
and 4 (n=2). (C) Sera levels of C5b-9 were correlated with BMI and (D) patients were also grouped 
by BMI into underweight (n=2), normal (n=16), overweight (n=14) and obese (n=8). Statistical 
analysis was performed by simple linear regression and by one-way ANOVA and post-hoc Tukey’s 
multiple comparisons testing.  
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Table 5-7: Results of Cox regression analysis (HR) and log-rank testing performed to 
investigate the effect of circulating C5b-9 levels on recurrence-free and overall survival in 
rectal cancer.  
 

 
RFS 

    
OS 

  

 

n HR (95% CI) p 

Log-rank 

p 

(median) 

n HR (95% CI) p 
Log-rank p 

(median) 

C5b-9 32 1.002 (1.001-1.004) 0.005 0.0040 40 1.002 (1.001-1.003) 0.006 0.0023 

 
Abbreviations; CI, confidence interval; HR, hazard ratio; OS, overall survival; RFS, recurrence-
free survival. 
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Figure 5-19: Circulating levels of C5b-9 are significantly elevated in pre-treatment sera from 
rectal cancer patients with subsequent poor responses to neo-CRT and poorer survival. Levels 
of C5b-9 were assessed in pre-treatment rectal cancer patient sera (n=40). (A) Patients were 
grouped based on TRS; 1 (n=13), 2 (n=16) or 3 (n=11) and C5b-9 levels were significantly elevated 
in patients with a subsequent TRS of 3, when compared to those with a TRS of 1. Statistical analysis 
was performed by one-way ANOVA with post-hoc Tukey’s multiple comparisons testing. Kaplan 
Meier curves demonstrating the effect of pre-treatment circulating C5b-9 levels on (A) recurrence-
free survival and (B) overall survival in rectal cancer (n=32 and n=40, respectively). Levels of C5b-
9 were separated into two groups; above the median and below the median. Survival is measured 
in months. Analysis was performed using the log-rank test.  
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5.5. Discussion 

There is an urgent need to identify predictive biomarkers of response to neo-CRT in 

rectal cancer and to elucidate molecular factors influencing response to treatment to 

develop novel therapeutic strategies to boost treatment response and survival for patients. 

This chapter aimed to profile the expression of key complement components in pre-

treatment rectal tumour biopsies and pre-treatment sera from rectal cancer patients.  

 Complement components have frequently been reported as overexpressed in 

tumour tissue, when compared to healthy tissue456, however, the expression level of 

complement components in normal non-cancer rectal tissue is currently unknown. 

Supporting previous studies in gastric, CRC and skin cancers, we demonstrate that 

expression of C3 is increased in rectal tumour tissue, when compared to rectal tissue from 

non-cancer controls301,317,468. We also demonstrate upregulation of C5 in rectal tumour 

tissue, when compared to non-cancer rectal tissue. This supports a potential role for 

dysregulated complement expression in the progression from normal to malignant rectal 

tissue. Elucidating whether tumour-expressed complement has potential as a therapeutic 

target or biomarker of response requires investigating complement expression in normal 

non-cancer tissue. Here we demonstrate that complement is expressed at low levels in non-

cancer rectal tissue, which may be beneficial from a therapeutic perspective. Further 

investigation using matched tumour and adjacent non-cancer rectal tissue is required to 

establish whether this may aid the targeting of complement in rectal tumours. 

Expression of complement activation pathway components has been reported in 

several cancer types. In squamous cell carcinoma, upregulation of CFB relative to normal 

tissue has been reported, demonstrating an upregulation of complement activation pathway 

components in cancer301. This is supported by data presented in this chapter, which 

demonstrate elevated expression of CFB in rectal tumour biopsies, when compared to non-

cancer tissue. Interestingly, C1q of the classical pathway was expressed at significantly 

higher levels in non-cancer rectal tissue, when compared to rectal tumour tissue. In the 

literature at present, there are no studies to indicate that different complement activation 

pathways predominate in tumour tissue when compared to normal tissue. However, results 

presented here suggest that different complement activation pathways may be enriched in 

cancer, when compared to normal tissue. If complement activation is occurring via these 

canonical pathways, this may be beneficial from a therapeutic perspective as it may provide 

an opportunity to selectively target tumour tissue while sparing normal tissue.  
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 Supporting in vitro data presented in Chapter 2, assessment of tumoural expression 

of complement components in pre-treatment rectal tumour biopsies demonstrated that C3 

and C5 are expressed in rectal tumour biopsies. Importantly, gene expression of 

complement components was assessed using whole tumour biopsies, which contain stromal 

and epithelial cells. While expression of complement was demonstrated in CRC cell lines 

in Chapter 2, which are of epithelial origin, further investigation using formalin-fixed 

paraffin-embedded (FFPE) tumour tissue is necessary to pinpoint the location of 

complement expression in rectal tumours. 

 The presence of C4d deposits in oropharyngeal SSC and C5aR expression in breast 

cancer tissue has been previously demonstrated to correlate with tumour stage275,319, 

suggesting a relationship between complement and tumour stage in cancer. In this study, 

the expression of C3 and C5 mRNA in biopsies from rectal cancer patients was not 

associated with pathological tumour stage. C4d and C5aR are reflective of complement 

activation and a potential to transduce complement signals, respectively, both of which 

have a functional ability to modify the TME. Considering these findings, it may be useful 

in future studies to directly investigate complement activation within the rectal TME by 

assessing for the presence of complement activation products (such as C3d). In addition to 

complement expression, complement activation could be correlated with tumour stage, to 

assess whether there is a relationship between the activation of complement and rectal 

cancer stage.  

Within the circulation, complement components and anaphylatoxins were detected in 

pre-treatment sera from rectal cancer patients, highlighting systemic activation of 

complement in rectal cancer. Interestingly, C3a was elevated in the sera of patients with a 

clinical tumour stage of 4, when compared to those with a clinical tumour stage of 3. This 

supports previous studies suggesting a relationship between complement and tumour 

stage275,319. Importantly, the relationship between circulating and tumoural complement is 

far from understood and requires further study to elucidate how tumour stage and sera 

levels may be related.  

A major area of interest in the investigation of complement in cancer is whether 

tumoural levels of complement are reflective of or related to circulating levels. Although 

circulating complement is hepatic in origin, whether or not tumour-derived complement 

can contribute to the circulating pool of complement components is largely unexplored. In 

an attempt to address this question in part, tumour biopsy expression of C3 at the mRNA 

level was correlated with the circulating level of C3 in pre-treatment sera from a small pilot 
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cohort of matched patients. While no significant associations were demonstrated, there was 

a strong trend towards an inverse relationship, suggesting that further investigation in a 

larger cohort is warranted. This is supported by a study of gastric cancer, in which pre-

treatment tumoural deposition of C3 was inversely related to pre-treatment C3 levels in 

plasma317. Importantly, investigation of the expression of C3 at the protein level in rectal 

tumour biopsies is required, as mRNA levels may not be reflective of the protein level. A 

small number of studies have explored whether the pool of tumoural complement is distinct 

to circulating complement. In oral squamous cell carcinoma (OSCC), salivary and plasma 

levels of C4d were significantly associated275. More recently, in clear cell renal cell 

carcinoma, Daugan and colleagues proposed that CFH produced by the tumour has little to 

no contribution to the plasmatic pool342. These studies highlight once again the context-

dependent nature of complement in cancer.  

