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Abstract 

Iron deficiency is a common complication of colorectal cancer, being present in 

~60% of patients and often leading to the manifestation of anaemia. Preoperative 

anaemia in colorectal cancer patients is associated with inferior clinical outcomes, 

hence this leads to the requirement of iron supplementation to treat anaemia. The 

current standard treatment for iron deficiency anaemia is oral iron 

supplementation. However, this can contribute to an increased gut luminal iron 

concentration, which has the potential to alter the gut microbiota and mucosal 

immune system, potentially leading to inferior oncological outcomes. Previous 

animal studies have supported this association; however, here is provided the first 

human clinical studies to assess the microbiological and immunological outcomes 

of iron supplementation, through a colorectal cancer randomised control trial 

comparing oral and intravenous iron therapy. The results of these studies suggest 

that oral iron leads to differential bacterial populations, potentially contributing to a 

more procarcinogenic microbiota, as well as leading to greater tumour immune cell 

activity and increased pro-inflammatory cytokine production, compared to 

intravenous iron therapy. Furthermore, this research provides an insight into the 

differences between patients with right- and left-sided colorectal cancer; showing 

the non-tumour microbiota is significantly different between right- and left-sided 

colorectal cancer patients, whereas the tumour microbiota is more consistent. 

Furthermore, the results show that right-sided colorectal tumours are more 

immunogenic, showing an increase in inflammatory cytokines compared to 

patients with left-sided colorectal tumours. Finally, presented is the long term 

clinical data from this cohort of patients, assessing differences in tumour location 
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and iron therapy on survival outcomes. Collectively the results of these studies 

support the use of intravenous iron therapy preoperatively in colorectal cancer 

patients with iron deficiency anaemia, in order to limit the potential microbial 

perturbations and inflammatory outcomes associated with oral iron therapy. As 

well as supporting the stratification of colorectal cancer based upon tumour 

location, particularly in regard to studies of probiotic and immune therapies. 
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Chapter 1: Introduction 

1.1 Colorectal Cancer 

1.1.1 Epidemiology of Colorectal Cancer 

Colorectal cancer provides a substantial global burden, comprising 10.2% of all 

cancer incidences; presenting as the third most common malignancy, surpassed 

only by lung and breast cancer (Bray et al., 2018; Wong et al., 2020). Colorectal 

cancer is ranked as the second leading cause of cancer mortality worldwide, 

accounting for around 1 in 10 of all cancer-related deaths, second only to lung 

cancer (Bray et al., 2018). In 2018, 1.8 million people were diagnosed with 

colorectal cancer worldwide, with 862,000 deaths associated with the disease 

(Ahmed, 2020). Males have a 1.5-fold greater risk of developing colorectal cancer 

compared to females (Rawla, Sunkara and Barsouk, 2019). Geographic variability 

exists within the prevalence of colorectal cancer, with the disease being 

considered a marker of socioeconomic development (Bray et al., 2018; Fidler, 

Soerjomataram and Bray, 2016). This has been assessed by Arnold et al, showing 

that countries with a higher human development index (HDI) account for greater 

than two-thirds of all colorectal cancer cases and 60% of all deaths (Arnold et al., 

2017). Along with this, countries undergoing developmental transition tend to have 

a uniform rise in colorectal cancer incidence, associated with increasing HDI, 

implying a causal relationship (Fidler, Soerjomataram and Bray, 2016; Rawla, 

Sunkara and Barsouk, 2019). The global incidence of colorectal cancer is 

estimated to grow to over 2.2 million new cases per year and 1.1 million deaths by 

2030. This expansion is anticipated to be in part a result of economic development 
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of lower HDI nations, as well as increasing incidence of colorectal cancer in 

younger individuals (Rawla, Sunkara and Barsouk, 2019; Vuik et al., 2019). 

 

1.1.2 Aetiology of Colorectal Cancer 

Colorectal adenocarcinoma initially develops from the proliferation of 

non-cancerous glandular epithelial cells, that typically function to produce mucins 

that line the colon and rectum (Fleming et al., 2012). Proliferation of these cells 

leads to the development of benign colorectal polyps called adenomas, that on 

average grow over 17 year period prior to becoming cancerous (Jones et al., 

2008). Only around 10% of adenomas progress to adenocarcinoma, with the risk 

of cancer development increasing with polyp size (Rawla, Sunkara and Barsouk, 

2019). Adenocarcinomas account for approximately 96% of all colorectal cancer 

incidence, other less frequent tumours of the colorectal tract include carcinoid 

tumours of the hormone-producing neuroendocrine cells, stromal tumours of 

colonic mesenchymal cells, lymphomas, and sarcomas (Marley and Nan, 2016; 

Stewart et al., 2006). A multitude of factors plays a direct role in driving the 

adenoma-carcinoma sequence in colorectal cancer, with the most researched 

being genetic abnormalities, epigenetic modifications, and aberrant inflammatory 

responses. These support the heterogeneity of the adenoma-carcinoma 

sequence, demonstrating multiple pathways driving the development of colorectal 

cancer (Grady and Markowitz, 2015). 

 

One of the most well-defined drivers of colorectal cancer formation is the 

accumulation of genomic alterations that act to transform the normal glandular 

epithelia into an invasive adenocarcinoma (Grady and Markowitz, 2015). 
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Numerous types of genetic and epigenetic instability have been identified in 

colorectal cancer, including microsatellite and chromosomal instability, aberrant 

DNA methylation, and global DNA hypomethylation, that act to drive 

tumourigenesis (Grady and Carethers, 2008). The genetics involved in colorectal 

cancer are dysregulated at both the somatic and germline level, with the most 

prominent example being mutations in the tumour suppressor gene adenomatous 

polyposis coli (APC) (Hankey, Frankel and Groden, 2018). Somatic mutations in 

the APC gene are detected in over 80% of sporadic colorectal tumours, 

suggesting APC as a crucial gatekeeper protein in colorectal tumourigenesis 

(Kwong and Dove, 2009). APC acts as a negative regulator for the canonical Wnt 

signalling pathway, controlling cellular proliferation and differentiation of epithelial 

cells in the gastrointestinal tract (Flanagan et al., 2018). APC typically acts to 

degrade the transcriptional co-activator, β-catenin. Hence, APC mutations lead to 

a dysfunctional protein, promoting the accumulation of β-catenin (Shang, Hua and 

Hu, 2017). This contributes to an increased transcription of c-Myc and Cyclin D1, 

which have prominent roles in regulating cell-cycle progression, proliferation, and 

apoptosis (Zhang and Shay, 2017). Hence, mutations in the APC gene triggers 

excessive proliferation of intestinal epithelia leading to the formation of 

non-malignant colorectal polyps, contributing to the initiating steps of the 

adenoma-carcinoma sequence (Nguyen and Duong, 2018). Subsequent mutations 

that are acquired to drive colorectal carcinogenesis include those in Kirsten rat 

sarcoma viral oncogene (KRAS), tumour protein (TP53), phosphatidylinositol-4,5-

bisphosphate 3-kinase catalytic subunit-alpha (PIK3CA), v-Raf murine sarcoma 

viral oncogene homolog B (BRAF), transforming-growth factor-beta (TGF-β) 

receptor 2 (TGFBR2), and Mothers against decapentaplegic homolog 4 (SMAD4) 
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(Wolff et al., 2018). These mutations contribute to progressing the 

adenoma-carcinoma sequence through promoting major oncogenic signalling 

pathways such as mitogen-activated protein (MAP) kinase, TGF-β, and 

phosphatidylinositol 3-kinase (PI3K) signalling pathways (Kuipers et al., 2015). 

 

1.1.3 Anatomical and Pathological Differences in Colorectal Cancer 

Colorectal cancer comprises a diverse collection of tumours of the lower 

gastrointestinal tract, with the pathogenesis of the disease differing dependent on 

tumour anatomical location (Baran et al., 2018). Colorectal cancer constitutes 

tumours of the caecum, and the ascending and transverse colon, which are 

termed right-sided colorectal cancer, and tumours of the rectum, and the 

descending and sigmoid colon which are termed left-sided colorectal cancer (Mik 

et al., 2017). Tumours of the right and left colon present with a differential 

developmental origin, variable histology, and display distinct molecular 

characteristics, which leads to variability in clinical outcomes, prognosis, and 

response to therapy (Mukund et al., 2020; Sugai et al., 2006). Right-sided 

colorectal cancer is derived from the embryological midgut, whereas left-sided 

colorectal cancer is derived from the embryological hindgut. Chromosomal 

instability, characterised by loss of tumour suppressor genes APC, TP53, and 

SMAD4, along with mutational activation of KRAS, is more commonly found in left-

sided colorectal cancer. Whereas right-sided colorectal cancer is more frequently 

associated with BRAF mutations, microsatellite instability, and CpG 

hypermethylation (Baran et al., 2018). Patients with right-sided colorectal cancer 

have a tendency to be older, female, and have a better prognosis at early tumour 
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stage, whereas left-sided colorectal cancer patients tend to be younger, male, and 

have a better prognosis at later tumour stage. Right-sided tumours are frequently 

associated with metastasis to the peritoneum, while left-sided tumours 

metastasise to the lung and liver (Kim et al., 2015; Benedix et al., 2010).  

 

1.1.4 Risk Factors for Colorectal cancer 

1.1.4.1 Non-modifiable Risk Factors 

The average lifetime risk for developing colorectal cancer is approximately 4-5%, 

however, many modifiable and non-modifiable risk factors can influence an 

individual’s chances of developing the disease (Mármol et al., 2017). 

Non-modifiable factors include family history, which increases the risk of 

developing colorectal cancer by 2- to 4-fold, compared to the general population, if 

an individual has a first-degree relative with the disease. This doubles if the family 

member is aged 50-70 when diagnosed and tripling if under 50 (Kuipers et al., 

2015; Armelao and Pretis, 2014). Further risk is associated with individuals that 

have two or more relatives with the condition. This familial role of low-penetrance 

genetic influences on the risk of colorectal cancer has a role in around 15-20% of 

disease incidences (Kuipers et al., 2015; Jasperson et al., 2010). Further 

non-modifiable risk factors for developing colorectal cancer include inherited 

syndromes. Hereditary tumours account for approximately 5% of all colorectal 

cancer incidences, which are classified into polyposis and non-polyposis 

syndromes (Brosens, Offerhaus and Giardiello, 2015). Germline mutations in the 

APC gene lead to the hereditary predisposition to colorectal cancer, familial 

adenomatous polyposis (FAP), which is characterised by the development of 

numerous colonic polyps (Leoz et al., 2015). If these polyps are left untreated 
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there is a 100% lifetime risk of developing colorectal cancer, with an average age 

of tumour development being 39 years (Stec et al., 2010). Inherited mutations in 

DNA mismatch repair genes, required to maintain genomic integrity, are 

responsible for hereditary non-polyposis colorectal cancer (HNPCC). These 

include mutations in MSH2, MLH6, MLH1, and PMS1/2 that contribute to genetic 

hypermutability resulting in microsatellite instability (Heinen, 2016). This induces 

tumour proliferation, invasion, and metastasis through the inhibition of tumour 

suppressor genes and activation of oncogenes (Chen, Xu and Liu, 2018). The 

lifetime risk of HNPCC patients developing colorectal cancer is considered to be 

approximately 70-80%, with the average age of diagnosis being in the mid-40’s 

(Haggar and Boushey, 2009). 

 

Colitis-associated colorectal cancer is accountable for approximately 2% of all 

colorectal cancer incidences. The risk is associated with chronic inflammation of 

the mucosal lining of the colon, found in patients with inflammatory bowel disease 

conditions ulcerative colitis and Crohn’s disease (Hnatyszyn et al., 2019). There is 

a 60% increased risk for patients with these conditions to develop colorectal 

cancer, relative to the general population. Furthermore, colorectal cancer is a 

major cause of mortality in patients with inflammatory bowel disease, being 

responsible for 10-15% of deaths (Long, Lundsmith and Hamilton, 2017; Stidham 

and Higgins, 2018). The chronic colitis associated with inflammatory bowel 

disease contributes to aberrant cell growth, leading to dysplasia. These dysplastic 

cells have an increased risk of becoming anaplastic and eventually malignant 

(Mármol et al., 2017). The mechanistic role of inflammation in colorectal cancer 

encompasses inflammatory-driven genetic and epigenetic alterations, that can 
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contribute to tumour initiation. Furthermore, cancer cell utility of host inflammatory 

derived growth factors and cytokines can facilitate tumour growth, limit apoptosis, 

and accelerate invasion and metastasis (Hnatyszyn et al., 2019; Zeng, Mukherjee 

and Zhang, 2019).  

 

1.1.4.2 Modifiable Risk Factors 

The majority of colorectal cancer cases are sporadic, with approximately 75% 

having no family history or predisposition to the disease (Yamagishi et al., 2016). 

Many largely modifiable factors such as diet and lifestyle can influence the risk of 

developing colorectal cancer. Obesity is a potentially modifiable risk factor for the 

development of colorectal cancer (Dai, Xu and Niu, 2007). An increased amount of 

visceral adipose tissue leads to the production of hormones and cytokines that 

contribute to low-grade chronic inflammation of the colon (Kolb, Sutterwala and 

Zhang, 2016). Pro-inflammatory cytokines produced by adipose tissue include 

interleukin- (IL-)2, IL-6, IL-8, and tumour necrosis factor alpha (TNF-α), all of which 

have been shown to play a role in the initiation and progression of colorectal 

cancer (Martinez-Useros and Garcia-Foncillas, 2016). An overweight body mass 

index (BMI) increases the risk of colorectal cancer by 9%, while being obese 

increases risk by 19%, when compared to those with a healthy BMI (Shaw et al., 

2018). Related to obesity is a reduction in physical activity, which is also a risk 

factor for the development of colorectal cancer. The link between physical activity 

and colorectal cancer is multifactorial, with moderate physical activity leading to 

increased gut motility, enhanced free radical scavenger systems, and a 

heightened immune system (Slattery, 2004). Physical activity has been shown to 

be negatively correlated with the development of colorectal polyps and has been 
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suggested can potentially prevent 15% of colorectal cancers (Oruç and Kaplan, 

2019). A further risk factor for the development of colorectal cancer is current or 

former cigarette smoking, which has been associated with a 59% and 19% 

increased risk of colorectal cancer, respectively (Amitay et al., 2020). The 

proposed mechanism underpinning the association between cigarette smoking 

and colorectal cancer relates to tobacco smoke containing more than 40 

carcinogens, along with the procarcinogenic properties of nicotine, both of which 

contribute to oncogenic signalling and inflammation (Yang et al., 2016). 

 

Diet is a key modifiable factor that is strongly correlated with colorectal cancer, a 

complex interplay existing between diet, environmental factors, and host biology 

with the risk for developing colorectal cancer, with certain dietary habits increasing 

the risk of developing the disease by up to 70% (Mármol et al., 2017). One of the 

mechanisms underpinning this association is through many dietary components 

being associated with oxidative stress-induced colitis. Oxidative stress is a 

physiological state of elevated concentrations of reactive oxygen species (ROS) 

and the generation of free radicals. These contribute to cancer initiation and 

progression through promoting protein oxidation, lipid peroxidation, DNA 

mutations, and procarciongenic signalling (Saha et al., 2017). Diets high in fat and 

low in fibre, calcium, and Vitamin D have been shown to induce colonic oxidative 

stress (Perše, 2013). However, one of the most notable dietary components that 

induces oxidative stress is excessive consumption of red and processed meat, 

with the iron content of dietary meat being a major contributor to ROS production 

(Hur et al., 2019). Iron is an important dietary component that has been shown to 
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have a multifaceted relationship with colorectal cancer, being involved in 

oncogenic signalling, inflammation, and microbial alterations (Ng, 2016).  

 

1.2 Iron Biology and Metabolism 

Iron is a vital micronutrient that is central to many major biological functions, most 

notably playing a central role in the transport of oxygen within the iron-containing 

haemoglobin complex (Ashmore et al., 2016). Iron’s capacity to be utilised in 

multiple biochemical reactions is through its ability to transition through multiple 

oxidation states, within the cell the most commonly found in ferrous (Fe2+) and 

ferric (Fe3+) forms (Verma and Cherayil, 2017). In normal physiology, iron is 

necessary for cellular proliferation. DNA synthesis requires the iron-dependent 

enzyme ribonucleotide reductase, which catalyses the rate-limiting step of DNA 

synthesis. Likewise, iron contributes to cell cycle progression by forming an 

essential part of the electron transport chain, providing energy production for cell 

cycling (Zhang, 2014). As these biological processes which are necessary for 

cellular proliferation are dependent on iron, this allows the potential for the role of 

iron in pathological conditions, such as cancer. Iron has been implicated in 

multiple tumour types, with the most notable being colorectal cancer (Torti and 

Torti, 2013). 

 

Before expanding upon the role of iron in colorectal cancer, appreciation is needed 

of how iron is absorbed and regulated within the body. As iron is necessary for 

homeostasis, its concentration is normally tightly controlled within the body 

(Wallace, 2016). This occurs through being complexed to proteins that facilitate its 
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absorption, transportation, storage, and utilisation (Figure 1-1) (Verma and 

Cherayil, 2017). Iron is present within the body by two means, through absorption 

or recycling (Kong, Lei and Chang, 2013). Dietary iron can be consumed in the 

form of haem iron (Fe2+) and non-haem iron (Fe3+) (Hooda, Shah and Zhang, 

2014). Initially, dietary iron is absorbed through the apical surface of enterocytes, 

predominantly of the duodenum and upper jejunum, this is facilitated by both 

divalent metal transporter-1 (DMT-1) and haem carrier protein 1 (HCP-1) 

(Abbaspour, Hurrell and Kelishadi, 2014; Anderson, Frazer and McLaren, 2009). 

Non-haem iron is reduced by duodenal cytochrome B (Dcytb) to Fe2+ before it can 

be transported by DMT-1 into enterocytes. Likewise, HCP-1 absorbs haem iron 

before being internalised into the intestinal enterocytes. Once intracellular the 

enzyme haem oxygenase-1 (HO-1) releases iron from its haem complex 

(Przybyszewska and Zekanowska, 2014). These mechanisms collectively 

contribute to the intracellular iron pool; iron then has one of two fates dependent 

on the body’s requirements for iron. If there is no iron requirement, then the iron 

remains inert bound to the intracellular storage protein ferritin (Anderson, Frazer 

and McLaren, 2009). This may be carried out by the chaperone protein poly 

binding protein 1 (PCBP1) which facilitates the loading of iron onto ferritin (Shi et 

al., 2008). In contrast, if iron is required by the body it will transverse the 

basolateral surface, by the efflux protein ferroportin (FPN), passing into the 

circulation (Anderson, Frazer and McLaren, 2009). The second mechanism by 

which iron is released is through the mononuclear phagocytic system (MPS) which 

regulates iron recycling. MPS is central for iron homeostasis; specialized 

macrophages recycle iron through the engulfment of senescent erythrocytes 

(Kong, Lei and Chang, 2013). These two mechanisms, recycling and absorption, 
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regulate the amount of iron in the circulation. Circulating iron is found associated 

with the plasma protein transferrin, in order to maintain it in a redox inert state. 

Transferrin functions to deliver iron to all tissues, including the bone marrow for 

erythropoiesis, through binding to the cells’ surface transferrin receptor (TfR) 

(Abbaspour, Hurrell and Kelishadi, 2014). 
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Figure 1-1: Schematic representation of systemic iron regulation 
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The absorption of iron is regulated by local iron levels, along with systemic factors. 

At the local level, iron concentration regulates the iron regulatory protein RNA 

binding activity, which in turn alters the levels of DMT-1 and FPN (Anderson, 

Frazer and McLaren, 2009). Systemic signals regulating the body’s iron 

requirements are sensed by the liver, which in turn alters the expression of the iron 

regulatory hormone hepcidin. Hepcidin binds to FPN leading to internalisation and 

degradation, which in turn limits the absorption of iron in the small intestine. 

Similarly, hepcidin regulates iron MPS recycling by causing sequestration of iron 

into macrophages (Ganz, 2003). Factors influencing the liver’s production of 

hepcidin include the iron stores, erythropoiesis rate, hypoxia, and inflammation 

(Figure 1-1). During inflammation, the cytokine IL-6 is necessary for the induction 

of hepcidin. This is seen during infection when pathogenic macromolecules such 

as lipopolysaccharides act on macrophages, such as the hepatic Kupffer cells, to 

induce the production of IL-6 which in turn acts on hepatocytes to cause hepcidin 

mRNA production (Nemeth et al., 2003). 

 

1.3 Iron and Colorectal Cancer 

1.3.1 Excess and Deficit of Iron in Colorectal Cancer 

Only 10% of iron consumed in a typical diet is absorbed in the small intestine, this 

leaves the remnant iron residing within the gastrointestinal (GI) tract (Waldvogel-

Abramowski et al., 2014). Excessive iron within the GI tract may contribute to 

increased proliferation and neoplastic conversion of colonic cells. Rodent studies 

have revealed increased dietary iron enhances the proliferation of colonic crypt 

cells and amplifies colorectal tumour development (Lund et al., 1998; Siegers et 
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al., 1992). This may be through iron’s utility in cellular proliferation, along with its 

ability to switch between oxidation states, which is tremendously toxic due to the 

production of ROS from the Fenton’s reaction (Verma and Cherayil, 2017). ROS 

increases oxidative stress within the GI tract that contributes to DNA damage, 

modification of proteins, and lipid peroxidation. Oxidative stress-induced damage 

to DNA may lead to genomic instability that can contribute to carcinogenesis 

(Perše, 2013). Similarly, excess iron-induced oxidative stress can contribute to 

colonic inflammation (Carrier et al., 2001). Chronic inflammation of the colon can 

contribute to colorectal cancer through the production of growth factors and 

cytokines that can support tumour growth, disrupt differentiation, and promote 

cancer cell survival (Klampfer, 2011; Lasry, Zinger and Ben-Neriah, 2016). 

 

The mechanisms linking excessive iron and colorectal cancer are further 

supported through the tumour suppressor gene APC. This has been assessed in 

an in vitro study by Brookes et al, which showed that excessive iron in a 

background of APC mutation leads to an increase in signalling through the major 

oncogenic signalling pathway, Wnt (Brookes et al., 2008). Iron/APC-driven 

colorectal carcinogenesis has also been supported through an APC-deficient 

murine model, where luminal iron depletion resulted in a reduction in tumour 

development, whereas an increase in luminal iron promoted tumourigenesis 

(Radulescu et al., 2012). These studies support an association between iron and 

colorectal cancer, through increasing oxidative stress, inducing carcinogens, and 

amplifying oncogenic signalling. 
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The association between high iron and the risk of colorectal cancer has been well 

established. However, a study by Bird et al assessed 965 men and women aged 

50-75 to determine iron intake as a risk for the development of adenomatous 

polyps, a precursor lesion to colorectal cancer. They found a U-shaped 

association between iron intake and colorectal polyps, showing that individuals 

that consume high iron (>27.3 mg/day) as well as low iron (<11.6 mg/day) had 

increased risk, compared to those consuming an adequate amount of iron (11.6-

13.6 mg/day) (Bird et al., 1996). This suggests that a deficit of iron could equally 

contribute to the pathogenesis of colorectal cancer as high iron does. A similar 

study by Cross et al supports this, showing an inverse association between serum 

iron levels and the risk of colon cancer (Cross et al., 2006). This may indicate that 

the level of iron within the blood may be contributing to cancer development when 

in shortage, in a similar way that excessive iron within the gut lumen contributes to 

tumour formation. The mechanism supporting iron deficiency and colorectal 

cancer development is not fully understood. However, it may involve cellular 

functions requirement for iron, which when deficient may hinder immune cells’ 

ability to protect against cancer (Zohora et al., 2018). 

 

1.3.2 Dietary Iron and Colorectal Cancer 

Many dietary components, frequently associated with iron, have been shown to 

contribute to or have protective roles against colorectal cancer. For instance, 

phytates are anti-nutrients that form complexes with dietary minerals including 

iron, leading to a reduction in bioavailability (Suma and Urooj, 2014). Phytates are 

inhibitors of iron-induced production of hydroxyl radicals, a potent oxidant that can 

contribute to cancer development (Graf and Eaton, 1985). Likewise, Vitamin C has 
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been suggested to have a protective role against cancer through regulating iron. 

Vitamin C chelates iron, leading to greatly enhanced absorption of iron from the 

diet (Vissers and Das, 2018; Fonseca-Nunes, Jakszyn and Agudo, 2014). Vitamin 

C limits free radical damage through the quenching of ROS and has been shown 

to modulate cancer cell survival (Yun et al., 2015; Kuiper et al., 2014). This has 

been supported in a large population study showing that dietary intake of 

Vitamin C is associated with a lower risk of colorectal cancer (Sun et al., 2012).  

 

Dietary iron is present in two forms, haem iron from animal sources such as red 

meat and non-haem iron from seeds, nuts, grains, and dark green leafy 

vegetables (Ward et al., 2012; Zielińska-Dawidziak, 2015). Red meat including 

beef and lamb are characterised by a high myoglobin content which consists of 

increased levels of haem iron relative to white meat such as chicken (Lombardi‐

Boccia, Martinez‐Dominguez and Aguzzi, 2002). Haem iron has been shown to 

contribute to cancer through inducing colonic hyperproliferation, through 

modulation of the intestinal microbiota and inducing mutations through DNA 

adducts (Seiwert et al., 2020; Ng, 2016). Haem iron also leads to the raised 

formation of lipid peroxyl radicals, such as malondialdehyde and 

4-hydroxynonenal, which are potent carcinogens (Ashmore et al., 2016). This 

provides a strong association between haem iron and colorectal cancer; however, 

there is a lack of evidence available to link a mechanism of non-haem iron and 

colorectal cancer. 

 

This is supported in a study by Luo et al which assessed the different forms of iron 

and their association with colorectal cancer; they determined that haem iron was 
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positively associated with colorectal cancer, whereas non-haem iron showed no 

positive association, supporting the role of excessive dietary haem iron, but not 

non-haem iron, in the pathogenesis of colorectal cancer. Interestingly, along with 

excessive dietary haem iron, this study also determined that a lower intake of 

non-haem iron was also associated with colorectal cancer (Luo et al., 2019). This 

supports previous studies by Bird et al and Cross et al showing that low iron is 

associated with cancer risk, however, this study expands upon this suggesting a 

reduction of non-haem iron is responsible (Bird et al., 1996; Cross et al., 2006). 

 

A complex equilibrium exists between alimentary iron and dietary antioxidants, 

with iron from red meat contributing adverse implications of initiating and 

promoting oxidative stress, while fruit and vegetables, for instance, act to modulate 

these adverse effects (Omaye and Omaye, 2019). This suggests the need for a 

balance of antioxidant-rich, iron-binding fruit and vegetables, for example, leafy 

green vegetables, apples, and citrus fruits, within a red meat-rich diet. This leads 

to competition within the gastrointestinal microenvironment between iron intake, 

absorption, and chelation, which requires a fine balance in order to maintain 

adequate iron store while ensuring iron absorption capacity is not exceeded 

(Geissler and Singh, 2011; Hatcher et al., 2009). Overall, this suggests the need 

for a varied diet in order to provide the dietary components required to facilitate 

iron regulation, while mitigating any unwanted oxidative outcomes (Omaye and 

Omaye, 2019). 
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1.3.3 Iron Deficiency Anaemia 

Colorectal cancer is commonly associated with the development of iron deficiency, 

which is prevalent in approximately 60% of colorectal cancer patients. Iron 

deficiency can then lead to the clinical manifestation of iron deficiency anaemia 

(Beale, Penney and Allison, 2005). Causative mechanisms of colorectal 

cancer-associated iron deficiency anaemia comprise chronic tumour-induced 

blood loss, reduced luminal absorption of iron, and impairment of iron homeostasis 

prompted by chronic inflammatory disease (Figure 1-2) (Wilson et al., 2017). Iron 

deficiency anaemia is a complication of both right- and left-sided colorectal 

tumours. However, iron deficiency anaemia is more common in right-sided 

tumours, found in 65% of patients, compared to left-sided tumours, found in 26% 

of patients (Acher et al., 2003). This correlates with patients with right-sided 

colorectal cancer having significantly lower preoperative haematocrit relative to 

left-sided colorectal cancer (Dunne et al., 2002). With tumour-induced blood loss 

being accountable for anaemia in colorectal cancer patients, the variation in blood 

supply between the right and left colon may be accountable for differences in the 

prevalence of anaemia between right- and left-sided colorectal cancer patients (Xi 

et al., 2019).  

 

Iron deficiency anaemia induced through chronic GI bleeding results in a depletion 

of iron stores which leads to absolute iron deficiency (AID). Whereas, reduced 

uptake of iron, along with sequestration to the MPS, causes a decline in 

biologically available iron resulting in functional iron deficiency (FID) (Weiss, 

Guenter and Goodnough, 2005). The clinical relevance of the distinction between 

AID and FID relates to the administration of iron therapy to treat anaemia. AID 
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requires iron therapy irrespective of actual haemoglobin levels, whereas, in FID 

iron therapy is only recommended if anaemia induced symptoms occur (Wilson et 

al., 2017). In colorectal cancer patients undergoing surgical resection, 

preoperative anaemia is correlated with perioperative infection, increased 

mortality, and longer inpatient stay (Khanbhai et al., 2014).  
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Figure 1-2: Summary of how colorectal cancer causes iron deficiency anaemia 
leading to altered immune function that contributes to cancer progression 
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1.3.3.1 Iron Deficiency Anaemia and Risk of Cancer Development  

A 2015 population study conducted by Hung et al evaluated the risk of cancer in 

patients with iron deficiency anaemia; they determined that there was a 

significantly increased risk of developing cancer in patients with iron deficiency 

anaemia, irrespective of age or sex (Hung et al., 2015). A similar study by Ioannou 

et al assessed explicitly GI malignancies, with their findings revealing GI tumours 

to be more prevalent in men and postmenopausal women with iron deficiency 

anaemia compared to those with normal iron levels. However, this was not seen in 

premenopausal women (Ioannou et al., 2002). These studies suggest an 

association between iron deficiency anaemia and the development of cancer; 

however, what is not assessed within these studies is if iron deficiency anaemia is 

a cause or consequence of cancer. As shown in Figure 1-2, colorectal cancer can 

lead to the development of anaemia through iron deficiency. Hence these studies 

may be showing that pre-malignant or undiagnosed cancers may be inducing 

anaemia, rather than anaemia leading to the development of cancer. Therefore, 

there is the potential for anaemia to be acting as a marker of cancer, rather than 

an inducer. However, supporting the association between iron deficiency anaemia 

promoting colorectal cancer, animal studies by Prime et al have shown that oral 

carcinogen led to earlier cancer development in iron-deficient rats, compared to 

those with normal iron levels (Prime, MacDonald and Rennie, 1983). 

 

1.3.3.2 Iron Deficiency Anaemia Exacerbates Colorectal Cancer  

Patients with iron deficiency anaemia have been shown to potentially have an 

increased risk of developing tumours. However, iron deficiency anaemia is 

commonly present in patients with predating colorectal cancer. Hence, this leaves 
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the potential for iron deficiency to exacerbate patients’ pre-existing cancer. This 

may be through limiting the immune system’s ability to limit tumour growth, 

hindering responses to therapy and restricting the immune system's response to 

circulating tumour cells which may develop into distant metastasis (Prá et al., 

2009). This has been assessed in clinical studies which showed that colorectal 

cancer patients with iron deficiency anaemia have inferior outcomes compared to 

those without iron deficiency anaemia, presenting with worse tumour staging and 

lower disease-free survival (Zhen et al., 2012). 

 

1.3.3.3 Iron Deficiency, Colorectal Cancer, and Response to Therapy 

Iron deficiency anaemia may also lead to a reduced response to therapies, such 

as surgery and chemotherapy. Preoperative anaemia in colorectal cancer patients, 

usually induced through iron deficiency, leads to a decreased survival following 

surgery (Muñoz et al., 2014). This may be due to the immune system’s 

requirements to prevent dissemination of cancer cells following surgery. Iron 

deficiency anaemia may impair immune function, allowing circulating tumour cells 

induced through surgery to be undetected and to form metastasis. Similar 

evidence has supported the fact that anaemia leads to inferior patient outcomes 

following treatment, a study by An et al showed that patients with preoperative 

anaemia treated with adjuvant FOLFOX chemotherapy presented with a worse 

prognosis, than those without anaemia (An et al., 2015). 

 

1.3.3.4 Iron Therapy and Colorectal Cancer 

Collectively this suggests the need for adequate iron therapy in order to correct 

anaemia preoperatively, to prevent postoperative complications for anaemic 
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colorectal cancer patients (Spivak, Gascón and Ludwig, 2009). However, the 

optimum method of iron supplementation to treat anaemia preoperatively remains 

unclear (Richards et al., 2020). Oral iron supplementation has a variety of adverse 

GI effects, including abdominal pain, dyspepsia, constipation, and diarrhoea, 

which can lead to non-compliance. In contrast, intravenous iron is better tolerated 

and has fewer GI adverse effects (Ng et al., 2019). Furthermore, oral iron therapy, 

the current standard treatment for anaemia, has the potential to increase colonic 

luminal iron concentration (Stein and Dignass, 2013; Mahalhal et al., 2018). 

Increasing luminal iron levels has previously been shown to contribute to 

oncogenic signalling, as well as having the potential to lead to microbiological and 

immunological alterations which may favour tumour growth (Brookes et al., 2008; 

Ng, 2016). 

 

1.4 Gut Microbiota 

1.4.1 Microbiota in Colonic Homeostasis and Disease 

The human intestine provides a platform for a complex and dynamic ecosystem, 

consisting of greater than 1013 microorganisms. This collection of microorganisms 

residing within the gastrointestinal tract consists of bacteria, viruses, and fungi and 

is collectively termed the gut microbiota (Ruan et al., 2020). The gut microbiota 

consists of over 400 bacterial species that colonize the lumen and mucosa of the 

colon but do not penetrate a healthy bowel wall (Terzić et al., 2010). The 

predominant phyla residing within the gut are Firmicutes (~49-76%), Bacteroidetes 

(~16–23%), Proteobacteria (<10%), and Actinobacteria (<5%), with a large 

diversity at the lower taxonomic levels (Yilmaz and Li, 2018).  
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Bacterial colonization of the colon can be either commensal or pathogenic 

(Pickard et al., 2017). Commensal bacteria can either derive benefit from the host, 

but the host receives no benefit or harm from the bacteria, or commensal bacteria 

can provide a mutualistic relationship with the host when both bacteria and host 

benefit. This can act to maintain host homeostasis through contributing to fibre 

digestion, synthesis of vitamins, and enterohepatic deconjugation of metabolites 

(Gorbach, 1996). These commensal bacteria also contribute to host defence 

against colonic invasion of pathogens, due to both requiring an analogous 

ecological niche. Hence, under normal physiological conditions, the commensal 

bacteria act to outcompete potential pathogenic colonization of the colon, 

therefore, preventing infection (Kamada et al., 2013). The gut microbiota generally 

has a commensal relationship with its host. Nevertheless, there is the potential for 

this relationship to be disrupted through an alteration in the composition of 

bacteria. This occurs through an imbalance in bacterial populations through the 

replacement of non-harmful commensal bacteria with pathogenic bacteria. These 

pathogenic bacteria can cause harm to the host through invading the bowel wall, 

causing inflammation, and inducing carcinogenic signalling and metabolites 

(Illiano, Brambilla and Parolini, 2020). Therefore, these bacteria have the potential 

to contribute to tumourigenesis in the colon; however, what remains unclear is 

whether the presence of these bacteria is the cause or consequence of colorectal 

cancer (DeGruttola et al., 2016). Many studies, discussed below, support the role 

of the microbiota in the development of colorectal cancer. However, tumours 

themselves have the ability to shape the composition of the microbiota, with 

tumour genetic profiles being able to differentially influence the microbiota (Burns 
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and Blekhman, 2018). This has been assessed in colorectal tumours in a study by 

Burns et al, showing that prevalent loss of function (LoF) mutations in 

cancer-related genes, including APC, ANKRD36C, CTBP2, KMT2C, and ZNF71, 

are correlated with defined bacterial populations. The LoF mutations were linked 

with microbial profiles that were associated with cancer pathways, including MAP 

kinase and Wnt signalling (Burns et al., 2018), suggesting that the tumour has the 

ability to regulate the microbiota, through cancer genetics, in order to potentially 

support tumour progression (Burns and Blekhman, 2018; Burns et al., 2018).  

 

1.4.2 Bacteria and Cancer 

The correlation between bacterial infection and cancer is predominantly through 

three mechanisms: initiating chronic inflammation, producing carcinogenic 

metabolites and toxins, and activating oncogenic signalling (Figure 1-3) (Whisner 

and Athena Aktipis, 2019). The most prominent association between bacteria and 

cancer is Helicobacter pylori and gastric cancer (Parsonnet, 1995). Helicobacter 

pylori is a Gram-negative bacterium that colonizes the lining of the stomach. Here 

it may induce chronic gastritis which can contribute to the development of gastric 

ulcers and stomach cancer (Wroblewski, Peek and Wilson, 2010; Maeda and 

Mentis, 2007). Helicobacter pylori also produce virulence factors such as 

cytotoxin-associated gene A and vacuolating cytotoxin A which can contribute to 

the damage and malignant transformation of the gastric epithelium (Khatoon, Rai 

and Prasad, 2016). It is estimated that Helicobacter pylori-positive patients have a 

10-20% lifetime risk of developing peptic ulcers and a 1-2% risk of developing 

gastric cancer (Kusters, van Vliet, Arnoud and Kuipers, 2006). Helicobacter pylori 
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has also been associated with other pathologies such as colorectal polyps and 

cancer (Teimoorian et al., 2018).   

 

The association between Helicobacter pylori and gastric cancer has been 

confirmed through fulfilling Koch’s postulates, as Helicobacter pylori infection can 

lead to gastric cancer in a susceptible host (Bauer and Meyer, 2011; Wang and 

Fox, 1998). The same association has not been confirmed between other 

gastrointestinal pathologies such as colorectal cancer and a single bacterial 

species (Akin and Tözün, 2014). Rather a general community shift in bacterial 

populations has been suggested to contribute to colorectal cancer (Brennan and 

Garrett, 2016). However, further work is required to determine if a specific 

microbial profile can fulfil Koch’s postulates criteria, proving a causative 

relationship between a colonic microbial profile and colorectal cancer; further 

complexity within fulfilling the causal relationship relates to the involvement of 

differing bacterial populations at the initiation and progression stages of colorectal 

cancer development (Nelson and Chia, 2019). Discussed below are prominent 

examples of bacterial species involved in colorectal cancer. An extensive list of 

pathobionts and symbionts involved in colorectal cancer are summarized in Table 

1.1. 
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Figure 1-3: Protective and pathogenic bacterial species and microbial pathways 
involved in colorectal cancer 
The three major microbial induced pathways that contribute to colorectal cancer, 
inflammation, oncogenic signalling, and carcinogenic toxin and metabolite production. 
Symbionts (green) inhibit these pathways and pathobionts (red) promote these pathways. 
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Phylum Class Order Family Genus Species Symbiont or 
Pathobiont  

Potential Mechanism 

Actinobacteria Actinobacteria Bifidobacteriales Bifidobacteriaceae Bifidobacterium Bifidobacterium 
bifidum 

Symbiont Produces metabolites that can 
inhibit colorectal cancer cell growth 
(Bahmani, Azarpira and 
Moazamian, 2019). 

Bifidobacterium 
lactis 

Symbiont Inhibits NF-κB signalling, limiting 
colitis-associated colorectal cancer 
(Kim et al., 2010). 

Bifidobacterium 
longum 

Symbiont Lactic acid-producing bacteria that 
inhibits colorectal tumour cell 
proliferation, through modulation of 
MAP kinase oncogenic pathway 
(Singh et al., 1997). 

Bifidobacterium 
thermophilum 

Symbiont Binds free iron, reducing iron for 
pathogenic bacteria and reactive 
oxygen species production (Kot and 
Bezkorovainy, 1999). 