CRC risk increases with obesity469. Elevated expression of complement components 

has been observed in obese individuals470 and C3 has been demonstrated to correlate with 

obesity and BMI471. In this study, C3 mRNA expression was not associated with BMI, 

however C5 mRNA expression in pre-treatment rectal tumour biopsies positively 

correlated with BMI, with higher levels expressed in tumours from obese patients, when 

compared to overweight patients. To our knowledge, this is the first indication of a potential 

relationship between obesity and tumoural expression of complement genes in rectal 

cancer. These data suggest that obesity may result in dysregulated complement expression 

in rectal cancer. In patients with metabolic disease, circulating complement is 

dysregulated472. However, circulating levels of complement were not associated with BMI 

or a particular BMI category, in contrast with results from tumour tissue. This further 

suggests that in rectal cancer, tumoural complement and circulating complement are 

distinct pools, with different biological effects. Notably, there are limitations with using 

BMI to define obesity, as it does not distinguish subcutaneous or visceral fat and cannot 

take muscle or bone mass into account473. As such, other markers including waist-to-hip 

ratio, visceral fat area as defined by CT or MRI, and waist circumference are more accurate 

indicators of visceral obesity. Therefore, to further investigate the relationship between 

tumoural complement expression and obesity, data should be analysed with respect to these 

clinical measurements.  

IL-6 is a pro-inflammatory cytokine, which can promote tumourigenesis in CRC474. In 

this study, C3 levels correlated with IL-6 levels, in both pre-treatment sera and TCM 

generated from pre-treatment rectal tumour biopsies. This suggests that both within the 
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circulation and the TME, there is a relationship between IL-6 and C3. There are few studies 

in the literature, which have reported a relationship between IL-6 and C3 in cancer. In a 

small cohort of women with breast cancer in Iraq, it has been suggested that C3 and IL-6 

together with TNF-α and IgA may predict disease recurrence. This was based on the 

observation that women who developed recurrences had altered serum levels of each of 

these markers, including elevated C3 and IL-6, relative to women who did not475. In rectal 

cancer, following neo-CRT, elevated plasma levels of IL-6 have previously been 

demonstrated in rectal cancer patients with poor responses476. Similar results were 

demonstrated in another study, where although not significant, patients achieving a pCR 

tended to have lower pre-treatment concentrations of IL-6 in sera477. These studies 

highlight that IL-6 may negatively affect patient response to neo-CRT in rectal cancer. 

Importantly, IL-6 has been demonstrated to induce the synthesis of C3 in the liver, skin 

fibroblasts and germinal centre cells478–480. Potentially, in rectal cancer there is a cross-talk 

between IL-6 and C3 to promote inflammation and negatively affect disease pathogenesis.  

Determining the molecular, cellular and microenvironmental factors influencing 

response to neo-CRT in rectal cancer is essential to improving patient outcomes, and may 

identify predictive biomarkers of response. Additionally, improving tumour response to 

neo-CRT may allow organ preservation. Wilkins et al. have recently demonstrated that 

complement activation pathways are enriched in rectal tumours that respond poorly to neo-

CRT481. While specific genes were not named, the study highlighted that complement 

components may associate and play a role in the tumour response to neo-CRT in rectal 

cancer. One of the main objectives of this Chapter was to assess whether tumour expression 

of complement components is altered based on tumour response to neo-CRT in rectal 

cancer. However, tumoural expression of C3, C5, CFB, or C1q was not altered based on 

TRS, indicating that pre-treatment expression of both central and activation pathway 

complement components do not influence subsequent patient response to neo-CRT. 

Although no associations between TRS and expression of central or pathway complement 

components were demonstrated here, this may be a feature of the patient cohort, which was 

limited in size and distribution across TRS groups (12 patients with TRS 0 or 1, 5 patients 

TRS 2 or 3). Further investigation of the relationship between tumour-derived complement 

expression and TRS in larger, independent cohorts is required. Additionally, while in this 

study tumour expression of C3, C5, CFB and C1q mRNA did not associate with TRS, 

potentially expression at the gene level is not reflective of protein expression in these 

biopsies. Further investigation of the protein expression of key complement components in 
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rectal tumours is required to elucidate the relationship between complement expression and 

TRS.  

It is also possible that associations between complement and treatment response in 

rectal cancer are more complex than simply the levels at which components are expressed 

in good and poor responders. An elegant study by Olcina et al., demonstrated that in CRC, 

mutations in complement components are associated with poor OS287. Analysis of 

differentially expressed genes in the tumours of patients with and without complement 

mutations revealed alterations in a hypoxia signature 287. This highlights that dysregulation 

of complement converges on other important cellular processes, which may have major 

implications on patient outcomes. Potentially, investigation into the relationship between 

tumoural expression of complement and response to neo-CRT in rectal cancer may require 

analysis of specific mutations rather than simply the relative expression levels of individual 

components, to ascertain whether complement expression impacts on the tumour response 

to neo-CRT.  

This study also investigated the potential of circulating complement components as 

biomarkers of response to neo-CRT. Interestingly, pre-treatment circulating levels of C3a 

were increased in patients with subsequent poor responses to neo-CRT, those with a TRS 

of 3. This highlights that activation of the complement system systemically may have an 

impact on patient prognosis, potentially by having an immunosuppressive effect on 

immune cells. Furthermore, it demonstrates that complement may have potential as a 

minimally-invasive biomarker of response to neo-CRT in rectal cancer. This supports 

previous studies within our department, which highlighted that increased sera levels of C3a 

and C4a anaphylatoxins are associated with subsequent poor responses to neo-CRT in 

OAC367. The results presented in this chapter further support a role for complement 

anaphylatoxins in the response to neo-CRT in GI cancers. The implication of circulating 

C3a in the poor response of rectal tumours to neo-CRT raises the question of whether 

circulating C3a plays a functional role in the response to treatment, or whether elevated 

levels in poor responders are secondary to another event.  

C5b-9 was detected in pre-treatment sera from rectal cancer patients, providing further 

evidence for systemic activation of the complement system in rectal cancer. This finding is 

supported by a previous study, which demonstrated circulating C5b-9 in plasma from rectal 

cancer patients398. In this chapter, levels of C5b-9 were significantly higher in patients with 

a subsequent poor response to neo-CRT. This further supports a role for complement as a 
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predictive biomarker of response to neo-CRT in rectal cancer and highlights that circulating 

complement may influence the tumour response to treatment.  