Propionibacteriales Propionibacteriaceae Propionibacterium Propionibacterium 
freudenreichii 

Symbiont Exerts a protective effect against 
colorectal cancer through the 
production of short-chain fatty acids, 
acetate, and propionate (Casanova 
et al., 2018). 

Bacteroidetes Bacteroidia Bacteroidales 
Bacteroidaceae 

Bacteroides Enterotoxigenic 
Bacteroides fragilis 

Pathobiont Degrades E-cadherin and activates 
β-catenin signalling, upregulating c-

Myc expression, and contributes to 
colonic cellular proliferation (Wu et 
al., 2003). Secretes B. fragilis toxin 
that can induce STAT3 signalling. 
(Wu et al., 2009). 

Bacteroides vulgatus Pathobiont Involved in the hydrolysis of primary 
bile acids to secondary bile acids, 
which is associated with colitis and 
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oncogenic signalling (Liu et al., 
2020; Feng et al., 2015). Correlated 
with systemic inflammation and 
colorectal cancer tumour stage 
(Feng et al., 2015).  

Rikenellaceae Alistipes Alistipes finegoldii Pathobiont Linked to colitis-associated 
colorectal cancer, in vivo studies 
have shown to be through activation 
of IL-6/STAT3 signalling (Yang and 
Jobin, 2017). 

Firmicutes 
 

Bacilli Lactobacillales Enterococcaceae Enterococcus Enterococcus 
faecalis 

Pathobiont Can produce reactive oxygen and 
nitrogen species that can contribute 
to DNA damage and colonic 
inflammation (Jahani-Sherafat et al., 
2018). 

Lactobacillaceae Lactobacillus Lactobacillus acidop
hilus 

Symbiont Can produce conjugated linoleic 
acids from linoleic acid. Fatty acids 
produced by these species act on 
colonocytes, possessing 
antiproliferative and proapoptotic 
mechanisms (Ewaschuk et al., 
2006). 

Lactobacillus casei 

Lactobacillus 
delbrueckii 

Lactobacillus 
plantarum 

Streptococcaceae Streptococcus Streptococcus 
bovis/gallolyticus 

Pathobiont Can induce the production of 
cytokines that lead to free radical 
production, colonic inflammation, 
and increased angiogenesis. 
Contributes to pro-proliferative 
signalling via MAP kinase and COX-
2/prostaglandin induced cellular 
proliferation and inhibited apoptosis 
(Abdulamir, Hafidh and Abu Bakar, 
2011). 
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Bacillales Bacillaceae Bacillus Bacillus subtilis Symbiont Probiotic bacteria that can inhibit 
the proliferation of colorectal cancer 
cells, induces cell cycle arrest and 
promotes apoptosis. Shown to 
reduce inflammation and aids in 
immune homeostasis (Chen et al., 
2015). 

Clostridia Clostridiales Clostridiaceae Clostridium Clostridium 
butyricum 

Symbiont Produces butyrate which possesses 
anticancer properties, inducing cell 
differentiation, and apoptosis, as 
well as inhibiting cellular 
proliferation (Kannen, Parry and 
Martin, 2019; Gonçalves and 
Martel, 2013). 

Lachnospiraceae Eubacterium Eubacterium rectale Symbiont Anti-inflammatory butyrate-
producing bacteria (Duncan, Louis 
and Flint, 2004). 

Roseburia Roseburia 
intestinalis 

Peptostreptococcaceae Peptostreptococcus Peptostreptococcus 
anaerobius 

Pathobiont Has been shown to interact with 
Toll-Like Receptors 2 and 4 on 
colonic cells. Elevating levels of 
reactive oxygen species, promoting 
cell proliferation, and increases 
colonic dysplasia (Tsoi et al., 2017). 

Ruminococcaceae Faecalibacterium Faecalibacterium 
prausnitzii 

Symbiont Butyrate-producing bacteria, shown 
to be anti-inflammatory and can 
inhibit colorectal tumourigenesis 
(Balamurugan et al., 2008; Sokol et 
al., 2008; Tian, Wang and Ji, 2017). 

Fusobacteria Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacterium Fusobacterium 
nucleatum  

Pathobiont FadA medicated activation of β-
catenin can contribute to 
inflammatory and oncogenic 
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Table 1.1: Potential mechanisms of symbionts and pathobionts in colorectal cancer pathogenesis

signalling (Rubinstein et al., 2013). 
Fap2 protein present on F. 
nucleatum binds to TIGIT on the 
antitumour immune cells, natural 
killer cells, and T-cells, which can 
limit tumour immunosurveillance 
(Gur et al., 2015).  

Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae Bilophila Bilophila 
wadsworthia 

Pathobiont Pro-inflammatory sulphate-reducing 
bacteria capable of producing 
genotoxic hydrogen sulphide (Tilg et 
al., 2018). 

Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia Escherichia coli 
(harboring pks 
pathogenicity 
islands) 

Pathobiont Produces the bacterial genotoxin 
colibactin that promotes the growth 
of colonic tumour cells. Colibactin 
induces DNA interstrand crosslinks 
and double-strand breaks 
(Dalmasso et al., 2014; 
Pleguezuelos-Manzano et al., 
2020). 

Salmonella Salmonella 
typhimurium 

Pathobiont Produces the bacterial protein AvrA 
which is associated with 
inflammation and colorectal cancer, 
through modulation of the p53 
pathway (Lu et al., 2017; Wu et al., 
2010). 

Verrucomicrobia Verrucomicrobiae  Verrucomicrobiales Akkermansiaceae Akkermansia Akkermansia 
muciniphila 

Pathobiont A mucin degrading bacterium that 
contributes to colonic inflammation 
(Mira-Pascual et al., 2015). 
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1.4.3 Gut Microbiota and Colorectal Cancer 

Cancer occurrence in the large intestines is approximately 12-fold higher than in 

the small intestines (Sun and Kato, 2016). This may be credited to the much 

greater bacterial density in the large intestines (~1012 cells per ml) compared to 

small intestines (~102 cells per ml) (Tjalsma et al., 2012); supporting a role of the 

microbiota in colorectal cancer, mice that are genetically susceptible to colorectal 

cancer display a significantly reduced frequency of oncogenic mutations and 

tumour formation when germ-free, compared to those in the presence of a 

conventional microbiota (Uronis et al., 2009). This suggests that the presence of 

colonic bacteria may potentially contribute to the initiation and progression of 

colorectal cancer (Xue and Shah, 2013). Similarly, common risk factors for the 

development of colorectal cancer, such as inflammatory bowel disease, obesity, 

and a diet rich in fat and protein, have all been associated with alterations of the 

microbiota (DeGruttola et al., 2016; Campisciano et al., 2020). This implies a 

change in bacterial populations within the gut of colorectal cancer patients, which 

may include an increase in pathogenic cancer-associated bacteria and a loss of 

protective anti-cancer bacteria. Supporting this, comparisons of gut microbiota 

between normal individual and colorectal cancer patients reveals that the 

predominant floras in colorectal cancer are pathogenic bacteria such as 

Escherichia coli strains harbouring polyketide synthase (pks) pathogenicity 

islands, enterotoxigenic Bacteroides fragilis, and Fusobacterium nucleatum (Park, 

Eun and Han, 2018; Wang et al., 2011; Lin et al., 2019). Whereas beneficial 

strains of bacteria such as butyrate-producing species, such as Faecalibacterium 

prausnitzii, Clostridium leptum, and Eubacterium hallii (Parada Venegas et al., 

2019), have been shown to be under-represented in colorectal cancers, which is 



 

33 

 

consistent with a reduced amount of butyrate being seen in the stool of colorectal 

cancer patients compared to normal individuals (Weir et al., 2013). The 

relationship between bacteria and colorectal cancer is complex and ambiguous, 

with symbionts and pathobionts having conflicting roles in the pathogenesis of the 

disease (Akin and Tözün, 2014). What is also unclear is defining the role of the 

bacteria in the stages of colorectal carcinogenesis, with the potential for differing 

bacterial populations being involved in the initiation and progression stages of 

colorectal cancer (Tjalsma et al., 2012). Bacteria involved in the initiation of 

colorectal cancer are described as bacterial drivers. These driver bacteria are then 

gradually outcompeted by opportunistic passenger bacteria, which have a 

competitive advantage within the newly defined tumour microenvironment. These 

passenger bacteria can either promote or hinder cancer progression, dependent 

on if pathobionts or symbionts flourish in the tumour environment. Hence, external 

factors such as diet and medication have the potential to influence the tumour 

microbiota, depending on if they support symbiont or pathobiont bacterial growth 

(Tjalsma et al., 2012). 

 

1.4.3.1 Pathobionts and Colorectal Cancer 

The microbiota has the potential to contribute to both the initiation and progression 

of colorectal cancer through multiple mechanisms, including inducing oncogenic 

signalling, producing carcinogenic metabolites and toxins, and modulating colonic 

inflammation, summarized in Figure 1-3. Persistent activation of the immune 

system as seen in chronic inflammation can contribute to cancer through the 

production of growth factors and cytokines that can facilitate tumour growth, 
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perturb differentiation, and promote cancer cell survival (Klampfer, 2011; Lasry, 

Zinger and Ben-Neriah, 2016). 

 

Species of the Clostridium genus, including C. perfringens, C. hylemonae, C. 

sordelli, C. scindens, and C. hiranonis, along with Bacteroides fragilis, Bacteroides 

vulgatus, and Listeria monocytogenes have been shown to be involved in a 

multistep deconjugation and biotransformation process that synthesizes secondary 

bile acids from primary bile acids (Ridlon, Kang and Hylemon, 2006; Fiorucci and 

Distrutti, 2015; Rossocha et al., 2005; Gérard, 2013; Jones et al., 2008; Liu et al., 

2020). The usual role of primary bile acids is in lipid digestion and cholesterol 

metabolism; however, they are also implemented in host-microbe interactions. 

Primary bile acids are usually reabsorbed through the enterohepatic circulation; 

however, they can also act as substrates in bacterial biotransformation in the colon 

into secondary bile acids (Zeng et al., 2019). Secondary bile acids lithocholic acid 

and deoxycholic acid have been associated with colonic polyps and colorectal 

cancer, through increasing oxidative stress-induced colonic inflammation and 

activating the oncogenic signalling pathway Wnt (Zeng et al., 2019; Nguyen et al., 

2018; Bernstein et al., 2005; de Kok et al., 1999; O'Keefe et al., 2015; Molinero et 

al., 2019). A study by Nagengast et al supports the role of secondary bile acids in 

the initiation of colorectal cancer; they determined that patients with colonic 

adenomas showed an increase in deoxycholic acid compared to healthy controls 

(Nagengast, Grubben and van Munster, 1995).  

 

Hydrogen sulphide producing bacteria such as Bilophila wadsworthia, Bacteroides 

fragilis, Helicobacter pylori, Clostridium septicum, and Streptococcus bovis have 
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also been implemented in the initiation of colorectal cancer. Hydrogen sulphide is 

a genotoxic substance that causes genomic instability through damaging DNA 

(Dahmus et al., 2018; Attene-Ramos et al., 2006). Similarly, hydrogen sulphide 

can diffuse into colonocytes and interfere with mitochondrial function, causing an 

increase in proliferative signalling through activation of the MAP kinase pathway 

(Chen et al., 2015). Supports the role of hydrogen sulphide producing bacteria in 

colorectal cancer, a study compared the microbiota of African Americans with and 

without colorectal cancer. A greater abundance of sulfidogenic bacteria in 

colorectal cancer patients were found when compared to healthy patients 

(Dahmus et al., 2018).  

 

Microbiota associated with the progression of colorectal cancer includes the 

presence of the pathogenic bacteria Fusobacterium nucleatum (Shang and Liu, 

2018). Fusobacterium nucleatum adheres to the colonic epithelium, where it can 

invade and induce inflammatory and oncogenic signalling pathways, contributing 

to the growth of colorectal cancer cells. This is stimulated through FadA-induced 

activation of β-catenin signalling, with FadA levels in colonic tissue from patients 

with adenomas and adenocarcinomas being between 10 to 100 times greater than 

healthy individuals (Rubinstein et al., 2013). This has been shown to contribute to 

the progression of colorectal cancer, as patients with a high abundance of 

Fusobacterium nucleatum tend to have more advanced disease with a poorer 

prognosis and shorter survival time (Kunzmann et al., 2019; Chen et al., 2019).  

 

Escherichia coli is a commensal bacterium residing within the colon, however, 

pathogenic strains of phylogenetic group B2 harbour the pks genomic island that 
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can produce the genotoxin colibactin (Cuevas-Ramos et al., 2010). Colibactin can 

induce DNA double-strand breaks and chromosomal aberrations that can 

contribute to the development of sporadic colorectal cancer (Dubinsky, Dotan and 

Gophna, 2020). Colibactin-producing Escherichia coli has been found in 55-67% 

of colorectal cancer patients, compared to 20% of control patients (Dubinsky, 

Dotan and Gophna, 2020). Escherichia coli harbouring pks have been shown to 

contribute to disease severity in mice predisposed to colorectal cancer (Arthur et 

al., 2012), supporting a passenger role for Escherichia coli in colorectal cancer. 

However, given the potent genotoxic effects of colibactin and Escherichia coli 

harbouring pks being able to induce colorectal cancer in animal models, a driver 

role is also plausible (Faïs et al., 2018).  

 

Enterotoxigenic Bacteroides fragilis is a pathogenic bacterium that produces the 

enterotoxin Bacteroides fragilis toxin (bft) and is associated with colorectal cancer 

initiation and progression (Boleij et al., 2015). This occurs through modulation of 

the mucosal immune system and inducing alterations in epithelial cells leading to a 

compromised colonic barrier (Dahmus et al., 2018; Haghi et al., 2019). Enterotoxic 

Bacteroides fragilis has been associated with colonic pre-neoplastic lesions and 

has been suggested to be a potential biomarker for early detection of colorectal 

carcinogenesis (Purcell et al., 2017). In a study by Boleij et al, 72.7% of 

early-stage colorectal tumours had bft gene present, while 100% of late-stage 

tumours had bft gene present (Boleij et al., 2015). This supports the role of 

enterotoxigenic Bacteroides fragilis in the progression of colorectal cancer, as late-

stage tumours have more carcinogenic bacterial toxin. Along with this, the 

abundance of enterotoxigenic Bacteroides fragilis in colorectal mucosa has been 
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shown to be an independent predictor of three-year survival (Haghi et al., 2019; 

Wei et al., 2016). This supports the potential role of enterotoxigenic Bacteroides 

fragilis as both a driver and pathogenic passenger bacterium in colorectal 

carcinogenesis (Tjalsma et al., 2012). 

 

1.4.3.2 Symbionts and Colorectal Cancer 

In contrast, other bacterial populations can have a protective effect against 

colorectal cancer. For instance, Bifidobacterium thermophilum binds free iron to its 

surface, reducing iron for pathogenic bacterial growth and reducing free radical 

formation, both of which can contribute to cancer progression (Kot and 

Bezkorovainy, 1999). Likewise, Lactobacillus acidophilus and Bifidobacterium 

longum have been seen to have a protective effect against cancer, forming a 

barrier against colonization by pathogenic bacteria and inactivating carcinogenic 

compounds (Ng, 2016; Orrhage et al., 2002).  

 

Gut bacterial populations such as Bifidobacterium and Firmicutes produce the 

short-chain fatty acid (SCFA) butyrate, which is believed to possess 

anti-cancerous properties. Butyrate is a key energy source for colonocytes, 

maintaining intestinal epithelium integrity and plays a central role in regulating the 

stability of the microbiota (Wu et al., 2018; Rivière et al., 2016; Bach Knudsen et 

al., 2018). Within colorectal cancer cells, butyrate is able to inhibit histone 

deacetylase, which leads to increased expression of genes involved in inhibiting 

the cell cycle and inducing apoptosis (Han et al., 2018). Butyrate can also control 

cancer through regulating immune homeostasis, leading to a reduction in 

pro-inflammatory immune cells and cytokines (Chen and Vitetta, 2018). The 
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protective role of butyrate against cancer is further supported through patients with 

colorectal cancer having a significantly reduced abundance of butyrate-producing 

bacteria compared to healthy patients (Wu et al., 2018). Furthermore, murine 

studies have shown that supplementation with butyrate-producing bacteria and 

dietary fibre was associated with a reduction in tumour growth (Saus et al., 2019; 

Donohoe et al., 2014).  

 

A study by Dai et al assessed bacterial populations that tend to be upregulated 

and depleted in colorectal cancer; they found five protective bacteria that were 

decreased in colorectal cancer patients compared to controls. These included 

Clostridium butyricum which promotes apoptosis of colorectal cancer cells and 

inhibits intestinal tumour development in mice (Chen et al., 2015). This supports 

the depletion of protective bacterial species that can prevent or limit cancer growth 

in colorectal cancer, which can potentially be replaced by pathogenic species that 

support tumours (Dai et al., 2018).  

 

1.4.4 Dysbiosis and Bacterial Iron Utilization 

 

Environment, lifestyle, and dietary factors all play key roles in regulating the 

composition and function of the human microbiota (Dong and Gupta, 2019). 

Hence, these certain factors may alter the microbiota to potentially support 

tumourigenesis. Obesity, smoking, alcohol, and red and processed meat 

consumption have all been suggested to have a relationship between the 

microbiota and colorectal cancer (Song and Chan, 2019). Smoking has been 

shown to reduce the abundance of butyrate-producing Bifidobacterium, which has 

anti-inflammatory and anti-tumoural properties (Huang and Shi, 2019). Likewise, 
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obesity has been shown to promote colorectal cancer development through 

increasing microbial derived pro-inflammatory molecules, such as 

lipopolysaccharides, along with microbial induced epigenetic alterations (Song and 

Chan, 2019; Li et al., 2018). Many dietary components have been shown to 

contribute to colorectal cancer. Red meat possesses procarciongenic properties 

through increasing secondary bile acids and hydrogen sulphide that can contribute 

to oxidative stress and cellular proliferation in colorectal cancer. Along with this 

dietary haem iron from red meat has been shown to increase mucin-degrading 

bacteria, such as Akkermansia muciniphila, that can lead to an impairment of gut 

barrier function and contribute to colorectal disease (Ijssennagger et al., 2015). 

 

Colonic nutrient availability is a key regulator of gut microbial populations and is 

determined through diet (Kamada et al., 2013). Many dietary nutrients can 

regulate colonic bacterial populations, with a major contributor being iron 

(Weinberg, 2009). Iron availability is vital for humans and microbes, hence both 

multi and unicellular organisms have developed strategies to obtain iron from their 

proximate environment through evolutionarily conserved methods (Yilmaz and Li, 

2018). Iron has a universal role required for protein and enzymatic function, 

energy production, and is essential to fundamental biological processes of cell 

growth and differentiation (Sornjai et al., 2020). Humans obtain iron from their diet 

and through iron recycling within the body. Dietary iron comes in the form of haem 

iron from red meat and non-haem iron from dark green leafy vegetables (Hooda, 

Shah and Zhang, 2014; Amagloh et al., 2017). Dependent on iron consumption, 

around 10% of dietary iron is absorbed within the duodenum, with the remnant 

passing into the large intestine where it has the potential to be utilized by colonic 
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bacteria. These bacteria are able to produce high-affinity iron-chelating molecules 

called siderophores, as well as transferrin/lactoferrin receptors, which allow 

bacteria to scavenge for free iron within the colon. Iron is essential for both the 

survival and replication of nearly all bacteria (Yilmaz and Li, 2018; Wooldridge and 

Williams, 1993). 

 

A study by Parmanand et al used an in vitro model to assess the effect of a 

decrease in gut iron availability on the microbiota; they found that the growth of 

potentially pathogenic bacterial species, such as Salmonella typhimurium and 

Escherichia coli, was significantly inhibited when cultured in an iron-deficient 

medium. Whereas probiotic bacterial species such as Lactobacillus rhamnosus 

were unaffected by iron depletion (Parmanand et al., 2019). This suggests a role 

of luminal iron in promoting the growth of pathogenic bacteria. This has been 

assessed in anaemic African children who were given iron-fortified biscuits. Iron 

fortification increased the abundance of pathogenic Enterobacteria while 

decreasing the abundance of beneficial Lactobacilli. This change is also 

associated with increased gut inflammation, as shown by a raised faecal 

calprotectin concentration. This indicates that within this cohort increasing dietary 

iron contributes to gut dysbiosis, as well as suggesting that increasing pathogenic 

and decreasing beneficial bacterial populations has the potential to contribute to 

disease, through influencing gut inflammation (Zimmermann et al., 2010).  