 Prognostic biomarkers have much importance in providing treatment-independent 

information on outcomes such as RFS and OS482. Overexpression of C3 in colon but not 

rectal cancer negatively correlates with OS, highlighting the prognostic significance of 

complement in cancer483. Results presented in this chapter suggest that increased activation 

of the complement system has a negative effect on patient outcomes in rectal cancer, with 

elevated circulating levels of C5b-9 associated with worse RFS and OS. This suggests that 

C5b-9 may have prognostic potential in rectal cancer. Elucidating the functional 

importance of C5b-9 in this context and the initiating factors in assembling C5b-9 are 

necessary. Considering this, understanding the mechanism of complement activation and 

the complement activation pathway (s) that function in the context of this cancer is essential 

for effective targeting of the complement cascade. Supporting in vitro results in Chapter 3, 

analysis of complement gene expression in pre-treatment rectal tumour biopsies 

demonstrated that CFB is expressed in rectal tissue. While serum levels of components 

specific to the different complement activation pathways were not assessed as part of this 

study, previous study of circulating complement activation products has demonstrated that 

the alternative pathway is activated systemically in rectal cancer398. This provides further 

evidence that the alternative complement activation pathway may predominate in rectal 

tumours and systemically. However, in CRC, lectin pathway components have been 

detected in the circulation, with increased activity observed in patients relative to non-

cancer controls and elevated levels of components such as MASP-2 demonstrated to 

correlate with disease recurrence and poor survival273,284. Expression of MBL of the lectin 

pathway was not detected in pre-treatment rectal tumour biopsies, therefore further 

investigation of expression of additional components of the lectin pathway is required to 

determine whether this pathway is involved in the pathogenesis of rectal cancer. Although 

often grouped together, colon and rectal cancers are distinct diseases452. Potentially there 

are differences between the complement pathways of activation that dominate each of these 

cancer types. Additionally, as discussed, whether circulating complement reflects tumoural 

complement levels in rectal cancer remains largely to be elucidated. Further study is 

necessary to determine whether complement activation varies within the TME, when 

compared to systemic activation.  

While results presented in this chapter highlight two complement activation 

products, C3a and C5b-9, as potential biomarkers of poor response to neo-CRT and poor 
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OS, this requires extensive further validation. In the literature, assessing the potential of 

complement as clinically-relevant biomarkers is associated with challenges. Many of the 

biomarker investigative studies for complement components to date, are in part limited by 

a small sample size. A systematic approach on a larger scale is essential for validation of 

the clinical utility of complement as a biomarker456.  

In summary, the results presented in this chapter confirm that central and activation 

pathway components of the complement system are expressed in pre-treatment rectal 

tumour biopsies. Although tumour expression of complement does not correlate with 

tumour stage, C5 mRNA expression positively correlates with BMI suggesting a potential 

relationship between complement and obesity in CRC. Tumoural expression of C3 was not 

reflective of C3 levels in the sera suggesting that in rectal cancer these complement pools 

may be distinct. In the circulation, C3, C5 and their respective anaphylatoxins C3a and C5a 

were detected, demonstrating complement activation. The presence of C5b-9 further 

supports systemic activation of the complement system in rectal cancer. Circulating levels 

of C3a were elevated in patients with advanced clinical stages suggesting a relationship 

between tumour stage and complement in rectal cancer. Interestingly levels of both C3a 

and C5b-9 were elevated in patients with subsequent poor responses to neo-CRT and C5b-

9 levels were elevated in those with worse RFS and OS. This highlights that complement 

activation in rectal cancer is associated with worse outcomes and suggests that complement 

has potential as a circulating predictive and prognostic biomarker of response to neo-CRT 

in rectal cancer.   
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Chapter 6: Concluding Discussion and Future Directions 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 287 
 
 

 CRC significantly contributes to the global cancer burden, representing the third 

most commonly diagnosed cancer type, and the second most common cause of cancer 

death1. Rectal cancer accounts for approximately one third of all CRCs and was responsible 

for over 300,000 deaths worldwide in 20201. In Ireland, the majority of rectal cancers are 

at late stage upon diagnosis14, and the average 5-year survival irrespective of stage is 

around 60%3. Worryingly, the incidence of CRC is rising, particularly in younger 

populations (<50), with tumours occurring more frequently in the rectum relative to the 

colon7,8. The high mortality rates and projected increase in incidence over the next decade 

represents a global health burden, highlighting the critical need for improved treatment 

strategies for rectal cancer patients.  

 A multimodal approach to treatment is now the standard of care for LARC, with 

patients receiving neo-CRT followed by surgical total mesorectal excision. Patients who 

attain a pCR following neo-CRT, have significantly improved outcomes; significantly 

reduced disease recurrence and significantly improved metastasis-free, 5 year and OS53. 

However, unfortunately response rates are modest, with only ~30% of patients 

demonstrating a pCR following neo-CRT54–56. The remaining patients are subject to 

therapy-associated toxicities without apparent therapeutic gain and their prognosis may be 

worsened by the delay to surgery57. Consequently, there is a global unmet need to elucidate 

the molecular mechanism(s) underpinning response to neo-CRT in rectal cancer. The 

identification of novel therapeutic targets is essential to improve the efficacy of current 

treatment and increase the proportion of patients demonstrating a pCR following neo-CRT. 

Furthermore, at present there are no clinically approved predictive biomarkers to indicate 

prior to the initiation of treatment, whether patients are likely to respond to neo-CRT. This 

would have the added benefit of potentially increasing the number of patients who may be 

eligible for a ‘wait-and-see’ approach, which avoids proceeding straight to surgery 

following neo-CRT and enables organ preservation. With strict selection criteria this 

management has been demonstrated as a safe option, once appropriate follow up takes 

place53,61. 

 Combining chemotherapy with RT aims to achieve an enhanced therapeutic effect, 

which can occur by several mechanisms, independent of an additive effect484. One of these 

is spatial co-operation, which describes how the systemic effects of chemotherapy can 

augment the locoregional tumour control which is exerted by RT484. Therefore, this 

suggests that with regards to locoregional tumour control, resistance to RT is largely 

accountable for treatment failure. Resistance to RT has been linked to several parameters 
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including DNA damage and repair, tumour cell repopulation, redistribution within the cell 

cycle, tissue reoxygenation, intrinsic radiosensitivity and more recently, the immune 

response104. Although DNA is the critical target of RT, radiation can also modulate anti-

tumour immune responses99.  Dysregulation of the immune system promotes tumour 

growth and can alter responses to anti-cancer therapy including RT. The most recent 

immune component to be included in this paradox is the complement system, which has 

been demonstrated to play roles in both of these processes162. Previous findings within our 

Department demonstrated that components of the complement system were upregulated in 

an isogenic in vitro model of radioresistant OAC (unpublished data), and in pre-treatment 

sera and tumour biopsies from OAC patients who subsequently had poor pathological 

responses neo-CRT367,368. As the complement system has been largely unexplored in rectal 

cancer, this study aimed to characterise the inherent radiosensitivity of a panel of CRC cell 

lines and profile the expression of the complement system in these cells. Furthermore, the 

effect of modulating C3 expression on the radiosensitivity of colon and rectal cancer cell 

lines was assessed and characterised in terms of apoptosis, DNA damage and repair and 

cell cycle distribution. The effects of colon and rectal cancer cell-derived C3 and 

recombinant C3a on T cell phenotype (viability, activation, proliferation and cytokine 

production) was assessed, in the context of T cell activation in the presence of complement, 

or activation followed by migration to a complement-rich environment. Additionally, little 

is known about the circulating levels and tumoural expression of complement components 

in rectal cancer patient sera and tumour tissue, respectively. To investigate this, key 

complement components were profiled using samples from rectal cancer patients to assess 

whether alterations in complement levels are associated with key clinicopathological 

factors including response to neo-CRT and prognosis.  