 

Iron regulation of bacterial populations within the gut presents a complex 

relationship, through iron having direct and indirect outcomes on bacterial 

populations. This can be seen in species of the Bacteroides genus that require 
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both haem and non-haem iron for growth (Rocha and Krykunivsky, 2017). 

Bacteroides species present a prominent proportion of the gut microbiota, with 

different species showing pathogenic, probiotic, or both properties. Therefore, 

increasing iron colonic concentration has the potential to directly influence both 

pathogenic and probiotic Bacteroides species (Zafar and Saier, 2018). Iron 

regulation of probiotic Bacteroides species involved in the metabolism of 

undigested dietary fibre can also have an indirect influence on potentially 

pathogenic strains of Escherichia coli. This is through the production of a nutrient 

niche from the release of sialic acid from mucus and undigested carbohydrates. 

This facilitates Escherichia coli growth as they do not produce their own sialidase 

enzyme and are reliant on other residential bacteria (Huang et al., 2015). 

Therefore, an increase in iron availability can have an indirect effect on bacterial 

populations through producing a nutrient niche by probiotic bacteria, that can be 

utilized to facilitate potential pathogenic bacterial growth, such as Escherichia coli 

harbouring pks genomic islands (Kortman et al., 2012).  

 

1.4.5 Iron Supplementation, Microbiota, and Colorectal Cancer 

Alterations in the colonic microbiota play a key role in the pathogenesis of 

colorectal cancer, through an increase in pathogenic bacterial populations at the 

expense of protective probiotic species (Vivarelli et al., 2019). Many pathogenic 

bacteria have heightened iron acquisition mechanisms to aid in their growth and 

virulence. This can alter microbial populations when there is an increase in gut 

luminal iron concentration (Lee et al., 2017; Zarei et al., 2019; Long et al., 2020). 

Along with diet, oral iron supplementation to treat anaemia can also contribute to 

luminal iron concentration and, therefore, has the potential to alter colonic bacterial 
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populations (Ellermann et al., 2020). Patients with colorectal cancer often present 

with iron deficiency anaemia (Wilson et al., 2018). Anaemia in colorectal cancer 

patients is associated with postoperative complications and poorer patient 

outcomes, therefore, iron therapy is essential in order to correct anaemia 

preoperatively (Wilson et al., 2018; Fowler et al., 2015; Leichtle et al., 2011). 

However, depending upon the route of administration iron therapy can lead to an 

increase in luminal iron available for pathogenic bacteria (Xue and Shah, 2013). 

Oral iron is currently the most common treatment for anaemia in colorectal cancer 

patients (Borstlap et al., 2015; Calleja et al., 2016), however, along with multiple 

gastrointestinal side effects, oral iron has the potential to increase procarciongenic 

bacterial populations.  

 

The contribution of iron supplementation to microbial alterations in colorectal 

cancer has been assessed in murine studies. Constante et al compared the effect 

of oral iron supplements to systemic iron supplementation; they found that oral 

haem iron altered microbial populations inducing dysbiosis, specifically decreasing 

butyrate-producing taxa which ultimately was associated with a decrease in faecal 

butyrate levels. Thus, oral iron has the potential to worsen disease by reducing 

butyrate, which has anti-inflammatory and anti-cancerous properties. This was 

confirmed by demonstrating that dietary haem worsened colitis with greater 

development of adenoma formation in the mouse model compared to systemic 

iron (Constante et al., 2017). This suggests that the use of intravenous iron 

supplementation could be more beneficial than oral iron, potentially reducing 

microbial changes, inflammation, and colorectal cancer progression. These murine 

studies require detailed exploration with a view to translation into human clinical 
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trials, to confirm the microbial implications of oral iron therapy before this can lead 

to a change in the clinical administration of iron to treat anaemia in colorectal 

cancer.  

 

Patients with inflammatory bowel disease are at higher risk of developing 

colorectal cancer compared to the general population. Similar to colorectal cancer, 

the pathology of inflammatory bowel disease involves alterations in the microbiota 

and is also associated with anaemia, with patients requiring iron therapy 

(Hnatyszyn et al., 2019; Tulewicz-Marti, Moniuszko and Rydzewska, 2017). 

Human clinical studies comparing oral iron and intravenous iron therapy on the 

intestinal microbiota in patients with inflammatory bowel disease have been 

conducted by Lee et al; they found that oral iron differentially altered both bacterial 

phylotypes and faecal metabolites compared to intravenous iron therapy. Notably 

leading to a decreased Faecalibacterium prausnitzii and Ruminococcus bromi 

abundance following oral iron therapy (Lee et al., 2017). Faecalibacterium 

prausnitzii is an abundant bacteria in a healthy gut microbiota that possesses 

anti-inflammatory properties through producing butyrate (Martín et al., 2017; Zhou 

et al., 2018). Likewise, Ruminococcus bromi is involved in butyrate production, 

through degrading resistant starch particles (Ze et al., 2012). A decreased 

abundance of these bacteria in inflammatory bowel disease patients can, 

therefore, contribute to the pathogenesis of the disease through contributing to 

inflammation (Golonka et al., 2020). As inflammatory bowel disease can be a 

premalignant condition, the microbial mechanisms underpinning the pathology of 

the condition may have a similarity to those in colorectal cancer (Hnatyszyn et al., 

2019). Hence, the negative impact of oral iron therapy on the microbiota in 
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inflammatory bowel disease may act as an indicator of the potential outcomes in 

colorectal cancer. However, as colorectal cancer can develop from a 

non-inflammatory bowel disease origin and the microbial mechanisms not being 

identical, clinical studies investigating this in colorectal cancer are required to fully 

unravel the potential adverse outcomes of oral iron therapy (Danese and 

Mantovani, 2010).  

 

1.4.6 Molecular Pathological Epidemiology in Colorectal Cancer 

Many other nutritional factors are associated with colorectal cancer, with studies 

on iron and microbiota having the potential to be confounded by other dietary 

components. This suggests the need for widescale studies to investigate the 

interrelationships between environmental exposures, such as nutrition, with the 

colonic microbiota, and clinical observations. These factors can be addressed in 

relation to microbial pathologies and patient outcomes in colorectal cancer through 

molecular pathological epidemiology (MPE) studies (Ogino et al., 2019). 

Modifications of the microbiota may not only be a cause of neoplasia but may act 

as an informative biomarker. Hence, MPE can be utilized to identify probable 

biomarkers to indicate the potential outcomes of nutritional exposures, such as 

dietary patterns and medications, on disease outcomes. Along with this, 

unravelling the complex interplay between nutrition, microbiota, and host may 

provide the potential for therapeutic intervention through dietary alteration and 

probiotic bacterial supplementation (Hamada et al., 2019). 

 

Initial MPE studies have investigated the complex relationships between diet, 

microbiota, and colorectal cancer, assessing potentially pathogenic bacteria such 
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as Fusobacterium nucleatum, Escherichia coli, and Bacteroides fragilis and 

probiotic bacteria genera such as Bifidobacterium and Lactobacillus. A prudent 

diet pattern rich in fish, poultry, fruit, vegetables, and whole grains has been 

shown to be associated with a lower risk for Fusobacterium nucleatum-positive 

colorectal cancer, but not Fusobacterium nucleatum-negative cancer (Mehta et al., 

2017). Whereas an inflammatory dietary pattern rich in red and processed meat, 

sugar, and refined grains is linked with a higher risk of Fusobacterium 

nucleatum-positive colorectal cancers, but not with a risk in Fusobacterium 

nucleatum-negative cancers (Liu et al., 2018), suggesting that a prudent diet can 

decrease the risk of colorectal cancer diet and nutritional status can regulate the 

microbiota in order to support colorectal cancer (Hamada et al., 2019). Likewise, 

long term consumption of a diet rich in red meat and fats have been shown to 

increase the proportion of Bacteroides fragilis and Escherichia coli within the gut 

microbiota. An increase in these potentially pathogenic bacteria in response to red 

meat and a high-fat diet leads to an increased risk of colorectal cancer, through 

contributing to barrier dysfunction, inducing inflammation, and promoting 

carcinogenic pathways (Huang and Liu, 2019). A study by Kellingray et al 

assessed the outcomes of diet on the abundance of sulphate-reducing bacteria; 

they found that a diet rich in Brassica vegetables, such as cabbages, kale, and 

cauliflower, was associated with a reduction in hydrogen sulphide producing 

bacteria. The authors suggest that a diet rich in Brassica vegetables can 

potentially be beneficial to gastrointestinal health through limiting the production of 

hydrogen sulphide, which can contribute to a reduction in the incidence and 

progression of cancer (Kellingray et al., 2017).  

 



 

46 

 

Bifidobacterium and Lactobacillus are both probiotic genera of bacteria that 

possess anti-cancer properties through the production of SCFAs. Both genera of 

bacteria are increased in response to a high fibre diet and can act to reduce 

inflammation and lower the risk of colorectal cancer (Eslami et al., 2019; Huang 

and Liu, 2019). As these bacteria have potential anti-cancer properties they have 

been suggested as a potential probiotic therapy following surgery for colorectal 

cancer. This has been assessed in a study by Zaharuddin et al, which involved a 

probiotic consisting of six viable Bifidobacterium and Lactobacillus bacteria given 

orally twice daily for 6 months. The probiotics were able to modify the intestinal 

microbiota, leading to a reduction in systemic pro-inflammatory cytokines following 

treatment (Zaharuddin et al., 2019).  

 

Future MPE research in the context of nutrition and microbiota is required to 

investigate the potential outcomes of iron supplementation on bacterial 

populations in colorectal cancer, and the potential this has to alter clinical 

outcomes in these patients. 

 

1.4.7 Summary 

The bacteria that make up a healthy colonic microbiota act to maintain 

homeostasis and should elicit a tolerogenic response. However, dysbiosis can 

cause an increase in pathogenic bacteria at the expense of protective bacteria, 

which can contribute to both colitis and cancer. Pathobionts can contribute to 

disease through compromising the intestinal wall integrity, inducing inflammation, 

contributing to oncogenic signalling, and producing carcinogenic products such as 

hydrogen sulphide, secondary bile acids, and bacterial toxins. Whereas symbionts 
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can limit inflammation and inhibit tumour cell growth through the production of 

butyrate, inactivating carcinogenic compounds, and binding free iron to their 

surface to limit pathogenic bacterial growth. Nearly all bacteria require iron for 

growth and survival; however, many pathogenic bacteria have highly specialized 

iron acquiring mechanisms that aid in their virulence. This has been supported by 

studies showing that higher luminal iron concentration leads to a greater 

abundance of pathogenic bacteria. While a decrease in gut iron hinders 

pathogenic bacterial growth and favours protective bacterial species. As colonic 

luminal iron concentration may induce alterations in the composition of the 

microbiota, any factor that will influence iron intake needs to be controlled in 

patients with pre-existing dysbiosis, such as in patients with colorectal cancer. As 

patients with colorectal cancer often present with iron deficiency anaemia, it may 

be more prudent to replenish iron stores parenterally rather than enterally so as 

not to contribute to the luminal iron concentration available for pathogenic bacteria. 

As passenger bacterial populations in colorectal cancer can either be protective or 

pathogenic, increased iron availability may support the induction of pathogenic 

bacteria that may support tumour progression, over protective passenger bacteria 

that may hinder disease progression. This has been supported in murine studies 

showing that oral iron induces colonic microbial dysbiosis and exacerbates 

intestinal disease. For this to be translated into the clinical context, clinical trials 

investigating iron therapy on microbial populations in colorectal cancer patients are 

required. As the potential microbial outcomes and disease progression associated 

with iron supplementation may lead to an alteration in the administration route of 

iron therapy. 
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1.5 Iron and Immunology 

1.5.1 Iron Deficiency, Immunology, and Colorectal Cancer 

Excessive intestinal iron within the GI tract has been shown to have a role in 

increasing the risk of developing colorectal cancer (Xue and Shah, 2013). This is 

through its utility in cancer cell proliferation, contributing to oxidative 

stress-induced colonic damage, as well as amplifying oncogenic signalling (Perše, 

2013; Brookes et al., 2008). In contrast, evidence to suggest a role for iron deficit 

in the pathogenesis of colorectal cancer is less well defined. This is of particular 

focus for investigation, due to iron deficiency being common in colorectal cancer 

patients. Haematopoiesis is sensitive to iron deficiency, leading to the 

manifestation of anaemia in iron-deficient colorectal cancer patients (Muto et al., 

2017; Wilson et al., 2017; Shvartsman, Bilican and Lancrin, 2019). 

Haematopoiesis produces erythrocytes as well as immune cells such as T-cells, 

macrophages, dendritic cells, and natural killer cells. Hence, this suggests that the 

effects of iron deficiency may not be restricted to the erythroid lineage and may 

also influence the development and function of immune cells (Shvartsman, Bilican 

and Lancrin, 2019; Rieger and Schroeder, 2012). As haematopoiesis produces all 

immune cells, along with iron being required for immune cell function, this leaves 

the potential for iron deficiency to cause an attenuated immune response (Rieger 

and Schroeder, 2012; Beard, 2001). If this is occurring in colorectal cancer 

patients this may lead to a reduced immunosurveillance response and altered 

tumour immune microenvironment, which has the potential to contribute to cancer 

progression (Zohora et al., 2018). 
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Iron is essential for all cells to function, for instance, its role in maintaining the 

immune system through regulating the growth and differentiation of immune cells 

(Beard, 2001; Cairo, Bernuzzi and Recalcati, 2006). Additionally, iron is essential 

for components of peroxide and nitrous oxide generating enzymes required for 

adequate enzymatic functionality of immune cells (Kumar and Choudhry, 2010). 

Therefore, iron deficiency results in impaired cellular immunity, notably leading to 

defective T-cell maturation (Attia et al., 2009), halting of macrophage 

differentiation (Rahmani and Demmouche, 2015), and impaired natural killer cells 

activity (Spear and Sherman, 1992). The association between iron deficiency and 

impairment of immune function is supported through patients with iron deficiency 

anaemia having increased morbidity from infectious disease, supporting the role of 

iron in the immune system’s ability to recognise and respond to pathogenic foreign 

agents (World Health Organisation, 2001). 

 

1.5.2 Iron Deficiency and Immunosurveillance  

The immune system is essential to prevent infection; however, it is also required to 

detect and eliminate potentially transformed cells before they manifest into a 

malignancy. Transformed cells begin to express foreign antigens that can be 

recognised by the immune system. Immune cells act to survey the body for these 

cancerous or precancerous cells and eliminate them in a process called 

immunosurveillance (Kim, Emi and Tanabe, 2007). Hence, in order for cancer cells 

to survive, they need to evade immune destruction, which is a hallmark of cancer 

(Hanahan and Weinberg, 2011). Iron plays an essential role in 

immunosurveillance, through its utilisation in the growth and differentiation of 

immune cells, as well as influencing cell-mediated immune response and 
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cytokines activities (Weiss, 2002). Therefore, iron deficiency provides the potential 

for a suppressed immunosurveillance response, which may contribute to tumour 

immune cell evasion and inadequate tumour cell destruction (Hassan et al., 2016). 

How iron deficiency alters the major immune cells involved in the immune 

surveillance response are discussed below. 

 

1.5.2.1 Dendritic Cells 

Dendritic cells are the most potent antigen-presenting cells that bridge the innate 

and adaptive immune systems and are required for activation of the antitumour 

T-cells (Wathelet and Moser, 2013). Iron plays a key role in the differentiation of 

dendritic cells through supporting the induction of the cyclin-dependent kinase 

inhibitor p21. Iron deprivation of dendritic cells results in an undifferentiated 

phenotype, with absent or blunted dendritic processes, that are unable to stimulate 

T-cells. Depletion of iron leads to an increase in the cell surface localisation of 

transferrin receptors on dendritic cells, suggesting that these cells are attempting 

to acquire iron. Hence, in iron deficiency anaemia there may be a reduction in the 

activation of antitumour T-cell response, through impaired dendritic cell function 

(Kramer et al., 2002). 

 

1.5.2.2 T-Cells 

T-cells are critical to immunosurveillance through their various subtypes. Cytotoxic 

T-cells are major effector cells in the immune response against cancer, through 

their T-cell receptor’s ability to recognise tumour associated antigens on cancer 

cells (Hamaï et al., 2010). Cytotoxic T-cells then induce apoptosis of tumour cells 

through perforin and granzyme mediated cell lysis (Martínez-Lostao, Anel and 
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Pardo, 2015). Helper T-cells act to support this mechanism through aiding 

dendritic cells in activating cytotoxic T-cells, along with producing cytokines such 

as IL-2 and interferon-gamma (IFN-g) to recruit and activate T-cells and natural 

killer cells (Hoyer et al., 2014). However, in iron deficiency anaemia these 

mechanisms are suboptimal. 

 

Iron deficiency has been shown to cause a reduction of circulating T-cells through 

a limitation of T-cell proliferation (Bowlus, 2003). Similarly, iron deficiency also 

leads to a reduction in T-cell motility through inhibiting protein kinase C (Zohora et 

al., 2018). The overlying mechanism that results in these iron deficiency-induced 

T-cell dysfunction may be through increased oxidative stress, due to an increase 

in oxidant levels along with a decrease in antioxidant enzymatic activity associated 

with iron deficit. This increase in oxidative stress caused by iron deficiency 

anaemia induces DNA damage in lymphocytes; this was confirmed in a study by 

Aslan et al which showed that lymphocyte DNA damage was significantly 

increased in patients with iron deficiency anaemia. Lymphocyte DNA damage may 

result in a defective T-cell population, contributing to an impaired immune 

response (Aslan et al., 2006; Gafter-Gvili et al., 2013). T-cells act as the key cells 

in immunosurveillance, which if repressed create a favourable condition for the 

development and progression of cancer (Zohora et al., 2018). 

 

1.5.2.3 Natural Killer Cells 

Natural killer cells are specialised cytotoxic cells that play a pivotal role in 

immunosurveillance through perforin and granzyme mediated tumour cell 

destruction (Nouroz et al., 2016). Stress associated ligands are present on tumour 
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cells, such as heat shock protein (HSP70) and major histocompatibility complex 

class I chain related-proteins A/B (MICA/B). These stimulate natural killer cells 

through activating receptors, natural killer group 2D (NKG2D) and natural killer cell 

p46-related protein (NKp46), allowing natural killer cells to detect cancer cells. 

However, iron deficiency anaemia can lead to an impairment of natural killer cells’ 

antitumour activity through the induction of hypoxia. Hypoxia leads to a 

downregulation of natural killer cell-activating receptors, NKG2D and NKp46, as 

well as decreasing the presence of stress associated ligands HSP70 and MICA/B 

on cancer cells (Balsamo et al., 2013; Schilling et al., 2015). Hypoxia also leads to 

a degradation of natural killer cell-derived granzyme B that is required for the 

elimination of cancerous cells (Baginska et al., 2013). Hence, iron deficiency 

anaemia patients may have reduced immunosurveillance abilities of natural killer 

cells, which have the potential to allow evasion of cancer cell destruction by the 

immune system (Zohora et al., 2018). 

 

1.5.3 Iron Deficiency and Tumour Microenvironment 

Iron deficiency anaemia may alter immune cell function leading to an insufficient 

immunosurveillance ability of the immune system, which could aid in tumour 

development. Additionally, iron deficiency may also alter immune cells within the 

tumour microenvironment, causing them to exert a protumourigenic response.  

 

1.5.3.1 Macrophages 

Red blood cell haem degradation contributes to iron recycling in the MPS. Spleen 

and liver macrophages are responsible for this by converting haem to ferrous iron 

through the expression of high levels of the enzyme HO-1 (Nitti et al., 2017). 