 To identify an in vitro model for studying radiosensitivity/radioresistance in CRC, 

a panel of CRC cell lines was selected for study in Chapter 2. This consisted of the HCT116 

human colon carcinoma cell line and SW837, HRA-19 and SW1463 cells, three human 

rectal adenocarcinoma lines. A challenge in studying radioresistance in rectal cancer is that 

few cell lines have been established from rectal tumours and as a result the majority of 

published studies have employed colon cancer cells387. As HCT116 cells are an extensively 

characterised colon cancer cell line in radiobiology studies, it was selected for inclusion in 

this panel. In support of previous studies, HCT116 cells were demonstrated to be inherently 

radiosensitive388–391. To date, the radioresponses of rectal cancer cell lines have been poorly 

characterised in the literature, with minimal studies reporting the radioresistance of the 
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SW1463 and SW837 cell lines387,390–393. In agreement, all three rectal cancer lines assessed 

in this study were inherently radioresistant, when compared to HCT116 cells, supporting 

this panel of cell lines as an in vitro model of inherent radiosensitivity/ radioresistance. The 

SW1463 cell line was the most radioresistant at 1.8 Gy and 2 Gy doses of IR, while the 

HRA-19 cell line emerged as the predominant radioresistant line at higher doses of IR. To 

our knowledge, this study is the first to report the inherent radioresistance of the HRA-19 

cell line.  

 A growing body of research has provided evidence that complement components 

are expressed by cancer cells177. The central complement cascade proteins C3 and C5 were 

expressed by all four CRC cell lines in the panel. Previous investigations of the role of 

complement in the response to radiation have observed that complement gene transcripts 

are upregulated after radiation in a variety of cell types including immune cells and murine 

and human tumours351. This suggests that radiation may upregulate complement in cancer. 

Supporting these findings, in this study HCT116 cells upregulated expression of C3 and 

C5 following radiation, highlighting that radiation may increase complement expression in 

radiosensitive cancer cells.  

 The potent C3a and C5a anaphylatoxins are cleaved from the C3 and C5 proteins, 

and are traditionally considered a marker of complement activation. Evidence for systemic 

and local activation of the complement system in cancer has been demonstrated in several 

studies273–278. Supporting this, we demonstrate that activation of C3 and C5 to produce C3a 

and C5a occurs in CRC cell lines. Interestingly, C3a and C5a was present in protein lysates 

from these cells suggesting that C3a and C5a are present intracellularly. In this study, C3a 

and C5a were detected at low levels (below the standard curve) in supernatants from these 

cell lines, likely due to the sensitivity of the assay. Previous studies have demonstrated that 

CRC cells secrete C3a337 and C5a333, however, the assay sensitivity in these publications 

exceeded those which were used for this study, an important consideration for future 

investigations.  

 The complement system can be activated in cancer, with evidence demonstrating 

that across cancer types this activation encompasses the classical, lectin and alternative 

pathways275,293,485. Importantly, activation of the complement system has been reported to 

correlate with poor prognosis in several human cancers, including CRC283–285,394. In this 

study, expression of both C1q and MBL2, key initiating components of the classical and 

lectin pathways, respectively, were not detected in the CRC panel. Interestingly, expression 

of CFB, an alternative pathway component, correlated with total C3 and C5 mRNA 
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expression, and was elevated in radioresistant cells. This may suggest that in CRC, 

complement activation is occurring via the alternative pathway. However, recent evidence 

presented by Ding et al. demonstrates that within CRC cells, cleavage of C5 can occur 

independently of the complement cascade by CTSD341, similar to C3 processing by CTSL 

which occurs in T cells263. In the CRC cell line panel assessed in this study, similar cleavage 

of C5 and C3 may occur. Further study is required to elucidate the specific mechanisms 

responsible for anaphylatoxin generation.  

 In addition, C1q of the classical pathway has been demonstrated to promote tumour 

growth in a murine model of melanoma, indicating that independent of complement 

activation, key initiating members of activation pathways may have pro-tumour roles299. 

Similarly, CFB has been observed to promote the growth of cSCC cells, with the authors 

of this study raising the possibility that this may occur independent of complement 

activation301. Therefore, while proteases independent of the alternative complement 

cascade may activate C3 and C5, CFB may also engage in a pro-tumour role in CRC cells. 

 The identification of mCRPs expressed by CRC cells suggests that these cells can 

modulate complement activation. Interestingly, CD46, CD55 and CD59 were all expressed 

on the surface of each cell line within the CRC panel. CD55 appears to be an unfavourable 

prognostic marker in CRC, with upregulation associated with disease progression, relapse 

and worse 7-year survival486–488. While this suggests that CD55 may be upregulated in 

radioresistant cell lines, our characterisation demonstrated that CD55 expression was 

decreased in the HRA-19 and SW1463 radioresistant cell lines. SW837 cells are also 

inherently radioresistant and demonstrated elevated CD55 expression, when compared to 

the other rectal cancer cell lines, suggesting that CD55 may not be involved in the 

radioresponse in CRC. Further study is required to elucidate the mechanisms by which 

CD55 expression is altered in CRC.  

 Complement signalling via C3a and C5a receptors is a key mechanism by which 

complement activation can remodel the cellular environment489. We demonstrate for the 

first time that colon and rectal cancer cells express the C3aR intracellularly and C3aR is 

localised within the cytoplasm and the nucleus in colon cancer cells. In addition, we support 

recent findings that C5aR1 is expressed in colon cancer cells341, and demonstrate for the 

first time that the C5aR1 is expressed on the surface and intracellularly in rectal cancer 

cells. These data suggest that intracellular complement signalling axes may be important 

in CRC. Supporting this, Ding et al. have recently demonstrated intracellular signalling of 

C5a via C5aR1, to drive the assembly of a complex of potassium channel tetramerization 
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domain 5(KCTD5)/cullin3/Roc-1341. This complex stabilises b-catenin, allowing for 

transcription of oncogenes including COX-2 and cyclin D, providing direct evidence that 

intracellular complement signalling can drive tumourigenesis341. In Chapter 2, the 

intracellular concentration of C3, C5 and their respective anaphylatoxins was elevated in 

radioresistant CRC cells. Intracellular complement also positively correlated with the 

surviving fraction of cells at a clinically-relevant dose of IR. This suggests that complement 

may play functional roles in the response of CRC to radiation, potentially via an 

intracellular signalling axis.  

 Autocrine roles for tumour cell-derived complement have been demonstrated to 

influence tumour cell proliferation, migration and invasion, with intracellular roles for 

complement recently coming into focus344. Intracellular C4BP-A has the ability to alter 

sensitivity to oxaliplatin-induced apoptosis in an NF-kB-dependent manner, providing 

evidence for intracellular complement in the response to cancer therapy343. In Chapter 3, 

the role of C3 in functionally modulating the response to IR in CRC cell lines was 

investigated. Overexpression of C3 in the radiosensitive HCT116 cell line, which express 

low basal levels of C3 resulted in enhanced radioresistance, while transient silencing of C3 

significantly sensitised the radioresistant HRA-19 cells to a clinically-relevant dose of IR. 