 

53 

 

Tumour-associated macrophages (TAMs) are present in the tumour 

microenvironment and dependent on their polarization phenotype contribute to 

tumour development or regression, in part through regulating iron availability for 

use in cancer cell proliferation (Siveen and Kuttan, 2009). M1 classically activated 

macrophages are pro-inflammatory, express high intracellular levels of ferritin that 

sequesters iron and promote tumour regression. Whereas M2 macrophages 

favour tumour growth in part through upregulation of HO-1 mediated iron 

generation and increased iron export to the tumour microenvironment. HO-1 is 

expressed in residential macrophages and recruited monocytes within the tumour 

stroma, hence iron recycling in the tumour microenvironment is dependent heavily 

on TAM activity (Nitti et al., 2017; Siveen and Kuttan, 2009). In vitro studies have 

shown that depending on TAM polarisation there are different tumour responses, 

through HO-1-induced iron production and export to the tumour microenvironment. 

Conditioned media from M2 macrophages lead to more effective stimulation of 

cancer cell proliferation than that of M1 macrophages. This was dampened by iron 

chelation, suggesting that increased iron export to the tumour microenvironment 

by M2 macrophages is responsible for enhanced cellular proliferation (Recalcati et 

al., 2010). 

 

In individuals with iron deficiency anaemia, there may be the potential for there to 

be a decrease in the iron-sequestering M1 macrophages and an increase in the 

iron-releasing M2 macrophages. This has been supported in vitro where bone 

marrow-derived macrophages treated with iron showed an increase in M1 

polarisation phenotype while decreasing M2 phenotype (Handa et al., 2019). 

Hence, in individuals with iron deficiency, there may be a reduction in M1 
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polarisation and a loss of inhibition of M2 polarisation. Similarly, research into the 

effects of iron therapy on immune function against cancer has revealed that iron-

loaded TAMs induced through injection of iron oxide nanoparticles led to reduced 

tumour size within in vivo models. This occurs through the iron treatment leading 

to repolarisation of TAMs to exert an antitumour effect (Costa da Silva et al., 

2017). 

 

1.5.3.2 Regulatory T-cells 

Regulatory T-cells (T-Regs) have an indispensable function in peripheral 

tolerance, preventing detrimental immunopathological responses against self and 

unharmful foreign antigens (Maloy and Powrie, 2001). The risk of developing 

cancer increases as a result of unregulated immunological responses, as seen in 

patients with inflammatory bowel disease who have an increased risk of 

developing colorectal cancer. This occurs through multiple mechanisms, for 

instance, persistent activation of the immune system in chronic inflammation can 

contribute tumour promoting growth factors and cytokines. Anti-inflammatory 

CD4+ T-Regs act to reinstate immune homeostasis during chronic inflammation 

(Erdman and Poutahidis, 2010; Triantafillidis, Nasioulas and Kosmidis, 2009); 

however, in vitro studies have assessed the implications of iron deficiency on 

T-Regs. Iron chelation resulted in impaired T-Reg activation and proliferation 

(Bonaccorsi-Riani et al., 2015). This suggests that iron deficiency may lead to the 

loss of the immunosuppressive effects of T-Regs in the tumour microenvironment, 

which may contribute to chronic inflammation which is associated with colorectal 

cancer. 
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1.5.4 Iron Therapy 

With iron deficiency having the potential to lead to inferior immunological 

outcomes in colorectal cancer patients, this suggests the need for adequate iron 

therapy in these patients. Oral iron therapy is the current standard treatment for 

iron deficiency anaemia (Borstlap et al., 2015); however, this has been shown to 

increase the concentration of luminal iron within the GI tract, which has the 

potential to increase oxidative stress and inflammation that may contribute to the 

progression of colorectal cancer (Chua et al., 2010). Rodent studies of colitis have 

shown that oral iron supplementation exacerbates inflammation through increasing 

oxidative stress and promoting pro-inflammatory cytokine production, leading to 

increased colorectal tumour incidence (Mahalhal et al., 2018; Seril et al., 2002; 

Carrier et al., 2001; Gasche et al., 2004). Although no data is currently present, 

intravenous iron is not considered to increase intestinal oxidative stress due to the 

ferric iron not having an oxidative potential, as well as the route of administration 

not favouring intestinal accumulation (Gasche et al., 2004). 

 

1.5.5 Summary 

Multiple studies have shown that excessive gut luminal iron contributes to 

colorectal carcinogenesis, through increasing oxidative stress, contributing to 

inflammation, and providing iron for cancer cell proliferation. However, the 

implication of iron deficiency on colorectal cancer has not been fully assessed. 

Iron is necessary for correct immunological function; hence, iron deficiency may 

result in a dampened immunosurveillance response, most notably leading to 

impairments of dendritic cells, T-cells, and natural killer cells. Along with this, iron 

deficiency can modify macrophage polarization and alter T-reg populations, 



 

56 

 

promoting a procarcinogenic tumour immune microenvironment. Collectively these 

mechanisms may link why patients with iron deficiency anaemia have a 

significantly increased risk of developing cancer, have worse colorectal cancer 

tumour staging, reduced disease-free survival, and a reduced response to therapy 

(Figure 1-2). Therefore, in order to limit these outcomes, adequate iron therapy is 

necessary. Oral iron is typically given to colorectal cancer patients with iron 

deficiency anaemia; however, this increases gut luminal iron concentration and 

does not provide optimum replenishment of iron stores. Studies assessing iron 

therapy in colorectal cancer patients with iron deficiency anaemia have shown that 

intravenous iron was more effective at replenishing iron stores and treating iron 

deficiency anaemia than oral iron supplements. However, a review of current 

literature shows the implication of oral and intravenous therapy has not been 

assessed on the immunology of anaemic colorectal cancer patients. This is of 

prominent need for investigation due to the inflammatory potential of excessive 

iron and potential immunological consequences of inadequate iron stores. 

 

1.6 IVICA Trial 

The intravenous iron in colorectal cancer associated anaemia (IVICA) trial is a 

randomised control trial that provides a unique opportunity to compare oral and 

intravenous iron prior to colorectal surgery. The clinical outcomes from the IVICA 

trial have shown that intravenous iron is more beneficial at replenishing iron 

stores, treating anaemia, and improving quality of life compared to oral iron 

(Keeler et al., 2017; Keeler et al., 2019). Provided through the IVICA trial, 

presented is the first human studies to compare the gut microbiota, mucosal 

immune system, and survival outcomes between oral and intravenous iron 
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therapy, as well as comparing differences between tumours of the right and left 

colon. 

 

1.7 Hypothesis and Aims 

The hypothesis of this work is that oral iron will promote a more carcinogenic 

microbiota and lead to more pro-inflammatory outcomes compared to intravenous 

iron in anaemic colorectal cancer patients. Furthermore, that the gut microbiota 

and inflammatory profiles associated with colorectal cancer will differ between 

patients with right- and left-sided tumours. 

 

The aims of these studies are to: 

1) Assess the on- and off-tumour microbiota between colorectal cancer 

patients treated with oral and intravenous iron. 

2) Evaluate tissue iron localisation and assess the mucosal and systemic 

inflammatory outcomes in anaemic colorectal cancer patients following oral 

and intravenous iron. 

3) Compare differences in the on- and off-tumour microbiota and systemic 

inflammatory outcomes between patients with right- and left-sided 

colorectal cancer. 

4) Determine differences in long-term clinical outcomes between anaemic 

patients with right- and left-sided colorectal cancer and compare if these 

differ depending upon iron therapy. 
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Chapter 2: Materials and Methods 

2.1 Study design 

2.1.1 Ethical Approval  

The IVICA trial was a multicentre, open-labelled randomised controlled trial that 

was conducted in accordance with the Declaration of Helsinki. Ethical approval 

was granted by the National Research and Ethics Service (East Midlands 

Nottingham 2 Research Ethics Committee, 11/EM/0237). The study was 

registered with Clinical Trials.Gov (NCT01701310) and European Union Drug 

Regulating Authorities Clinical Trials Database (2011-002185-21). 

 

2.1.2 IVICA Trial 

Patients with both non-metastatic histologically proven colorectal adenocarcinoma 

and iron deficiency anaemia (N=116) were recruited based on inclusion and 

exclusion criteria (Table 2.1). Patients were randomised 1:1 to receive either oral 

ferrous sulphate, 200mg twice a day, or intravenous ferric carboxymaltose 

(Ferinject ™; Vifor Pharma, Glattbrugg, Switzerland), dosed based on recruitment 

haemoglobin levels and bodyweight (Table 2.2). Both treatments were 

administered at least 2 weeks pre-operatively, allocations were un-blind due to 

alteration in stool colour following oral iron supplementation.  
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Inclusion criteria Exclusion criteria 

Anaemic to 1g/dl below WHO definition of 

anaemia of <12 g/dl for men and <11 g/dl for 

women 

Women who are pregnant, lactating or 

planning a pregnancy during the course of 

the study 

Participant willing and able to give informed 

consent for participation in the study 

Patients with evidence of iron overload or 

disturbances in use of iron as stated in the 

summary of product characteristics 

Medically fit for surgery 
Previous allergy to intravenous iron or 

related iron products 

Date of planned surgery ≥ 14 days from date 

of planned initiation of study intervention 

Previous gastric, small bowel or colorectal 

surgery (where ≥ 50% of stomach or terminal 

ileum has been resected) 

Able (in the investigator’s opinion) and 

willing to comply with study requirements 

Features necessitating urgent surgery (e.g. 

obstructive symptoms) 

Patient willing to allow general practitioner 

and consultant to be notified of participation 

in the study 

Significant symptomatic anaemia 

necessitating urgent transfusion (e.g. 

cardiovascular compromise) 

No confirmed metastatic cancer Known haematological disease 

 Renal or hepatic failure 

 
Known previous anaemia not attributable to 

colorectal carcinoma 

 Current chemotherapy treatment. 

 Patients unable to consent 

 Any other significant disease or disorder 

which, in the opinion of the investigator, may 

either put the participants at risk because of 

participation in the study, or may influence 

the result of the study, or the participants’ 

ability to participate in the study 

 Planned donation of blood during the study 

 Participants who have participated in another 

research study involving an investigational 

medical product in the past 12 weeks 

 Prisoners  

 
Table 2.1: Inclusion and exclusion criteria for IVICA trial (Keeler et al., 2017) 
 

Table 2.2: Intravenous iron dosing regimen (Keeler et al., 2017) 

Haemoglobin (g/dl) Bodyweight (kg) 

  < 70 ≥ 70 

≥ 10 1000 mg 1500 mg 

(1 dose) (2 doses) 

< 10 1500 mg 2000 mg 

(2 doses) (2 doses) 
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2.1.3 Patient Samples 

2.1.3.1 Tissue Biopsies 

Colorectal tumour and paired adjacent non-tumour mucosal biopsies were 

collected intra-operatively from oral and intravenous iron-treated patients. Biopsies 

were either snap-frozen at -80°C prior to microbial sequencing or embedded in 

paraffin, and sections were taken for tissue staining. 

 

2.1.3.2 Blood Serum 

Blood samples were collected at recruitment (pre-treatment) and following iron 

therapy prior to surgery (post-treatment). Samples were kept at room temperature 

to clot for thirty minutes and centrifuged for five minutes at 10,000g. Blood serum 

was extracted and stored at -80°C, prior to cytokine profiling. 

 

2.2 16S Ribosomal RNA Analysis 

2.2.1 DNA Extraction 

Microbial DNA was extracted from colorectal tumour biopsies and paired tumour-

adjacent mucosal colonic tissue biopsies using a modified protocol of Qiagen All 

Prep DNA/RNA Mini Kit (Qiagen, Hilden, Germany). Biopsies were mechanically 

lysed using a 5mm steel bead (Qiagen) and 0.1mm Zirconia/Silica beads 

(Strateck, Suffolk, UK) with a TissueLyser (Qiagen), samples underwent three 

cycles of bead beating for 3 minutes. This was followed by enzymatic and heat 

lysis, with the addition of proteinase K, lysozyme, and mutanolysin and samples 

were heated at 56oC for one hour, being vortexed every 20 minutes. The 

remaining steps were completed as instructed by the manufacturer. DNA was 

washed in elution buffer (Qiagen) and centrifuged at 6,000g for one minute. DNA 
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concentration was quantified using the Qubit high-sensitivity dsDNA assay kit and 

a Qubit 2.0 fluorometer (Thermo Fisher Scientific Inc). All DNA was diluted to a 

final concentration of 10ng/µl. 

 

2.2.2 16S Ribosomal RNA Amplicon Sequencing 

Extracted microbial DNA was used for 16S ribosomal RNA (rRNA) gene 

amplification and sequencing to determine the mucosal-adherent microbiota 

according to the Earth Microbiome project protocol (Thompson et al., 2017). Using 

primers targeted to the V4 region (Walters et al., 2016), the 16S rRNA genes were 

amplified in technical triplicates (Table 2.3). Each sample was amplified with a 

unique primer with a specific barcode to enable sample identification following 

sequencing (Table 2.4). This was performed using a single-step, single-indexed 

polymerase chain reaction (PCR) described in Table 2.5. Following Library 

clean-up using Agencourt AMPure XP magnetic beads (Beckman Coulter, 

Indianapolis, USA), Qubit (Qiagen) was used to determine DNA concentration and 

all DNA was normalised to 4nM and pooled. DNA extraction and 16S rRNA gene 

PCR were both performed in batches with appropriate multiple-reagent based 

negative controls. Paired-end sequencing (2x250 base pairs) was completed in a 

single batch using the MiSeq v2 Reagent kit (#MS-102-2003) and the Illumina 

MiSeq system (Illumina, San Diego, USA).  

16S rRNA V4 Primer 
(515F-806R) 

Primer Sequence 5’-3’ 

Forward GTGYCAGCMGCCGCGGTAA 

Reverse GGACTACNVGGGTWTCTAAT 

Table 2.3: 16S rRNA V4 gene primers (Walters et al., 2016) 
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Sequencing Identifiers 

Sample ID Barcode Sequence Sample ID Barcode Sequence 

63N TCCATACCGGAA 21T AATCTTGCGCCG 

63T AGCCCTGCTACA 17N AGGATCAGGGAA 

8N CCTAACGGTCCA 17T AATAACTAGGGT 

8T CGCGCCTTAAAC 2N TATTGCAGCAGC 

13N TATGGTACCCAG 2T TGATGTGCTAAG 

13T TACAATATCTGT 75N GTAGTAGACCAT 

16N AATTTAGGTAGG 75T AGTAAAGATCGT 

16T GACTCAACCAGT 85N CTCGCCCTCGCC 

34N GCCTCTACGTCG 85T TCTCTTTCGACA 

34T ACTACTGAGGAT 43N ACATACTGAGCA 

3N AATTCACCTCCT 43T GTTGATACGATG 

3T CGTATAAATGCG 45N GTCAACGCTGTC 

37N ATGCTGCAACAC 45T TGAGACCCTACA 

37N ACTCGCTCGCTG 6N ACTTGGTGTAAG 

19N TTCCTTAGTAGT 6T ATTACGTATCAT 

19T CGTCCGTATGAA 7N CACGCAGTCTAC 

862N ACGTGAGGAACG 7T TGTGCACGCCAT 

862T GGTTGCCCTGTA 27N CCGGACAAGAAG 

55N CATATAGCCCGA 27T TTGCTGGACGCT 

55T GCCTATGAGATC 32N TACTAACGCGGT 

74N CAAGTGAAGGGA 32T GCGATCACACCT 

74T CACGTTTATTCC 47N CAAACGCACTAA 

4N TAATCGGTGCCA 47T GAAGAGGGTTGA 

4T TGACTAATGGCC 80N TGAGTGGTCTGT 

53N CGGGACACCCGA 80T TTACACAAAGGC 

53T CTGTCTATACTA 49N ACGACGCATTTG 

26N TATGCCAGAGAT 49T TATCCAAGCGCA 

26T CGTTTGGAATGA 15N AGAGCCAAGAGC 

31N AAGAACTCATGA 15T GGTGAGCAAGCA 

31T TGATATCGTCTT 25N TAAATATACCCT 

64N CGGTGACCTACT 25T TTGCGGACCCTA 

64T AATGCGCGTATA 28N GTCGTCCAAATG 

36N CTTGATTCTTGA 28T TGCACAGTCGCT 

36T GAAATCTTGAAG 29N TTACTGTGGCCG 

24N GAGATACAGTTC 29T GGTTCATGAACA 

24T GTGGAGTCTCAT 39N TAACAATAATTC 

57N ACCTTACACCTT 39T CTTATTAAACGT 

57T TAATCTCGCCGG Control_1 TGTCAAAGTGAC 

37N ATCTAGTGGCAA Control_2 CTATGTATTAGT 

37T ACGCTTAACGAC Control_3 ACTCCCGTGTGA 

30N TACGGATTATGG Control_4 CGGTATAGCAAT 

30T ATACATGCAAGA Control_5 GACTCTGCTCAG 

21N CTTAGTGCAGAA Control_6 GTCATGCTCCAG 
Table 2.4: 16s rRNA sequencing primer barcodes 
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PCR Reaction Mix PCR Temperature Settings 

Reagent Volume Temperature Time Repeat 

PCR-grade water 13.0 µl 94oC 3 min  

PCR master mix (2x) 10.0 µl 94oC 45s X35 

Forward Primer (10uM) 0.5 µl 50oC 60s X35 

Reverse Primer (10uM) 0.5 µl 72oC 90s X35 

Template (diluted) DNA 1.0 µl 72oC 10 min  

Total Reaction Volume 25.0 µl 4oC Hold  

Table 2.5: Conditions for bacterial DNA PCR amplification 

 

2.2.3 Microbiome Bioinformatics 

Microbial bioinformatic analysis was performed using the Quantitative Insight Into 

Microbial Ecology 2 (QIIME2) pipeline (Bolyen et al., 2019). Forward and reverse 

reads were assessed for quality using qiime demux summarize and trimmed using 

DADA2 to remove low-quality bases (Forward reads: --p-trunc-len-f 236; Reverse 

reads: --p-trunc-len-r 216). Sequence alignments and phylogenetic trees were 

assembled using Multiple Alignment using Fast Fourier Transform (MAFFT) and 

FastTree, respectively. Rarefaction plots were used to identify sequence sampling 

depth, to allow the optimum representation of OTUs from the samples. α- and 

β-diversity were estimated using the rarefied data. High-quality reads were 

clustered into operational taxonomic units (OTUs), reads with a 99% sequence 

identity were allocated to a single OTU and were assigned bacterial taxonomy 

using the Silva-132-99% OTU database (Quast et al., 2013).  

 

Intra-sample comparisons (α-diversity) were assessed using Mann-Whitney U test 

comparing variation in Abundance-based Coverage Estimator (ACE), Chao1, 

Shannon diversity index, Faith’s phylogenetic diversity, and Observed OTUs. 

Inter-sample comparisons (β-diversity) were assessed using permutational 
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multivariate analysis of variance (PERMANOVA) comparing Bray-Curtis 

dissimilarity and Jaccard similarity using principal coordinate analysis (PCoA). 

α-diversity indices and PCoA were plotted using the R package “ggplot2” 

(Wickham, 2016). Comparison of relative abundances of taxa between treatment 

groups and sample types were performed using a linear discriminant analysis 

(LDA) effect size (LEfSe), taxa with an LDA score greater than 2 with a p-value 

≤ 0.05 being considered statistically significant (Segata et al., 2011). Predictive 

functional profiles from microbial populations were derived using Phylogenetic 

Investigation of Communities by Reconstruction of Unobserved States 2 

(PICRUSt2), using enzyme classification pathway analysis. Differences in 

predictive enzyme abundances were assessed using Statistical Analysis of 

Metagenomic Profiles (STAMP). Corrected q-values were calculated following 

multiple testing corrections using Storey false discovery rate. q-values ≤ 0.05 

between treatment groups were considered statistically significant (Langille, 2018; 

Parks et al., 2014; Storey, 2003). 

 

2.3 Histology 

2.3.1 Perl’s Prussian Blue Staining 

Tissue was rehydrated and mounted as per immunohistochemistry instructions. At 

room temperature, a solution of 0.7g ferrocyanide in 70 ml 0.5% HCl (HT20, 

Sigma, UK) was applied for 60 minutes. Nuclear fast red counterstain (Vector 

Laboratories Ltd., Peterborough, UK) was added for 1 minute. All assessors of 

tissue staining were blind to treatment, with five high magnification fields being 

measured per sample and an average score of staining calculated. 
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2.3.2 Immunohistochemistry 

2.3.2.1 Deparaffinisation and Rehydration 

Tissue sections were deparaffinised in xylene for 20 minutes (2 x 10 minutes) and 

rehydrated through an ethanol gradient of 100% ethanol for 10 minutes (2 x 5 

minutes), 90% ethanol for 10 minutes (2 x 5 minutes), 70% ethanol for 20 minutes 

(2 x 10 minutes), and water for 10 minutes (2 x 5 minutes).  