Silencing of C3 in the radioresistant SW837 cell line was not associated with enhanced 

radiosensitivity, however this may be due to lower basal expression levels of C3, when 

compared to HRA-19 cells, the apparent downregulation of C3 in si-scr controls following 

irradiation, and also a degree of variability between experimental replicates. Further 

optimisation of C3 silencing in SW837 cells, is required to interrogate the role of C3 in the 

response to IR in this cell line model.  

 In order to gain greater insight into how C3 functionally modulates the response to 

radiation in CRC cells, the relationship between C3 and key parameters associated with 

radioresistance; apoptosis, DNA damage induction and repair and cell cycle distribution 

were investigated. Alterations in apoptosis have been linked with radioresistance in several 

cancer types143–145. In C3 silenced HRA-19 cells and C3 overexpressing HCT116 cells, 

both basal and radiation-induced apoptosis was unaltered. While this suggests that altered 

apoptosis may not be implicated in complement-mediated modulation of the radioresponse, 

this needs to be further investigated using larger fractions of IR or multi-fraction doses of 

IR.  
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 Alterations in DNA repair capabilities have been reported to confer radioresistance 

in cancer cells122–124. Complement components including C5 and C1QBP have been 

implicated in DNA repair and response to chemotherapy347,369. In a previous study, in OAC 

patient biopsies, elevated C3 expression correlated with poor response to neo-CRT and in 

OAC cell lines miR-187 negatively regulates the expression of both C3 and several DDR 

genes, suggesting a relationship between complement, DNA repair and response to RT368. 

These studies highlight that complement potentially interacts with DDR genes to influence 

response to therapy. In this study, while overexpression of exogenous C3 in HCT116 cells 

did not alter basal or radiation-induced DNA damage, transient silencing of endogenous 

C3 was associated with elevated basal levels of DNA damage in HRA-19 cells, and 

significant levels of DNA damage persisted up to 10 h post irradiation. This suggests that 

within radioresistant rectal cancer cells, C3-mediated alterations in DNA damage and repair 

may alter the response to radiation.  

 The position of a cell within the cell cycle can influence response to radiation, with 

G2/M phase cells demonstrating superior radiosensitivity, when compared to the more 

resistant G0 cells and the inherently radioresistant S phase cells95–97. Similar to the other 

parameters assessed, HCT116 cells did not demonstrate basal or radiation-induced 

alterations in cell cycle distribution following overexpression of C3. In contrast, in the basal 

state, C3 silenced HRA-19 cells demonstrated a partial arrest in the G2/M phase and a 

reduction in the percentage of radioresistant S phase cells following irradiation. This 

indicates that radioresistance in rectal cancer may arise in part due to complement-mediated 

dysregulation of cell cycle distribution, which favours a more radioresistant phenotype.  

 In a recent study, alternative translation of C3 resulting in distinct cytosolic and 

secreted forms has been reported409. Furthermore, intracellular CFH has been demonstrated 

to perform different roles relative to its membranous counterpart, with intracellular CFH 

associated with unfavourable patient prognosis409. Together these studies provide evidence 

that distinct forms of complement components exist, which can engage unique roles and 

may impact on cancer pathogenesis and subsequent outcomes. We postulate that the 

observed differences in the effects of C3 modulation in HCT116 and HRA-19 cells on the 

parameters assessed may have been due to our experimental set up; whereby 

overexpression of exogenous C3 in HCT116 cells generates an alternative form of C3, 

which interacts with intracellular signalling networks in a manner distinct from endogenous 

C3. Furthermore, given that the underlying biology of HCT116 and HRA-19 cells reflects 

their tumour of origin; colon and rectal tumours, respectively, and that differing molecular 
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drivers are evident in colon and rectal cancers, this may suggest that C3 has differing 

functions in these cell types. With collaborators at the University of Oxford, we 

overexpressed C3 in HRA-19 and HCT116 cells and performed IP and mass spectrometry 

to interrogate differences between the C3 interactome in these cells. We demonstrate that 

the C3 interactome is significantly altered between HRA-19 and HCT116 cells. In 

particular, 3 proteins clusters were identified, which were present in different abundances 

in HCT116 and HRA-19 cells, suggesting that the C3 interactome is altered in 

radiosensitive and radioresistant cells. This provides evidence that within these cell lines, 

C3 may differentially modulate the response to radiation. Interestingly, functional 

enrichment analysis of significantly altered proteins between the C3 interactomes of HRA-

19 and HCT116 cells, identified that several KEGG pathways490–492 were functionally 

enriched in the C3 interactome of HRA-19 cells. Interestingly, one of these pathways was 

oxidative phosphorylation, which our Department has previously demonstrated to play a 

role in the response to radiation of rectal cancer cells (unpublished data) and OAC493, 

suggesting a potential relationship between complement and metabolic reprogramming, 

which warrants further investigation.  

 Tumour cell-derived complement has been demonstrated to modulate immune cell 

phenotype and function in cancer326,337,494. Increasing evidence demonstrates that 

complement signalling axes limit anti-tumour immune responses, therefore, complement 

anaphylatoxin receptors have been proposed as a novel immune checkpoint for relieving 

complement-mediated immunosuppression within the TME430. Immunosuppressive roles 

for C3 and the C3a/C3aR signalling axis on T cells have been identified in breast, lung and 

colon cancers320,323,326. In rectal tumours, tumour infiltration by T cells has been 

demonstrated to correspond with response to neo-CRT428,429. However, little is known with 

regards to the effect of rectal cancer-derived complement on immune cell phenotypes.  

 Zha et al. have demonstrated that in CRC, expression of C3 correlates with a TME 

characterised by immunosuppression and T cell dysfunction362. In Chapter 4, the effect of 

CM from HCT116 and HRA-19 cells and recombinant C3a on T cell phenotype was 

assessed. Existing literature has provided evidence that complement plays roles in 

maintaining T cell viability and T cells within a naïve state171,263. There is currently no 

evidence in the literature for the effects of tumour cell-derived C3 on T cell viability. Data 

presented in Chapter 4 suggests that C3-derived from rectal cancer cells may have differing 

effects on viability, depending on whether PBMCs are stimulated in the presence of, or pre-

stimulated and then exposed to tumour-derived complement. Cell death was decreased in 
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PBMCs cultured with CM from si-C3 transfected HRA-19 cells during activation, while 

pre-stimulated cells demonstrated increased early-stage apoptosis. Considering this, C3 

may promote viability as naïve cells become activated, but once activation has initiated, 

encountering C3 may decrease viability. This suggests that the effects of rectal cancer cell-

derived C3 on T cell viability in cancer may be context-dependent. No alterations in the 

viability of PBMCs were induced by CM from HCT116 cells overexpressing C3, 

suggesting that colon cancer cell-derived C3 may have different effects relative to C3 

derived from rectal cancer cells. In a recent study, alternative translation of C3 generated a 

distinct form, which localises in a different cellular region and engages in a unique role409. 

Therefore, the different effects observed may also be a feature of the silencing of 

endogenous C3 in HRA-19 cells, versus the overexpression of exogenous C3 in HCT116 

cells.  

 Previous studies have demonstrated that in vitro addition of C3a to T cells does not 

promote proliferation, with the study authors suggesting that C3a affects T cell proliferation 

via an indirect mechanism362. Supporting this, altered T cell proliferation was not observed 

following treatment with CM from CRC cell lines, or recombinant C3a. This suggests that 

in vitro experiments are a limiting factor in assessing the effects of tumour cell-derived 

complement on T cell proliferation.  

 Tumoural expression of complement has been linked with dysregulated anti-tumour 

immune responses. In a murine model of colon cancer, restricted T cell infiltration is 

associated with C3 expression323. Analysis of T cell activation marker expression in 

Chapter 4 suggests that regardless of the set up used; whether complement is present during 

T cell activation or post activation only, CD62L expression is increased. This suggests that 

complement rich tumours may promote a lymph node homing phenotype, restricting 

migration to the tumour. However, cytokine expression in T cells following culture in the 

presence of HCT116 cell-derived C3 or following pre-stimulation and then culture with 

recombinant C3a, suggests that T cell responses may be shifted away from Th2-like 

towards an IFN-g producing, Th1-like phenotype. Therefore, this may suggest that 

tumoural expression of C3 in rectal cancer patients may allow for an improved anti-tumour 

response with better responses to therapy. However, in several studies, immunosuppression 

of T cells by complement does not occur directly and is mediated by MDSCs. This relies 

on successful T cell migration to the tumour, which may be impeded by CD62L expression 

and retention in the lymph node. In order to confirm whether CRC cell-derived C3 has a 
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favourable effect on the immune response, a mouse model which contains other immune 

and microenvironmental factors is required. 

 A recent study reported that the C3-mediated immune response differs between 

colon and rectal cancers483. Liang et al. identified C3 as a core differentially expressed gene 

between colon and rectal cancers, which positively correlates with colon cancer immune 

scores and has prognostic significance in colon but not rectal cancer483. These results 

suggest that the C3 present within the TME of these cancer types differentially affects the 

immune cell milieu. Results in Chapter 4, suggest that C3 derived from HCT116 and HRA-

19 cells may have different direct effects on T cell phenotype, including viability and 

activation. While study of the C3-mediated immune response by Liang and colleagues 

suggests that within the TME of colon and rectal tumours, C3 differentially affects the 

immune cell milieu483, the data presented in this chapter suggest that C3 derived from colon 

and rectal cancer cells differentially alters T cell phenotype. Both the anti-tumour and pro-

tumour immune cell populations have been demonstrated to be elevated in colon cancers, 

when compared to rectal cancers483, supporting our observations that colon cancer cell-

derived C3 may promote a Th1-like response, which would have anti-tumour effects.   

  Importantly, within our study, the effects of CRC cell-derived complement on the 

T cell phenotype were assessed basally. The potential shift towards a Th1 phenotype 

suggests that a complement rich TME may enhance the anti-tumour immune response in 

the context of RT. However, the findings in Chapter 4 suggest that inhibition of 

complement may instead reduce CD62L expression, allowing T cells to infiltrate the 

tumour, which may augment the response to RT. Given the vast body of evidence that 

demonstrates complement-mediated regulation of immune cells, elucidating the 

relationship between complement, T cell responses and response to RT, requires mouse 

models. Current evidence supporting a role for complement in modulating the T cell 

response following radiation is conflicting. Elvington et al. demonstrate that complement 

inhibition in combination with RT enhances the tumour response to radiation and is 

associated with increased DC maturation and infiltration of CD8+ T cells350. In contrast, 

Surace et al. provide evidence in their model that complement is essential to the therapeutic 

response to RT, due to the maturation of DCs and subsequent induction of T cell effector 

responses351. Among the differences between these two studies, is the dose of IR used; 

Surace et al. utilised a large 20 Gy bolus dose of IR351, which was necessary for the model 

used, while Elvington et al. used fractionated IR in doses of 1.5 and 5 Gy350. Importantly, 

when Surace et al. delivered 5 x 5 Gy doses of IR, the accumulation and anti-tumour 
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function of CD8+ T cells was not supported351. This suggests that in this model it is the 

bolus delivery of IR, and not the total dose that may be responsible for the favourable 

impact of complement on response to radiation. Whether the benefit of complement in the 

context of RT translates to a clinical setting, where bolus doses of IR such as 20 Gy are not 

delivered, remains to be further investigated. In the context of rectal cancer, fractionated 

doses of IR (1.8/2 Gy and 5 Gy) are of clinical relevance, as they are delivered as part of 

LCRT and SCRT. Considering the findings by Elvington et al. and the data presented in 

Chapter 5, which demonstrates that complement is expressed in rectal tumour biopsies, this 

provides a rationale for investigating combination RT and complement inhibition in models 

of rectal cancer.  

 In chapter 5, expression of complement was assessed in cancer and non-cancer 

tissue. Expression of central complement components are often overexpressed in tumour 

tissue relative to healthy tissue456. An example of this is expression of C3 in gastric cancer, 

CRC and cSCC tissue301,317,468. Both C3 and C5 mRNA were expressed at significantly 

higher levels in rectal tumour tissue, when compared to normal tissue. When expression of 

key initiating components in complement activation pathways was assessed, CFB was also 

expressed at higher levels in rectal tumour tissue. This supports experiments performed in 

Chapter 2 which demonstrated that CFB is expressed in CRC cell lines. In contrast, in non-

cancer rectal tissue, relative expression levels of C1q were elevated, when compared to 

tumour tissue, suggesting that the expression of complement activation pathway 

components differs in malignant tissue relative to healthy rectal tissue. To confirm that 

complement expression is of epithelial origin, study of FFPE tumour biopsy tissue is 

required.  

 In OAC, tumour expression of C3 has been demonstrated to correlate with response 

to neo-CRT368. In Chapter 2, expression of C3 and C5 was elevated in radioresistant CRC 

cell lines and correlated positively with SF at 1.8 Gy of IR. This suggests that complement 

may play a role in the radioresponse. When tumoural expression of C3, C5 and complement 

pathway components was assessed in Chapter 5, expression did not correlate with TRS in 

this rectal cancer cohort, suggesting that complement may not have predictive power in 

rectal cancer patients. However, further investigation in a larger independent patient cohort 

is required to determine whether this is just due to small sample size. In addition, mRNA 

expression of complement components may not be reflective of protein levels, therefore, 

further investigation of tumour-derived complement protein expression and the relationship 

with subsequent TRS is required.  
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 Expression of C3, CFB and C1q mRNA in rectal tumour biopsies did not correlate 

with pathological T stage or BMI, suggesting that expression of these components is 

independent of such clinical factors. C5 mRNA expression was elevated in the tumour 

tissue from obese patients, relative to overweight patients suggesting there may be a 

relationship between expression of C5 and increasing BMI.   

 In chapter 5, activation of the complement system was demonstrated systemically, 

with C3a, C5a and C5b-9 detected in rectal cancer patient sera. Circulating members of the 

lectin pathway including MBL, collectin-liver 1 and M-ficolin have been reported within 

the circulation in CRC273,284,396,397. This highlights that the lectin pathway may be of 

importance in CRC. Analysis of whole rectal tumour biopsies demonstrated that MBL2 

was not detected at the mRNA level. Interestingly, CFB of the alternative pathway was 

demonstrated to be overexpressed in tumour tissue, when compared to normal tissue, 

suggesting a potential role for this activation pathway in rectal tumourigenesis. While 

circulating complement components were assessed in pre-treatment sera from rectal cancer 

patients, pathway-specific components were not profiled, so the activation pathway 

responsible for generation of anaphylatoxins within the circulation in rectal cancer is 

unknown. Elucidating how complement is activated in rectal cancer requires further 

investigation of the expression of complement pathway-specific components both within 

tumour tissue and blood samples. 