 

2.3.2.2 Antigen Unmasking 

Antigen unmasking was performed using a citrate antigen unmasking solution 

pH 8 (Vector Laboratories Ltd). Samples were heated using a microwave until 

boiling was reached, samples were then cooled in tap water and washed in PBS 

for 5 minutes. 

 

2.3.2.3 Blocking of Endogenous Peroxidase Activity 

Slides were dried and sample tissue was drawn around using an ImmEdge 

hydrophobic barrier pen (Vector Laboratories Ltd). Endogenous peroxidase activity 

was blocked using BLOXALL blocking solution (Vector Laboratories Ltd) for 30 

minutes and then washed in PBS for 5 minutes. 

 

2.3.2.4 Blocking Serum and Primary Antibody Incubation 

Immunohistochemical staining was performed using the Vectastain Universal Elite 

ABC kit (Vector Laboratories Ltd). Tissues were incubated in diluted normal horse 

blocking serum for 30 minutes. Excess serum was blotted, followed by incubation 

in diluted primary antibody (Table 2.6) overnight at 4oC. The primary antibody was 

omitted from one slide as a negative control.  
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Target Species Dilution Company 
(Catalogue Number) 

CCR7 Mouse-anti 
human 

1:100 Bio-Techne Ltd, UK (Cat# 
MAB197-100) 

CD3 Mouse-anti 
human 

1:100 Bio-Techne Ltd, UK (Cat# 
MAB100-100) 

Table 2.6: Immunohistochemistry antibodies 

 

2.3.2.5 Secondary Antibody and Avidin Biotin Complex (ABC) Reagent 

Excess primary antibody was blotted, followed by a 5-minute wash in PBS. Tissue 

was incubated in diluted anti-mouse IgG/Rabbit IgG secondary antibody from 

Vectastain ABC kit (Vector Laboratories Ltd) for one and half hours. Slides were 

washed in PBS for 5 minutes, then incubated with ABC reagent for 30 minutes.  

 

2.3.2.6 Peroxidase Substrate and Counterstain 

Slides were washed for 5 minutes in PBS and incubated with ImmPACT NovaRED 

peroxidase substrate (Vector Laboratories Ltd) until colour develops, then 

submerged in tap water. Tissue was then counterstained using haematoxylin 

(Vector Laboratories Ltd) for 5 minutes and then submerged in tap water.  

 

2.3.2.7 Slide Mounting  

Slides were mounted using VectaMount Permanent Mounting (Vector Laboratories 

Ltd) and rectangular coverslips (Thermo Fisher Scientific Inc, Waltham, MA, USA). 

 

2.3.2.8 Analysis 

Secondary antibody alone was used as a negative control (Figure A12), with 

images were taken using an Olympus BX51 microscope. Blind to treatment 

quantitative analysis was performed, the intensity of immune reactivity was 

assessed using the number of positively stained in 5 high magnified fields. 
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2.4 Cytokine Multiplex-assay 

Soluble growth factors and cytokines: IL-1beta (IL-1b), IL-1 receptor agonist (IL-

1ra), IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-15, IL-17, Eotaxin (CCL11), 

granulocyte colony-stimulating factor (G-CSF), granulocyte macrophage colony-

stimulating factor (GM-CSF), fibroblast growth factor basic (bFGF), IFN-g, IFN-g- 

induced protein 10 (IP-10), monocyte chemoattractant protein-1 (MCP-1), 

macrophage inflammatory protein (MIP-) 1α and1β, platelet-derived growth factor 

(PDGF) -BB, regulated upon activation normal T-cell expressed and secreted 

(RANTES; CCL5), and tumour necrosis factor-α (TNF-α) were measured in the 

serum using a cytokine multiplex-assay kit (Bio-Rad Laboratories, UK, 

#M500KCAF0Y) following manufacturer’s instructions. The bead-based multiplex-

assay simultaneously quantifies the multiple targets.  

 

Antibody-coupled beads for each cytokine were added to a 96-well plate, followed 

by serially diluted standards and a 1:20 diluted serum sample and left to incubate 

at room temperature in a dark room for 60 minutes on an orbital shaker. Following 

washing, the biotinylated detection antibodies with antibody diluent were added to 

the wells for 30 minutes. The plate was re-washed, and streptavidin-PE was 

added and incubated for 10 minutes at room temperature. Finally, the plates were 

washed and analysed using the Bio-Rad Luminex 200 system (Bio-Rad 

Laboratories). Cytokine concentration was measured relative to a calibration 

curve. 
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2.5 Long-term Clinical Outcomes 

All participants involved in the IVICA trial that had surgery with curative intent were 

included in the analysis. Anonymised patient data was collected using electronic 

hospital records, patients were not contacted for supplementary information. 

Primary outcome measures were 3- and 5-year overall survival, with the guidelines 

for reporting colorectal clinical trials being used to determine survival estimates 

(Punt et al., 2007). Overall survival events consisted of all causes of mortality and 

duration was determined from the surgery date until death or last clinical 

encounter. Secondary outcomes measures were 3- and 5-year cancer-specific 

survival and disease-free survival. Cancer-specific survival events consisted of 

colorectal cancer-related deaths only and duration was determined from the 

surgery date until the date of death due to colorectal cancer. Disease-free survival 

events consisted of colorectal recurrence and all causes of mortality. Duration was 

determined from the surgery date until the date of cancer recurrence, identified 

either endoscopically or radiologically, or the date last known in which the patient 

was disease-free, determined via routine surveillance with either computerised 

tomography scan or colonoscopy. 

 

Statistical analysis was performed using Statistical Package for the Social 

Sciences (SPSS) version 26 (IBM Corp, Armonk, New York, USA). Normally 

distributed continuous variables are presented as mean (Standard deviation; SD) 

and non-normally distributed data are reported as median (Interquartile rage; IQR, 

range). The Kaplan-Meier method and long rank test were used to assess survival 

estimates. Overall, disease-free, and cancer-specific survival hazard ratios and 

95% confidence intervals (95% CI) were estimated using a Cox regression. 
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Chapter 3: Iron, Microbiota, and Colorectal Cancer 

3.1 Background 

Perturbations in gut bacterial populations are characteristic of colorectal cancer, 

with the presence of pathogenic bacterial species at the expense of protective 

probiotic species (Sánchez-Alcoholado et al., 2020). Driver bacteria are involved in 

the initiation of colorectal cancer. These driver bacteria are gradually outcompeted 

by opportunistic passenger bacteria, which have a selective advantage within the 

newly defined tumour microenvironment. These passenger bacteria can potentially 

either promote or hinder tumour progression, depending on whether pathogenic or 

probiotic bacterial populations flourish (Tjalsma et al., 2012; Wirth et al., 2020). 

The gut microbiota has been shown to be altered in response to many commonly 

used orally administered non-antibiotic drugs (Weersma, Zhernakova and Fu, 

2020). Hence, this allows the potential for the route of iron administration in 

anaemic colorectal cancer patients to lead to differential gut microbial populations. 

Therefore, depending on which bacterial populations thrive, the route of iron 

administration may support colorectal cancer progression (Tjalsma et al., 2012; 

Song, Chan and Sun, 2020). 

 

Iron is essential for the growth and development of the vast majority of gut 

bacteria, with pathogenic bacteria tending to have heightened iron acquisition 

mechanisms (Cassat and Skaar, 2013). Hence, in anaemic colorectal cancer 

patients the use of oral iron supplementation has the potential to alter bacterial 

populations of the colorectal tumour-associated (on-tumour) microbiota, as well as 

the non-tumour-associated mucosal (off-tumour) microbiota, through increasing 

gut luminal iron concentration (Flemer et al., 2017; Ng, 2016). This may suggest 
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that a parenteral route of iron administration may be more beneficial to treat 

anaemia, without increasing iron availability to colonic bacteria. This study intends 

to contribute to the discussion on the route of iron administration in anaemic 

colorectal cancer patients through assessing the gut microbial outcomes following 

each iron therapy. This work hypothesises that oral iron will promote a more 

procarcinogenic gut microbiota, relative to intravenous iron, potentially through 

increasing gut luminal iron concentration. 

 

Current research presents conflicting evidence concerning the effect of iron 

supplementation in murine studies of gut bacterial diversity (Mahalhal et al., 2018; 

Liu et al., 2020). However, a review of existing literature shows a comparison of 

gut bacterial populations following oral and intravenous iron therapy in human 

studies of colorectal cancer has yet to be explored. This pilot intervention study 

aimed to compare the outcomes of oral and intravenous iron therapy on the 

on- and off-tumour microbiota, in order to assess which therapy is more beneficial 

to treat anaemia in iron-deficient colorectal cancer patients. 

 

3.2 Study Population 

From the IVICA trial, a total of 40 anaemic patients with non-metastatic colorectal 

adenocarcinoma were randomized to receive either oral ferrous sulphate 200mg 

twice a day (n=16) or intravenous iron (ferric carboxymaltose—Ferinject ™; Vifor 

Pharma, Glattbrugg, Switzerland) dosed by weight and haemoglobin in 

accordance with the summary of product characteristics (n=24) (Keeler et al., 

2017). Treatment was administered at least 2 weeks pre-operatively and anaemia 

was defined as having a haemoglobin level 10 g/L below the sex-specific World 
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Health Organization definition (women ≤ 120 g/L, men ≤ 130 g/L). The duration of 

iron treatment and inclusion haemoglobin for treatment groups are presented in 

the patient demographics in Table 3.1. To limit the inclusion of non-iron-deficient 

anaemic individuals, those with pre-existing haematological disease, renal failure, 

or undergoing current chemotherapy were not eligible for the trial. Colorectal 

tumour biopsies and paired tumour-adjacent colonic mucosal tissue biopsies were 

obtained post-surgery. 
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Patient Characteristics Oral Iron (n=16) Intravenous Iron (n=24) 

Age  74.9 [7.4] 74.9 [9.5] 

Male 8 (50%) 16 (67%) 

Female 8 (50%) 8 (33%) 

Height, m 1.66 [0.1] 1.70 [0.09] 

Weight, kg 72.7 [17.4] 79.3 [17.3] 

Inclusion Hb, g/L  100.3 [10.6] 98.8 [13.1] 

Recruitment ferritin, μg/L * 24.5 [11.1-37.3] 23 [10-48.3] 

Recruitment transferrin saturation, % * 2.9 [2.5-3.3] 2.8 [2.4-3.3] 

Duration of iron treatment, days * 26.5 [15-43] 23.5 [15-40.5] 

Tumour Features  
  

    Tumour size, mm 48.5 [25.3] 42.4 [23.2] 

    Tumour Stage 
  

         T≤2 1 (6.25%) 3 (12.5%) 

         T3 10 (62.5%) 18 (75%) 

         T4 5 (31.25%) 3 (12.5%) 

    Tumour Location 
  

        Right colon 14 (87.5%) 17 (71%) 

        Left colon 2 (12.5%) 7 (29%) 

Preoperative Risk Assessment 
  

    ASA fitness status classification 
  

        I-II 12 (75%) 10 (42%) 

        III-IV 4 (25%) 14 (58%) 

    CR-POSSUM mortality score, % * 3.6 [2.8-9.3] 3.5 [2.6-8.6] 

Table 3.1: Patient cohort demographics 
Categorical variables are presented with percentages. Continuous variables are 
presented as mean value [standard deviation] or *median value [interquartile range]. Hb, 
Haemoglobin. CR-POSSUM, ColoRectal Physiological and Operative Severity Score for 
the Enumeration of Mortality and Morbidity. ASA, American Society of Anaesthesiologists. 
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3.3 On- and Off-tumour Bacterial Diversity Following Iron 

Therapy 

A total of 7.9 million reads (an average of 109,777 reads/sample) were obtained 

following quality control, and a subsampling depth of 8,000 reads/sample was 

chosen following rarefaction. A comparison of α-diversity metrics shows that 

patients treated with oral iron have a significantly higher bacterial diversity 

(Shannon diversity, Chao1, and Faith’s phylogenetic diversity), richness (observed 

OTUs), and abundance (ACE) within their off-tumour microbiota, relative to those 

treated with intravenous iron therapy (Figure 3-1; p<0.05). Consistent with this, 

Jaccard similarity and Bray–Curtis dissimilarity assessed β-diversity between 

treatment groups and showed that within the off-tumour microbiota, oral and 

intravenous iron formed significantly different bacterial community clusters (Figure 

3-2; p<0.05). 

 

The on-tumour microbiota of these patients showed no significant differences in 

α-diversity between iron treatment groups (Figure 3-1; ns). Along with this, no 

significant differences in β-diversity were observed (Figure 3-2: ns). Taken 

together, this suggests that oral iron and intravenous iron-treated patients show 

significantly different bacterial diversity in their off-tumour microbiota. However, the 

on-tumour microbiota showed a consistent bacterial diversity between iron 

treatments. 



 

74 

 

** * *
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ns

(a)                                                            (b)                                                           (c)       

(d)                                                                  (e)       

 

Figure 3-1: On- and off-tumour α-diversity is differentially altered following iron 
therapy 
α-diversity metrics (a) Shannon diversity, (b) abundance-based coverage estimate (ACE), 
(c) observed operational taxonomic units (OTUs), (d) Faith’s phylogenetic diversity, and 
(e) Chao1. Off-tumour diversity metrics were significantly greater in oral iron compared to 
intravenous (IV) treated patients. On-tumour diversity showed no significant differences 
between oral and IV iron-treated patients (* p≤0.05, ** p≤0.01, ns p>0.05). Boxplots 
represent mean and standard error of the mean. 
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ns

ns

p=0.027

p=0.046

(a)                                                                       (b)                                                

(c)                                                                      (d)                                                 

 
Figure 3-2: β-diversity of oral and intravenous iron-treated patients differs between 
on- and off-tumour microbiota 
Principle coordinate analysis (PCoA) plots based on Jaccard (a, b) and Bray–Curtis (c, d) 
distances. Plot ellipses represent 95% confidence incidence for group clusters. The off-
tumour β-diversity shows significantly distinct bacterial community clusters between oral 
and intravenous (IV) iron treatments (a; p=0.046, c; p=0.027). On-tumour β-diversity 
shows no significant differences (ns) between iron treatment (b, d). 
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3.4 Oral and Intravenous Iron-treated Patients Show Differing 

Bacterial Communities 

Differences in microbial populations between oral and intravenous iron-treated 

patients were assessed using LEfSe to determine bacterial taxa that are 

significantly enriched between treatments (Figure 3-3 and Figure 3-4). The off-

tumour microbiota of oral iron-treated patients showed a greater abundance of the 

Clostridia class, Clostridiales, Anaeroplasmatales, and Cyophagales orders, 

Lactobacillaceae and Anaeroplasmataceae families, and Lactobacillus, 

Agathobacter, Coprococcus 3, Eubacterium eligens group, Eubacterium 

xylanophilum group, Lachnospiraceae ND3007 group, Ruminococcaceae 

NK4A214 group, and Ruminococcus 1, Ruminococcus 2, and Anaeroplasma 

genera, whereas in the intravenous iron group there was a higher abundance of 

Lachnospiraceae NK4A136 group genus (Figure 3-3a and Figure 3-4a).  

 

The on-tumour microbiota in oral iron-treated patients showed a greater 

abundance of the Bacilli class, Lactobacillales order, and Prevotella 7, Butyrivibrio, 

Coprococcus 1, Hungatella, Lachnospiraceae ND3007 group, Eubacterium 

ventriosum group, Ruminococcaceae NK4A214 group, and Pleomorphomonas 

genera, whereas the on-tumour microbiota of intravenous iron-treated patients 

showed a higher abundance of the Alteromonadales order and Alloprevotella and 

Enhydrobacter genera (Figure 3-3b and Figure 3-4b). These results suggest that 

the on- and off-tumour microbiota show differential responses to iron therapy with 

oral iron leading to a more prominent difference in bacterial taxa in the off-tumour 

compared to the tumour microbiota. 
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Figure 3-3: Linear discriminant analysis (LDA) effect size (LEfSe) cladogram 
comparing iron therapy on bacterial taxa in the on- and off-tumour microbiota 
LEfSe cladogram for differentially abundant bacterial taxa between oral and intravenous 
(IV) iron-treated patients in off-tumour (a) and on-tumour (b) microbiota. Differentially 
abundant taxa from phylum to genus taxonomic levels were included. Taxa and nodes 
highlighted in green were more abundant in oral and red in IV iron-treated patients. Taxa 
with an LDA > 2 with a p-value ≤ 0.05 were considered statistically significant. 

(a)

(b)
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(b)

(a)

 
 
 
Figure 3-4: Linear discriminant analysis (LDA) effect size (LEfSe) histogram 
comparing iron therapy on bacterial taxa in the on- and off-tumour microbiota 
LEfSe histogram of LDA scores for differentially abundant bacterial taxa between oral and 
intravenous (IV) iron-treated patients in off-tumour (a) and on-tumour (b) microbiota. 
Differentially abundant taxa from phylum to genus taxonomic levels were included. Taxa 
and nodes highlighted in green were more abundant in oral and red in IV iron-treated 
patients. Taxa with an LDA > 2 with a p-value ≤ 0.05 were considered statistically 
significant. 
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3.5 Differential Predictive Enzymatic Pathways Between Oral 

and Intravenous Iron-treated Patients 

In order to infer the metagenomic pathways associated with microbial profiles, a 

PICRUSt2 metagenomic analysis was performed using predicted enzyme 

classification abundances, based on 16S rRNA bacterial populations. These 

showed a large difference in predicted microbial enzymes between iron treatments 

in the off-tumour microbiota (Figure 3-5), while fewer differences in the on-tumour 

microbiota were observed (Figure 3-6). The off-tumour microbiota was associated 

with an increased abundance of iron-related enzymes, bacterial non-heme ferritin 

and ferric-chelate reductase, in intravenous iron-treated patients compared to oral 

iron. Along with this, the off-tumour microbiota of intravenous iron-treated patients 

showed an increased abundance of enzymes involved in the production of anti-

inflammatory metabolites, including lactaldehyde dehydrogenase and 2-

iminobutanoate/2-iminopropanoate deaminase (Figure 3-5). The on-tumour 

microbiota was associated with an increased abundance of enzymes involved in 

anti-inflammatory and colorectal cancer-protective metabolite production, including 

cellulose synthase and N-sulfoglucosamine sulfohydrolase, in intravenous iron-

treated patients (Figure 3-6).  

 

Overall, the predictive metagenomic results suggested that the on- and off-tumour 

microbiota profiles associated with intravenous iron-treated patients show greater 

involvement in regulating iron metabolism and producing metabolites involved in 

inhibiting intestinal inflammation and colorectal cancer, compared to oral iron-

treated patients. 
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Figure 3-5: Comparison of off-tumour predictive metagenomics between iron 
treatments 
PICRUSt2 predictive metagenomic analysis of enzyme classification abundances 
between oral and intravenous (IV) iron treatments, based on off-tumour microbial 
populations. Corrected q-values were calculated following multiple testing corrections 
using Storey false discovery rate. q-values ≤ 0.05 were considered statistically significant. 
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Figure 3-6: Comparison of on-tumour predictive metagenomics between iron 
treatments 
PICRUSt2 predictive metagenomic analysis of enzyme classification abundances 
between oral and intravenous (IV) iron treatments, based on on-tumour microbial 
populations. Corrected q-values were calculated following multiple testing corrections 
using Storey false discovery rate. q-values ≤ 0.05 were considered statistically significant. 
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3.6 Paired On- and Off-tumour Microbiota Show Varying 

Microbial Communities Following Oral and Intravenous 

Iron Therapy 

As the on- and off-tumour microbiota showed differing outcomes following iron 

therapy with respect to bacterial taxa, the subsequent analysis aimed to assess if 

the method of iron administration showed differences between paired on- and off-

tumour microbiota (Figure 3-7 and Figure 3-8). Patients treated with oral iron 

showed their off-tumour microbiota being enriched with the Bacteroidaceae family 

and Bacteroides genus, while their on-tumour microbiota showed a higher 

abundance of Nocardiaceae, Intrasporangiaceae, and Brevibacteriaceae families 

and Prevotella 9, Nocardioides, Kocuria, Brevibacterium, Veillonella, and 

Catenibacterium genera (Figure 3-7a and Figure 3-8a). In contrast, patients 

treated with intravenous iron showed their off-tumour microbiota was enriched with 

the Firmicutes phylum and Clostridia class, along with a greater abundance of the 

Clostridiales and Sphingomonadales orders, the Sphingomonadaceae family, and 

the Paraprevotella genus. Whereas the on-tumour microbiota of patients treated 

with intravenous iron showed a higher abundance of the Epsilonbacteraeota 

phylum, Campylobacteria class, Campylobacterales order, Campylobacteraceae, 

Propionibacteriaceae, and Porphyromonadaceae families, and Campylobacter, 

Porphyromonas, and Cutibacterium genera (Figure 3-7b and Figure 3-8b). These 

results suggest that patients treated with oral iron had a more consistent on-

tumour and off-tumour microbiota, showing only small differences at lower 

taxonomic levels, whereas patients treated with intravenous iron showed a much 

greater difference between their on-tumour and off-tumour microbiota, with major 

differences at the phylum, class, and order levels. 
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(a)

(b)

 

Figure 3-7: Cladogram comparison of paired on- and off-tumour taxa between 
treatment groups 
LEfSe cladogram of LDA scores for differentially abundant bacterial taxa between on- and 
off-tumour microbiota in oral (a) and intravenous (c) iron-treated patients. Taxa and nodes 
highlighted in red were more significant in the off-tumour microbiota and green in the on-
tumour microbiota. Taxa with an LDA score greater than 2 with a p-value ≤ 0.05 were 
considered statistically significant. 
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(a)

 

Figure 3-8: Histogram comparison of paired on- and off-tumour taxa between 
treatment groups 
LEfSe histogram of LDA scores for differentially abundant bacterial taxa between on- and 
off-tumour microbiota in oral (a) and intravenous (c) iron-treated patients. Taxa and nodes 
highlighted in red were more significant in the off-tumour microbiota and green in the on-
tumour microbiota. Taxa with an LDA score greater than 2 with a p-value ≤ 0.05 were 
considered statistically significant. 
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3.7 Discussion 

This is the first study to demonstrate that the on- and off-tumour microbiota shows 

differential outcomes following oral and intravenous iron supplementation in 

anaemic colorectal cancer patients, displaying differences in α- and β-diversity, 

bacterial taxa, and predictive metagenomics. The biological mechanisms 

underpinning these differences observed may relate to the potential increase in 

colonic iron concentration following oral iron administration. This increased iron 

availability to colonic bacteria leads to competition for iron required for growth, with 

pathogenic bacteria having heightened iron acquisition mechanism and 

outcompeting probiotic bacteria (Cassat and Skaar, 2013). The colonic iron 

concentration was not assessed within this study; however, previous studies have 

shown that oral iron administration leads to significantly greater faecal iron 

concentration compared to intravenous iron administration, supporting this 

proposed mechanism (Lee et al., 2017). 

 

Off-tumour bacterial diversity is significantly different between oral and intravenous 

iron treatments, supporting a defined off-tumour microbial profile following each 

therapy. A previous study by Thomas et al showed that α-diversity is significantly 

increased in rectal cancer-associated microbiota compared to non-cancerous 

controls, as well as showing differential β-diversity (Thomas et al., 2016). This 

suggests that increased microbial diversity is potentially required to support 

cancer. Hence, the increase in off-tumour bacterial diversity in oral iron-treated 

patients (Figure 3-1) may be priming the colonic microbiota to support further 

colonic tumour development. In contrast, the on-tumour microbiota was more 

consistent between iron treatments, showing no difference in diversity metrics. 
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This may potentially be due to pre-existing tumour microbial alterations, which may 

prevent oral iron from leading to major shifts in bacterial populations away from the 

cancer-defined microbiota. 

 

On- and off-tumour bacterial genera that were more abundant in oral iron-treated 

patients include Coprococcus, Prevotella, and Ruminococcus (Figure 3-3 and 

Figure 3-4). A previous study by Flemer et al identified colorectal cancer-enriched 

bacteria, showing that Coprococcus, Prevotella, and Ruminococcus were all 

colorectal cancer-enriched genera (Flemer et al., 2017). Furthermore, a study by 

Kim et al found that the genera Ruminococcus 2 and Ruminococcaceae NK4A214 

group, which were more abundant in oral iron-treated patients (Figure 3-3 and 

Figure 3-4), were enriched in colorectal cancer patients. Whereas the genus 

Lachnospiraceae NK4A136 group, which was more abundant in intravenous iron-

treated patients (Figure 3-3a and Figure 3-4a), was depleted in colorectal cancer 

patients (Kim et al., 2020). This suggests that oral iron-treated patients have a 

greater abundance of colorectal cancer-enriched genera, whereas intravenous 

iron-treated patients have a greater abundance of colorectal cancer-depleted 

genera. Implying oral iron may be utilised by the colonic microbiota promoting the 

expansion of cancer-associated bacteria that may support tumour development, 

while inhibiting potentially probiotic bacterial populations. However, what is not 

stated in these studies is whether these are driver or passenger bacteria in 

colorectal cancer. Furthermore, beneficial bacterial genera were differentially 

enriched between iron treatments, including potentially probiotic Lactobacillus 

which was more abundant in oral iron-treated patients (Figure 3-3a and Figure 

3-4a), whereas anti-inflammatory acetic and butyric acid-producing Alloprevotella 
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and Lachnospiraceae NK4A136 group were more abundant in intravenous iron-

treated patients (Figure 3-3 and Figure 3-4) (Drago, 2019; Ma et al., 2020; Li et al., 

2020). Collectively, the results of this study are consistent with previous findings 

by Lee et al, showing that the faecal microbiota of oral and intravenous iron-

treated inflammatory bowel disease patients had differential bacterial communities; 

with the authors suggesting intravenous iron may be more beneficial for treating 

anaemic Crohn’s disease patients, in order to limit microbial perturbations (Lee et 

al., 2017). 

 

PICRUSt2 metagenomics predicted that the off-tumour microbiota of intravenous 

iron-treated patients has a greater abundance of bacterial enzymes involved in 

iron metabolism, compared to oral iron (Figure 3-5 and Figure 3-6). Ferric-chelate 

reductase is a bacterial enzyme that catalases the reduction of siderophore-bound 

ferric iron to release ferrous iron (Miethke and Marahiel, 2007). Bacterial 

non-heme ferritin is a storage protein that binds ferrous iron, keeping it inert 

intracellularly (Rivera, 2017). Collectively, these can contribute to bacterial 

sequestration of colonic luminal iron. Hence, it is not biologically available to 

contribute to colonic inflammation and tumour initiation in the off-tumour colonic 

mucosa and potentially also sequesters iron away from the adjacent tumour 

microenvironment (Torti and Torti, 2013). The off-tumour microbiota of intravenous 

iron-treated patients was predicted to have an increased abundance of 

lactaldehyde dehydrogenase and 2-iminobutanoate/2-iminopropanoate 

deaminase. These bacterial enzymes both converged in pathways involved in 

lactate/pyruvate production and isoleucine biosynthesis. These enzymes and 

pathways are commonly associated with metabolite production in species of the 
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Lachnospiraceae family, including the Lachnospiraceae NK4A136 group which is 

more abundant in intravenous iron treated patients (Figure 3-3a and Figure 3-4a) 

(Louis and Flint, 2017; Li et al., 2020). Lactate and pyruvate are both anti-

inflammatory metabolites that act to limit colonic inflammation (Di Costanzo, 

Gomez and Christianson, 2007; Iraporda et al., 2016; Algieri et al., 2016). 

Likewise, isoleucine has also been shown to inhibit intestinal inflammation, as well 

as acting to prevent colorectal cancer metastasis (Murata and Moriyama, 2007; 

Konno et al., 2012). The on-tumour microbiota of intravenous iron-treated patients 

shows an increased abundance of cellulose synthase and N-sulfoglucosamine 

sulfohydrolase. Cellulose synthase is a bacterial enzyme that produces cellulose, 

which can inhibit colonic inflammation through modulating lipid metabolism and 

inactivating secondary bile acids (Kim et al., 2020; Chen, Lin and Wang, 2010). 

Many bacteria of the Proteobacteria phylum are involved in bacterial biofilm 

cellulose production, utilising Cellulose synthase. Bacteria of the Proteobacteria 

phylum include the Alteromonadales order and Enhydrobacter genus which are 

both more abundant in the on-tumour microbiota of intravenous iron-treated 

patients (Figure 3-3b and Figure 3-4b) (Augimeri, Varley and Strap, 2015; 

Premalatha et al., 2015). Finally, N-sulfoglucosamine sulfohydrolase produces 

glucosamine, which is anti-inflammatory and colorectal cancer-protective (Kantor 

et al., 2014; Kantor et al., 2018). Collectively, this infers that the on- and off-tumour 

microbiota in intravenous iron-treated patients is associated with iron 

sequestration, along with anti-inflammatory and tumour protective metabolite 

production, compared to oral iron-treated patients. This implies that oral iron 

treatment potentially leads to a more procarcinogenic microbiota, due to the loss of 

protective probiotic bacterial populations that provide anti-oncogenic bacterial 
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metabolites to the tumour microenvironment. However, it is important to note that it 

remains to be investigated whether the PICRUSt2 results are functional to further 

confirm the outcomes of this study. 

 

Comparison of paired on- and off-tumour microbiotas shows differentially enriched 

bacterial taxa in the oral and intravenous iron-treated cohorts (Figure 3-7 and 

Figure 3-8). The intravenous iron group shows substantial differences between the 

on- and off-tumour microbiota at the phylum level. In contrast, patients treated with 

oral iron show relatively few differences, primarily at the family and genus levels. 

This suggests that oral iron treatment leads to a more consistent microbiota 

between cancerous and non-cancerous tissue. In contrast, intravenous iron-

treated patients’ on- and off-tumour microbiotas more relevantly reflect the more 

diverse bacterial populations typically found between tumour and non-tumour 

colonic tissue (Flemer et al., 2017). The clinical relevance of these differences in 

bacterial populations following each therapy has yet to be determined, but has the 

potential to be utilised as a future prognostic marker in the management of the 

disease (Koliarakis et al., 2020).  

 

One limitation of this study is the relatively small sample size. Despite this, 

significant differences were observed between iron treatment groups, which can 

form the foundation for further large-scale explorative studies. These studies could 

account for confounding variables, such as diet, which have the potential to lead to 

differential microbial populations, as well as including comparator colonic mucosal 

microbiota from healthy controls. An additional limitation is the relatively small 

window of therapeutic intervention in this study, which may show differential 
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microbial outcomes compared to longer-term iron therapy. Nevertheless, this 

period relevantly reflects the common clinical intervention in anaemic colorectal 

cancer patients prior to surgery. Sex and tumour location are further factors which 

may affect how patients respond to iron therapy, as well as potentially influencing 

differences in microbial populations; therefore, future studies may benefit from 

stratifying patients into sex and tumour location in studies of iron therapy and the 

gut microbiota. Furthermore, this study could be further validated through a more 

comprehensive study of bacterial metabolomics following iron therapy, as well as 

addressing the clinical relevance of differential microbial communities on long-term 

outcomes following surgery in these patients. A further limitation of this study is the 

lack of gut microbial profile prior to iron treatment; hence interpretation of this 

study can only be limited to comparing differences post-iron treatment. 

 

In order to confirm the results of the predictive metagenomic analysis completed in 

this study, immunohistochemistry could be performed on the tissue from oral and 

intravenous iron treated patients. Antibodies targeting enzymes identified by 

predictive metagenomics would aid in validating the results observed. 

Furthermore, a larger metabolomics study could be performed on this cohort, such 

as that presented by Lee et al, in order to support the predictive metagenomic 

results (Lee et al., 2017). Mass spectrometry analysis of biopsies would be able to 

assess if altered metabolomes are present between oral and intravenous iron 

treated patients. These results could also form the foundation of a functional study, 

in order to assess if these bacterial metabolites contribute to colorectal 

carcinogenesis. For instance, the identified metabolites could be cultured with 

colorectal cancer cell lines, such as Caco-2 and SW480, to determine the 
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outcomes on cellular proliferation, apoptosis, and cell adhesion (Brookes et al., 

2008). Collectively this could contribute to confirming if oral iron promotes a more 

carcinogenic gut microbiota. 

 

The results from this microbiota study were based upon 16S rRNA sequencing. 

However, other methods to assess the microbiota are available, such as shotgun 

metagenomics. Studies have compared the abilities of both 16S rRNA sequencing 

and shotgun metagenomics to analyse the gut microbiota (Mas-Lloret et al., 2020; 

Durazzi et al., 2021). 16S rRNA sequencing has been shown to detect a smaller 

proportion of the gut microbial community and to be less powerful at identifying 

lower abundant taxa, compared to shotgun metagenomics (Durazzi et al., 2021). 

However, there are advantages of 16S rRNA sequencing such as lower cost. 

Furthermore, 16S rRNA sequencing amplifies a specific region of DNA using PCR, 

meaning reduced interference from host DNA. In contrast shotgun metagenomics 

sequences all of the sample DNA, which gives the potential for non-microbial 

reads to interfere with the microbiome data (Mas-Lloret et al., 2020).  

 

Collectively, this study suggested that the off-tumour microbiota is variable, 

depending upon iron supplementation. In contrast, the on-tumour microbiota 

seems to be more protected from the influence of iron supplementation, potentially 

due to pre-existing tumour bacterial dysbiosis. Oral iron-treated patients showed 

more consistent on- and off-tumour microbiota, whereas intravenous iron-treated 

patients showed large differences in bacterial populations between the on- and off-

tumour microbiota. Predictive metagenomics from this study inferred that oral iron-

treated patients have potentially more procarcinogenic on- and off-tumour 
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microbiota compared to intravenous iron-treated patients. This implies intravenous 

iron may be more beneficial to treat anaemia in colorectal cancer patients, in order 

to prevent the microbial perturbations associated with oral iron supplementation. 

Future work should focus on determining the prognostic relevance of the 

differential gut bacterial populations following iron supplementation. This has the 

potential to allow the development of probiotic therapies to correct bacterial 

perturbations and potentially improve clinical outcomes for colorectal cancer 

patients following surgery. 

 

There is a complex interplay between the gut microbiota and the host, the most 

prominent interactions occur between the gut-residing bacteria and the mucosal 

immune system within the colon. Oral iron potentially promotes a more 

inflammatory gut microbiota, this has the potential to lead to differential immune 

profiles being present between patients treated with oral and intravenous iron. 

Below elaborates upon the outcomes of iron supplementation, assessing the 

differences in iron colonic tissue localisation, tissue immune cell infiltration, and 

systemic inflammatory cytokine production between oral and intravenous 

iron-treated patients.  
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Chapter 4: Iron, Immunology, and Colorectal 

Cancer 

4.1 Introduction 

Below the colonic epithelium resides the mucosal immune system, located within 

the lamina propria. Gut-associated lymphoid tissue is comprised of immune cell 

aggregates called lymphoid follicles, which consist of B-cells, T-cells, and dendritic 

cells. These collections of lymphoid cells project into the gut lumen and are 

involved in the initiation and coordination of immune responses on the colonic 

mucosal surface (Jung, Hugot and Barreau, 2010). Lymphoid follicles are involved 

in immunosurveillance, through sampling foreign antigens from the colonic surface 

and inducing inflammatory responses. Through this mechanism, lymphoid follicles 

contribute to protection against colorectal cancer (Kobayashi et al., 2019; Miller et 

al., 2016).  

 

Iron is essential for ensuring adequate immune cell function. Hence, iron 

deficiency, commonly associated with colorectal cancer, may lead to an 

impairment of lymphoid follicles' immunological capacity to recognise and respond 

to cancer (Cairo, Bernuzzi and Recalcati, 2006). Previous results from the IVICA 

trial have shown that intravenous iron supplementation is more beneficial at 

replenishing iron stores and treating iron deficiency preoperatively in colorectal 

cancer, compared to oral iron (Keeler et al., 2017). However, the immunological 

outcomes following these routes of iron supplementation have yet to be assessed. 

This study hypothesises that the intravenous route of iron administration will 

promote more stromal and lymphoid iron localisation, whereas the oral route of 

iron administration will localise to the tumour epithelia. 
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Differential lymphoid iron localisation between oral and intravenous iron-treated 

patients may lead to differences in immune cell infiltration in the colonic lamina 

propria and tumour stroma, which may lead to variation in inflammatory 

responses. Along with this unabsorbed oral iron has the potential to lead to 

increased gut luminal iron concentration within the colonic epithelia, which may 

contribute to colonic inflammation through the production of ROS from the Fenton 

reaction (Verma and Cherayil, 2017). Colitis leads to the infiltration of 

pro-inflammatory immune cells, which can release cytokines and growth factors 

that can support the pathogenesis of colonic tumours (Klampfer, 2011; Lasry, 

Zinger and Ben-Neriah, 2016). One of the main inflammatory immune cells that 

contributes to colitis-driven colorectal cancer pathogenesis is Th17, with Th17 

cytokines often exerting proinflammatory roles and are associated with poorer 

prognosis in colorectal cancer patients (Simone et al., 2013). 

 

Chemokine receptor 7 (CCR7) is a lymph node homing marker that is expressed 

on antigen-presenting cells, such as dendritic cells, as well as naïve T-cells. CCR7 

contributes to the migration of immune cells from the intestinal mucosa to 

secondary lymph nodes, in order to induce an adaptive immune response. This in 

turn will promote an influx of immune cells into the mucosal surface and potentially 

elicit an inflammatory response (Laufer et al., 2018). Previous studies investigating 

Crohn’s disease have shown that greater CCR7 levels within the colonic mucosa 

are a sign of inflamed tissue (Al-Hassi et al., 2013; Kawashima et al., 2005). This 

suggests the presence of CCR7+ immune cells within the colonic tissue as an 

indicator of immune cell activity and a marker of colonic inflammation. One of the 
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main effector cells involved in the mucosal immune response to cancer is T-cells. 

These cells are activated by CCR7+ antigen-presenting cells, leading to the 

production of a T-cell inflammatory response. CCR7 also acts as a potent 

co-stimulatory molecule involved in T-cell activation (Laufer et al., 2018).  

 

In order to compare the immunological outcomes following oral and intravenous 

iron therapy, the iron status of non-tumour and tumour colonic tissue was 

assessed using Pearl’s Prussian blue staining, immunohistochemical analysis was 

used to assess colonic lamina propria and tumour stroma immune cell infiltration, 

and a cytokine multiplex assay was used to determine systemic inflammatory 

profiles following iron treatments.  

 

4.2 Differential Tissue Iron Localisation Dependent on Route 

of Iron Administration 

To assess the differences in tissue iron localisation following iron therapy, Pearl’s 

Prussian blue staining was performed on non-tumour and tumour colorectal 

sections, from anaemic colorectal cancer patients who received either oral (n=30) 

or intravenous (n=30) iron therapy. The presence of blue staining within the tissue 

indicates high iron concentration, tissue without blue staining still has iron present 

just at a lower concentration. Intensity of iron staining was significantly greater 

(p=0.0016) in tumour compared to non-tumour tissue (Figure 4-1a). Assessment of 

non-tumour tissue iron staining showed that between iron treatments there 

showed no significant differences in iron localisation in the lamina propria or 

epithelia (Figure 4-1b). In contrast, tumour iron staining showed that patients 

treated with intravenous iron showed significantly greater iron localisation to the 
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tumour stroma, compared to oral iron treated patients (4-1b, c). Whereas oral iron 

treated patients showed significantly greater iron staining in the tumour epithelia, 

relative to those treated with intravenous iron (4-1b, c). 