 Furthermore, whether tumoural and circulating complement are related in rectal 

cancer remains to be determined. In a pilot cohort (n=10), we demonstrated a trend towards 

a negative correlation between the circulating and tumoural expression of C3 in rectal 

cancer patients. To determine whether circulating complement levels are reflective of 

tumoural complement expression, further study in a larger patient cohort is required.  

 While the relationship between circulating and tumoural complement remains to be 

determined, in both pre-treatment serum and TCM generated from pre-treatment tumour 

biopsies, C3 positively correlated with IL-6. Serum levels of IL-6 have previously been 

associated with response to neo-CRT in rectal cancer476,477, and IL-6 has previously been 

implicated in the promotion of CRC tumourigenesis474. Considering our findings in rectal 

cancer, this suggests that an IL-6-C3 relationship may be significant in the pathogenesis of 

rectal cancer and warrants further investigation. Functional enrichment analysis of proteins 

that were significantly altered between the HRA-19 and HCT116 cell C3 interactomes 

identified several KEGG pathways490–492 which were functionally enriched in HRA-19 

cells. Interestingly, one of these was the cytosolic DNA sensing pathway within which IL-
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6 production can occur via both the NF-kB and retinoic acid-inducible gene I (RIG-I)-like 

receptor signalling pathway. This further suggests a potential relationship between IL-6 

and C3 in rectal cancer that may influence the response to RT. 

 Pre-treatment circulating levels of C3, C5, C3a, C5a and C5b-9 were not altered in 

rectal cancer patients based on BMI or pathological T stage. This suggests that similar to 

the expression of complement in pre-treatment biopsies, circulating complement is 

independent of these factors. Circulating levels of C3a were elevated in patients with 

clinical T stage of 4, when compared to a clinical T stage of 3. Importantly, we 

demonstrated for the first time that pre-treatment circulating C3a and C5b-9 levels are 

associated with subsequent poor responses to neo-CRT in rectal cancer. This suggests a 

role for circulating markers of complement activation as potential predictive biomarkers of 

response to neo-CRT in rectal cancer, supporting previous data from our Department in 

OAC367. Elucidating how circulating levels of complement may be influencing response to 

neo-CRT in rectal cancer remains unknown, but investigations in murine models to 

extensively characterise the effects of complement on the immune milieu in rectal cancer 

may provide useful insights.  

 The prognostic significance of complement component expression is often negative 
274,283,291,363, however, in some cancer types such as NSCLC, complement associates with 

favourable prognosis364. Interestingly, pre-treatment circulating levels of C5b-9 emerged 

as a potential prognostic biomarker, with elevated C5b-9 levels associated with worse RFS 

and OS in a cohort of rectal cancer patients. Activation of the complement system 

culminates with the assembly and insertion of the TCC, C5b-9, into target cells to induce 

cell lysis208,209. C5b-9 is composed of C5b, C7, C8 and C9 and has been detected in ovarian 

cancer-associated ascitic fluid281 and several tumour tissues including breast278, gastric279 

and thyroid280. TCGA analysis of complement genes performed by Roumenina et al. 

demonstrated that expression of C8A, C8B and C9 is low across the majority of cancer 

types, therefore they suggest that activation of the terminal complement pathway (to form 

C5b-9) is unlikely to occur as a result of this in situ complement177. This may suggest that 

circulating C5b-9 is derived solely from the systemic pool of complement and not tumour-

produced complement components, which may be useful in interrogating how C5b-9 levels 

are related to outcomes in rectal cancer.  

 Biomarkers demonstrating predictive potential for response to neo-CRT in rectal 

cancer span clinical features, molecular markers, histopathological features and the tumour 
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environment453. To our knowledge, this is the first study to implicate circulating 

complement in the response to neo-CRT in rectal cancer. Biomarker investigative studies 

for complement components to date, are in part limited by a low sample size. Validation of 

the clinical utility of complement as both a predictive and prognostic biomarker 

necessitates a large scale, systematic approach456. 

 This thesis has demonstrated that complement may represent a therapeutic target in 

rectal cancer, and may modulate T cell phenotype within the TME. Understanding the role 

of complement in rectal cancer requires critical consideration of previous work by Olcina 

and colleagues, which demonstrated that the prognostic association between complement 

components and poor OS was a result of the mutational status of complement genes287. 

This suggests that in instances where complement is modulating response to treatment in 

cancer it may be necessary to characterise the expression of complement beyond relative 

expression levels. Additionally in rectal tumours, four immune subtypes have been 

identified which are linked to prognosis and in some cases, response to immunotherapy495. 

Considering that complement has the capacity to functionally modulate immune cells 

within the TME, it may be expected that tumour-derived complement may differentially 

affect the immune milieu in rectal tumours, depending on which CMS they are 

characterised by. Furthermore, based on this heterogeneity, it is likely that immune 

subtypes in rectal cancer may differentially impact response to RT.  

 In conclusion, in this study, complement activation was demonstrated to be 

associated with inherent radioresistance in CRC cells. We also demonstrate, for the first 

time, a functional role for C3 in modulating the response to IR in CRC cells in vitro. CRC 

cell-derived C3 was demonstrated to alter the T cell phenotype, providing evidence that 

complement may modulate immune cells within the TME of rectal cancer. For the first 

time, a panel of complement components were profiled in pre-treatment rectal cancer 

patient sera, highlighting C3a and C5b-9 as potential predictive biomarkers of response to 

neo-CRT, and C5b-9 as a prognostic marker of worse RFS and OS in rectal cancer. 

Together, the data presented in this thesis provides evidence that complement contributes 

to radioresistance in rectal cancer, and may have clinical utility as a predictive and 

prognostic biomarker and novel therapeutic target, following large scale validation of these 

findings (Figure 6-1).  
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6.1. Future directions  

This project has presented several future avenues to explore to further elucidate the role of 

complement in the response to IR in CRC. 

1. Further in vitro study of CRC cells is necessary to elucidate the mechanism by 

which C3 and C5 are cleaved intracellularly. This would determine whether 

activation is occurring via the alternative complement activation pathway or other 

intracellular proteases.  

2. Additional investigation of CRC cells using IF to assess if cytoplasmic C3aR is 

associated with a specific organelle is necessary to determine how intracellular C3 

modulates the response to radiation. 

3. Validation of C3 binding partners is required to further investigate the C3 

interactome in rectal cancer. 

4. As whole rectal tumour biopsies were used for this study, further investigation as 

to the source of tumour-derived complement (i.e. tumour epithelium versus stromal 

compartments) using FFPE tissue is required. 

5. Further investigation of the relationship between complement expression and T cell 

dysfunction using IHC staining of tumour biopsies for T cell activation and 

exhaustion markers is required. This would provide further details on whether 

complement positively regulates the T cell immune response, importantly, in a 

TME in which other immune and stromal cells are present. 

6. Profiling of complement components specific to activation pathways in pre-

treatment rectal cancer sera is required to further characterise systemic complement 

activation in rectal cancer. 

7. Further characterisation of circulating and tumour-derived complement in matched 

patients is required to elucidative the relationship between these two complement  

pools. 

8. Validation of pre-treatment circulating C3a and C5b-9 as predictive biomarkers of 

response to neo-CRT, and C5b-9 as a prognostic marker in rectal cancer in larger, 

multi-centre, independent patient cohorts is required.  
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Figure 6-1: Summary of main thesis findings. 



 303 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendices 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 304 
 
 

 

 

 

 
Appendix 1: Amplification plots for C1q and MBL2 which are not expressed by human colon 
carcinoma HCT116 and human rectal adenocarcinoma SW837, HRA-19 and SW1463 cell 
lines. C1q and MBL2 expression was assessed by qPCR. Data are representative of 3 independent 
experiments.  
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Appendix 2: C3aR is not expressed extracellularly by human colon carcinoma HCT116 or 
human rectal adenocarcinoma SW837, HRA-19 or SW1463 cells. Expression of C3aR was 
assessed by flow cytometry. C3aR expression detected in (A) unstained and (B) C3aR stained 
HCT116, SW837, HRA-19 and SW1463 cells. Dot plots are representative of data from 3 
independent experiments.  
 

 

 

 

 

HCT116 SW837 HRA-19 SW1463

2.71%

0.53%

3.82%

1.2%

0.85%

1.29%

0.56%

0.35 %

C3aR-PE

SS
A-
C

A

B



 306 
 
 

 
Appendix 3: Confirmation of expression of C3-FLAG in HCT116 and HRA-19 cells. Input 
(10%) and IP fractions of HCT116 and HRA-19 cells overexpressing C3-FLAG were separated by 
SDS-PAGE and western blotting of gels was performed. Detection of FLAG M2 (C3) (A) and C3 
(B) in HCT116 cells overexpressing C3-FLAG. Detection of FLAG M2 (C3) (C) and C3 (D) in 
HRA-19 cells overexpressing C3-FLAG. Both HCT116 and HRA-19 cells alone and 
overexpressing C3-FLAG were incubated with FLAG-M2 magnetic beads. Silver stained gels from 
(E) HCT116 and HCT116 C3-FLAG supernatant (sup) and IP fractions and (F) HRA-19 and HRA-
19 C3-FLAG sup and IP fractions. The IP fractions are representative of 5% of the total FLAG 
magnetic beads which were boiled in sample buffer for 5 min at 100°C. The supernatant fractions 
represent the protein lysate solution remaining when C3-FLAG was bound to the magnetic beads.  
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Appendix 4: Protein clusters identified when clustering analysis was performed using 
significantly altered proteins (as determined by p-adj) between the C3 interactome of HRA-
19 and HCT116 cells. Mass Spectrometry was performed by the Discovery Proteomics Facility at 
the Target Discovery Institute, University of Oxford. 

Cluster 1 
(Upregulated in HRA-19) 

Cluster 2 
(Upregulated in HRA-19) 

Cluster 3 
(Upregulated in HCT116) 

ELOA1 HMGB3 EI24 
RCN1 CYH1;CYH2;CYH3 MAGB2 

DHX37 CXL10 PLIN3 
RRP36 P53 DNJA2 
NUSAP ISG15 NDUS7 
DHX35 K1C19 AGM1  

H2AV;H2AZ HS90B  
CCL5 LEG1  
UD16 HS71A;HS71B  
MANF BIP  
LEG4 HSP7C  
SMD3 EF2  
CCL20 T2FB  
TFAM CD44  
DHRS2 ERCC3  
TRI29 DNMT1  
SAFB2 ABCD3  
IPYR TCPD  
SP6 HNRPM  

XAF1 NU107  
TRPT1 RS27A  
DDX60 RT10  
ESIP1 C1QBP  

DDX23 SF3B2  
CHID1 RRP1B  
DDX43 PHLA2  
FKB11 MPP7  
THYN1 UBR4  
KLK14 ECM29_  
LORF1 RL22L  
ZC3H4 FRMD5  
PUS1 RASEF   

CCAR2   
RM30   
NEUG   
RM24   
CC124   
ZC21A   
VAT1   
TCPH 
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Appendix 5: Common predicted interactors of C3 in both HRA-19 and HCT116 cells, which 
are not differentially expressed at significant levels. Mass Spectrometry was performed by the 
Discovery Proteomics Facility at the Target Discovery Institute, University of Oxford. 

Protein -log (p-value) Fold change in HRA-19 cells relative 
to HCT116 cells 

TSR3 0.798 -0.3434747 
VCP 0.624 0.25092284 
LTF 0.844 1.97265848 
APOB 0.814 0.38459682 
TXN 0.376 0.16089344 
GAPDH 0.498 -0.5791136 
ALB 0.550 0.6269811 
APOE 0.297 -0.3927568 
APOA1 0.206 -0.4446872 
GSN 0.203 0.31421693 
HP 0.25 0.31421693 
APOC3 0.546 -0.4128882 
F2 0.214 -0.4205588 
HPX 0.419 1.07928967 
C4A 0.537 0.32019838 
ITIH1 0.261 0.46080621 
SLC25A18 0.139 -0.208106 
ADI1 0.085 0.20000124 
HBA2 0.097 -0.182435 
AFP 0.163 0.23258432 
KNG1 0.125 0.20268504 
ITIH4 0.096 0.06561597 
NELFE 0.109 -0.1078533 
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Appendix 6: Gating strategy and representative dot plots for assessing surface expression of 
C3aR on T cells using flow cytometry. (A) Unactivated and (B) activated T cells. FSC-A vs. SSC-
A was used to gate on lymphocytes, and doublets were excluded using FSC-H vs. FSC-A. Zombie 
NIR viability dye was used to exclude dead cells. Expression of C3aR was assessed on CD3+, CD3+ 
CD4+ and CD3+ CD8+ cells.  
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Appendix 7: Gating strategy and representative dot plots for assessing surface expression of 
activation markers on T cells using flow cytometry. FSC-A vs. SSC-A was used to gate on 
lymphocytes, and doublets were excluded using FSC-H vs. FSC-A. Zombie NIR viability dye was 
used to exclude dead cells. Expression of CD69, CD62L, CD45RA and CD45RO was assessed on 
CD3+, CD3+ CD4+ and CD3+ CD8+ cells. 
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Appendix 8: Gating strategy and representative dot plots for assessing expression of 
intracellular cytokines by T cells using flow cytometry. FSC-A vs. SSC-A was used to gate on 
lymphocytes, and doublets were excluded using FSC-H vs. FSC-A. Zombie NIR viability dye was 
used to exclude dead cells. Expression of IFN-g, IL-4, IL-10 and IL-17A was assessed on CD3+, 
CD3+ CD8+ and CD3+ CD8- cells.  
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Appendix 9: Amplification plot for MBL2 which was not detected in cancer or non-cancer 
rectal tissue. MBL2 expression was assessed by qPCR. Data are representative of 3 biological 
replicates for both cancer and non-cancer tissue samples.  
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