 

Figure 4-2a represents lymphoid tissue iron status in non-tumour and tumour 

colorectal sections following staining with Pearl’s Prussian blue. Figure 4-2b 

shows that 67% of patients who received intravenous iron had iron positive 

staining in their tumour lymphoid follicles, compared to 6% in non-tumour lymphoid 

follicles. No patients in the oral iron treated group had iron staining in their tumour 

lymphoid follicles compared to 3% in non-tumour lymphoid follicles. This shows a 

significantly higher proportion of patients have iron staining in their tumour 

lymphoid follicles following intravenous compared to oral iron therapy (p<0.0001).  

 

Collectively this shows that following iron treatment there is greater iron 

localisation to tumour compared to non-tumour tissue. Whereas intravenous iron 

treatment shows greater localisation to the tumour stroma and lymphoid tissue, 

compared to the tumour epithelia following oral iron treatment. 
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Figure 4-1: Colonic non-tumour and tumour Pearl’s Prussian blue tissue staining 
Tumour tissue shows significantly greater iron staining intensity compared to non-tumour 
tissue (p=0.0153). Error bars represent the standard error of the mean (a). Proportion of 
patients with iron staining in non-tumour lamina propria and epithelia, and tumour stroma 
and epithelia. Patients treated with intravenous iron (IV) show significantly greater iron 
localisation to tumour stroma (p<0.0001), whereas patients treated with oral iron show 
significantly greater iron localisation to tumour epithelia (p=0.0153). No significant 
differences (ns) in iron staining are present between locations in non-tumour tissue (b). 
Examples of iron stating in tumour epithelia in oral iron-treated patients and tumour 
stroma in IV iron-treated patients (c). 
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Figure 4-2: Pearl’s Prussian blue iron loading in lymphoid follicles 
Examples of the presence and absence of iron staining in the lymphoid follicles of both 
non-tumour and tumour biopsies (a). 3% of oral iron-treated patients had iron staining in 
non-tumour lymphoid follicles and 0% of tumour lymphoid follicles, 6% of intravenous (IV) 
iron-treated patients had iron staining in non-tumour lymphoid follicles and 67% of tumour 
lymphoid follicles (b). Patients that received IV iron had significant more iron localisation to 
tumour lymphoid follicles compared to their non-tumour tissue, and to the non-tumour and 
tumour lymphoid follicles of patients given oral iron (p<0.0001; b). 
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4.3 Immune Cell Infiltration in Non-tumour and Tumour 

Tissue Between Oral and Intravenous Iron-treated 

Patients 

In order to determine the mucosal immunological differences following iron 

therapy, immunohistochemical analysis was performed on non-tumour and tumour 

colonic tissue following oral and intravenous iron therapy. Figure 4-3a shows a 

comparison of CCR7+ immune cells, shown by purple staining, in non-tumour and 

tumour tissue between oral and intravenous iron-treated patients. Within both 

non-tumour lamina propria (p=0.04) and tumour stroma (p=0.004) oral iron-treated 

patients had a significantly greater number of CCR7+ cells compared to 

intravenous iron-treated patients (Figure 4-3b). The differences in T-cell 

populations were next assessed, using tissue staining for CD3. Figure 4-4a shows 

a comparison of CD3+ T-cells, shown by red/purple staining, within the non-

tumour lamina propria and colorectal tumour stroma between iron treatments. 

Figure 4-4b shows there to be no significant difference in CD3+ staining within the 

non-tumour lamina propria between oral and intravenous iron-treated patients. In 

contrast within the tumour stroma, there showed a significant difference in staining 

for CD3+ T-cells between iron treatment groups (p=0.03), with the tumour of oral 

iron-treated patients showing an overall greater number of CD3+ stained cells 

within the tissue relative to intravenous iron-treated patients. Overall, this suggests 

that following oral iron therapy there is increased mucosal immune activity in both 

the non-tumour and tumour colonic tissue, compared to intravenous iron therapy. 

With oral iron being associated with increased infiltration of CD3+ T-cells within the 

tumour stroma, but not in the non-tumour lamina propria, compared to intravenous 

iron. 
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Figure 4-3: Infiltration of CCR7+ immune cells in non-tumour lamina propria and 
tumour stroma 
Immunohistochemistry photomicrograph of CCR7+ immune cells (purple staining) 
between oral and intravenous (IV) iron-treated patients in the non-tumour laminar propria 
and tumour stroma (a). Semi-quantitative analysis dot plots for CCR7 staining between 
iron treatments in non-tumour and tumour tissue, error bars represent standard errors of 
the mean (b, c). Oral iron-treated patients have a significantly greater (p=0.04) proportion 
of CCR7+ cells in their non-tumour laminar propria compared to IV iron-treated patients 
(b; n=19). Oral iron-treated patients also have a significantly greater (p=0.004) proportion 
of CCR7+ cells in their tumour stroma compared to IV iron-treated patients (c; n=15). 
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Figure 4-4: Comparison of CD3+ T-cells in the non-tumour lamina propria and 
tumour stroma 
Immunohistochemistry photomicrograph of CD3+ T-cells (purple staining) between oral 
and intravenous (IV) iron-treated patients in the non-tumour laminar propria and tumour 
stroma (a). Semi-quantitative analysis dot plots for CD3 staining between iron treatments 
in non-tumour and tumour tissue, error bars represent standard errors of the mean (b, c). 
No significant differences were observed in the number of CD3+ T-cells between the non-
tumour lamina propria of oral and IV iron-treated patients (b; n=20). Oral iron-treated 
patients had a significantly greater (p=0.03) number of CD3+ T-cells in the tumour stroma 
compared to IV iron-treated patients (c; n=17).  
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4.4 The Outcomes of Iron Therapy on Systemic Inflammatory 

Markers 

As oral and intravenous iron-treated patients show differential lymphoid iron 

localisation and mucosal immune cell infiltration, next was assessed if this 

translated into observable differences in inflammatory cytokine production. In order 

to determine systemic cytokine profiles, blood serum was taken before and after 

iron treatment and cytokine concentration was assessed using a cytokine multiplex 

assay. Figure 4-5 shows that in the serum following oral iron treatment there was a 

significant increase in the pro-inflammatory cytokines IL-6 (p=0.0293), MIP-1b 

(p=0.0079), MCP-1 MCAF (p=0.0066), and PDGF-bb (p<0.0001). No differences 

were observed in these cytokines following intravenous iron therapy, with the 

exception of PDGF-bb which was increased post intravenous iron treatment 

(p=0.0230). The pro-inflammatory cytokines IL-13 (p=0.0363) and Eotaxin 

(p=0.0405) were significantly decreased following intravenous iron therapy, no 

differences were observed following oral iron therapy. Comparison of Th17 

cell-associated pro-inflammatory cytokines showed that in the serum following oral 

iron therapy IL-17 (p=0.0460), GM-CSF (p=0.0219), and IFN-g (p=0.0219) were all 

significantly increased, whereas following intravenous iron therapy there were no 

significant differences (Figure 4-6).  

 

Assessment of systemic anti-inflammatory cytokines showed that following oral 

iron therapy there was a significant decrease in IL-4 (p=0.0144), whereas there 

was no difference following intravenous iron therapy (Figure 4-7a). IL-10 showed a 

significant increase in oral iron-treated patients (p=0.0336); however, a more 

significant increase was observed in intravenous iron-treated patients (p=0.0035) 
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(Figure 4-7b). Collectively this suggests that the administration of oral iron in 

anaemic colorectal cancer patients induces inflammation. Showing an increase in 

multiple pro-inflammatory cytokines (IL-6, MIP-1b, MCP-1 MCAF, PDGF-bb, IL-17, 

GM-CSF, and IFN-g), while showing a decrease in the anti-inflammatory cytokine 

IL-4 and an increase in IL-10. In contrast, intravenous iron shows to be more 

anti-inflammatory. Showing only an increase in the pro-inflammatory cytokine 

PDGF-bb, while showing a decrease in IL-13 and Eotaxin, as well as showing an 

increase in anti-inflammatory IL-10. 
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Figure 4-5: Comparison of systemic pro-inflammatory cytokines before and after 
treatment in oral and intravenous iron-treated patients 
Pro-inflammatory cytokines IL-6 (a), IL-13 (b), MIP-1b (c), MCP-1 MCAF (d), PDGF-bb (e) 
and Eotaxin (f) were assessed before and after iron treatment with oral and intravenous 
(IV) iron-treatment (n=20). Paired t-test was used to compare cytokine concentration pre- 
and post-treatment, with a p-value ≤ 0.05 considered statistically significant and a p-value 
> 0.05 was considered not significant (ns). 
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Figure 4-6: Th17 cell-associated pro-inflammatory cytokines 
Pro-inflammatory Th17 cell-producing cytokines IL-17 (a), GM-CSF (b), and IFN-g (c) 
were assessed before and after treatment with oral and intravenous (IV) iron (n=20). 
Paired t-test was used to compare cytokine concentration pre- and post-treatment, with a 
p-value ≤ 0.05 considered statistically significant and a p-value > 0.05 was considered not 
significant (ns). 
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Figure 4-7: Systemic Anti-inflammatory cytokines 
Anti-inflammatory cytokines IL-4 (a) and IL-10 (b) were assessed before and after 
treatment with oral and intravenous (IV) iron (n=20). Paired t-test was used to compare 
cytokine concentration pre- and post-treatment, with a p-value ≤ 0.05 considered 
statistically significant and a p-value > 0.05 was considered not significant (ns). 
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4.5 Discussion 

Having shown that iron therapy leads to differential outcomes in the on- and off-

tumour microbiota, this study aimed to assess the immunological outcomes of oral 

and intravenous iron treatments. Oral iron has the potential to lead to excessive 

iron within the gastrointestinal tract, contributing to colonic inflammation. In 

contrast intravenous iron, having previously been shown to be more beneficial in 

replenishing iron stores, will lead to a more anti-inflammatory response, potentially 

through ensuring ample iron for correct immunological function (Keeler et al., 

2017). Previous studies in animal and cell line models have shown that the 

accumulation of colonic iron promotes the generation of ROS and induces 

pro-inflammatory cytokine production, which contributes to tissue damage and 

colorectal cancer progression (Glei et al., 2002; Sivaprakasam et al., 2020). Here 

is studied for the first time in humans the immunological outcomes of iron therapy 

in anaemic colorectal cancer patients. This provides a unique opportunity to 

investigate the possible consequences of increasing gut luminal iron 

concentration, associated with enteral iron administration, through comparing to a 

parenteral route of iron delivery which will not contribute to the colonic iron pool 

(Lee et al., 2017). Here the results have shown there to be differences in iron 

localisation, tissue immune cell infiltration, and systemic cytokine production 

between anaemic colorectal cancer patients treated with oral and intravenous iron.  

 

Intravenous iron treatment has previously been shown to lead to increased 

haemoglobin, ferritin, and transferrin levels in anaemic colorectal cancer patients 

preoperatively, compared to oral iron (Keeler et al., 2017). Here this study has 

expanded upon this knowledge, showing that intravenous iron-treated patients 
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also have significantly greater iron localisation to the tumour stroma, which is 

highly populated with immune cells. More specifically iron is localised to tumour 

lymphoid follicles, the mucosal immune system inductive sites (Da Silva et al., 

2017). This suggests that intravenous iron preferentially increases iron localisation 

to mucosal immunological tissue, over oral iron supplementation.  

 

A previous murine study by Fujimoto et al has shown a negative correlation 

between the number of intestinal lymphoid follicles with colorectal polyp 

development and pro-inflammatory IL-17 production, suggesting a role for 

lymphoid follicles in preventing colonic tumourigenesis through promoting an 

anti-inflammatory response (Fujimoto et al., 2015). However, the authors of this 

study did not assess lymphoid iron distribution within the tumour tissue. As iron is 

essential for ensuring adequate immune cell function, differences within lymphoid 

iron loading may lead to discrepancies in lymphoid follicles' immunological ability 

to protect against cancer through this anti-inflammatory response (Aksan et al., 

2021). In this context, these results assessing inflammatory cytokine production 

between oral and intravenous iron-treated patients support the Fujimoto study. 

Oral iron-treated patients, none of which had iron staining in tumour lymphoid 

follicles, showed greater IL-17 cytokine levels compared to intravenous iron 

treated patients, 67% of which had iron staining in tumour lymphoid follicles 

(Figure 4-6). Collectively this suggests that iron-loaded tumour lymphoid follicles 

may contribute to the immunological mechanism required to protect against 

colorectal cancer, through regulating inflammatory responses within the tissue 

(Fujimoto et al., 2015). Future work is required to assess the clinical relevance of 

differential tumour lymphoid iron localisation in human studies of colorectal cancer; 
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in order to support intravenous iron being more beneficial in anaemic colorectal 

cancer patients, through replenishing iron stores to allow optimum immunological 

responses to cancer. 

 

In contrast when assessing tissue iron staining following oral iron treatment, there 

shows increased localisation to the tumour epithelia (Figure 4-1). This supports the 

idea that unabsorbed oral iron from the small intestines will pass into the colon, 

where it can encounter the tumour. With the continuous proliferation of colorectal 

tumour cells, there is a requirement for an enhanced supply of iron compared to 

non-transformed cells (Padmanabhan, Brookes and Iqbal, 2015). Hence, tumour 

cells have increased expression of iron transport proteins, such as DMT-1 and 

TfR1, in order to transport iron intracellularly from the local environment (Brookes 

et al., 2006). Therefore, increased iron within the tumour epithelia following oral 

supplementation may favour tumour growth through supporting cancer cell 

proliferation. Furthermore, increasing iron within the tumour epithelia may 

contribute to inflammation, through ROS production (Hnatyszyn et al., 2019; Zeng, 

Mukherjee and Zhang, 2019). This is supported through the analysis of systemic 

cytokine profiles before and after oral iron treatment, showing that following oral 

iron there is an increase in multiple pro-inflammatory cytokines (Figure 4-5 and 

Figure 4-6). Collectively, this suggests that oral iron promotes increased iron 

localisation to tumour cells, which has the potential to favour tumour cell 

proliferation, as well as potentially increasing pro-inflammatory cytokine production 

which can contribute to the pathogenesis of colorectal cancer (Hnatyszyn et al., 

2019; Zeng, Mukherjee and Zhang, 2019). 
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Here the results have shown that colorectal cancer patients treated with oral iron 

show a greater proportion of CCR7+ cells within both the non-tumour lamina 

propria and tumour stroma, compared to those treated with intravenous iron. 

Furthermore, oral iron-treated patients show greater CD3 staining in the tumour 

stroma, but not in the non-tumour lamina propria, compared to intravenous iron 

treated patients. Collectively this infers that oral iron treatment leads to an 

increase in immune cell activity within both tumour and non-tumour tissue. 

However, this only induces an influx of T-cells into tumour tissue. This may 

potentially be through the sampling of tumour antigen by CCR7+ dendritic cells, 

which is inducing an adaptive immune response that leads to an influx of 

potentially pro-inflammatory CD3+ T-cells (Pezoldt et al., 2017).    

 

The prognostic significance of CCR7 cell density within the tumour stroma of 

colorectal cancer patients has previously been assessed in a study by Malietzis et 

al; the authors determined that a high density of CCR7+ cells within the tumour 

stroma was associated with a high-grade inflammatory response, showing a 

reduced overall and disease-free survival (Malietzis et al., 2015). This suggests 

the presence of CCR7+ immune cells within the tumour stroma as a potential 

biomarker for disease outcomes in colorectal cancer. The high-grade inflammatory 

response associated with increased CCR7 cell density, as seen in the Malietzis 

study, is further supported within this work; oral iron-treated patients have a 

greater CCR7 density within their tumour stroma and also show an overall 

increase in systemic inflammatory cytokines, compared to intravenous iron-treated 

patients (Figure 4-3 and Figure 4-5). Collectively this implies the increased CCR7 

cell density as seen in oral iron-treated patients may translate into inferior 
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oncological outcomes, through increasing colonic inflammation that can support 

the pathogenesis of colorectal cancer (Fantini and Guadagni, 2021). 

 

The pro-inflammatory cytokines IL-6 (Atreya and Neurath, 2005), MIP-1b 

(Kothapalli et al., 2005), MCP-1 MCAF (Deshmane et al., 2009), PDGF-bb 

(Krzystek-Korpacka, Neubauer and Matusiewicz, 2009), IL-17 (Fauny et al., 2020), 

GM-CSF (Bhattacharya et al., 2015), and IFN-g (Lee et al., 2017) were all 

significantly increased following oral iron therapy. In contrast, intravenous iron 

promotes a decrease in pro-inflammatory cytokines IL-13 (Giuffrida et al., 2019) 

and Eotaxin (Adar et al., 2014), and an increase in pro-inflammatory PDGF-bb 

(Krzystek-Korpacka, Neubauer and Matusiewicz, 2009). Collectively this suggests 

that oral iron promotes a more pro-inflammatory systemic response compared to 

intravenous iron. When assessing anti-inflammatory cytokines, IL-4 (Chatterjee et 

al., 2014) was decreased following oral iron, and unaffected by intravenous iron. 

While anti-inflammatory IL-10 (Chatterjee et al., 2014) showed an increase 

following oral iron, a more significant increase was observed following intravenous 

iron. Overall this suggests that intravenous iron promotes a more anti-

inflammatory systemic response. Previous studies have shown that preoperative 

systemic inflammation is a marker of poor prognosis in colorectal cancer patients 

(Tuomisto, Mäkinen and Väyrynen, 2019). This suggests that the increase in 

inflammatory markers seen following oral iron preoperatively may lead to inferior 

disease outcomes when compared to patients receiving intravenous iron. This has 

been assessed in relation to iron in murine models of colorectal cancer in a study 

by Chua et al; the authors showed that an increase in dietary iron promotes 

colonic inflammation, leading to an upregulation of IL-6/signal transducer and 
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activator of transcription 3 (Stat3) oncogenic signalling that contributes to 

colorectal tumour development (Chua et al., 2013). 

 

Marked differences in systemic cytokine levels have been shown to vary between 

males and females with colorectal cancer (Pellegrini et al., 2011; Sharma et al., 

2010). This provides a potential limitation of this study when comparing iron 

therapy on inflammatory cytokines, if disparities within the sex of the treatment 

populations are present. In order to determine if sex may be confounding the 

cytokine results presented, a sub-analysis was performed assessing systemic 

cytokine levels pre- and post-iron therapy in male anaemic colorectal cancer 

patients (Appendix 2). The result of this sub-analysis show that the cytokines IL-6, 

IL-13, MCP-1 MCAF, GM-CSF, IFN-g, and IL-4 (Figure A7, Figure A8, and Figure 

A9) all show results that match the trends in cytokine levels presented in Chapter 

4.4. Four cytokines showed varying results between the full population analysis 

and the male only sub-analysis. Within the full analysis population both oral and 

intravenous iron treated patients showed a significant increase in PDGF-bb 

(Figure 4-5); however, within the male only sub-analysis population only oral iron 

treated patients showed an increase in PDGF-bb (Figure A7), further confirming 

the pro-inflammatory properties of oral iron. Eotaxin, which was significantly 

decreased following intravenous iron treatment in the full population (Figure 4-5), 

showed no significance in the male only sub-analysis (Figure A7), neither 

supporting nor refuting the anti-inflammatory potential of intravenous iron. IL-17, 

which was significantly increased following oral iron treatment in the full population 

(Figure 4-6), showed no significant difference following oral iron treatment in the 

male only sub-analysis (Figure A8), neither supporting nor refuting the 
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pro-inflammatory potential of oral iron. IL-10, which was significantly increased 

following oral and intravenous iron in the full analysis population (Figure 4-7), was 

only significantly increased following intravenous iron in the male only sub-analysis 

population (Figure A9), further supporting the anti-inflammatory potential of 

intravenous iron. Overall, the results of the sub-analysis largely supports the 

observations of the full analysis, with the exception of four cytokines which showed 

variation. The removal of female patients may be accountable for the change in 

results, with the potential variability of male and female colorectal cancer patients 

inflammatory responses to iron being responsible for the differences observed 

(Pellegrini et al., 2011; Sharma et al., 2010). However, a decrease in the sample 

number through the removal of female patients may also be accountable for 

changes in cytokine levels being observed, particularly in cytokines that showed 

not as significant changes post-treatment in the full analysis population. 

 

An intricate cross-talk exists between the gut microbiota and the mucosal immune 

system (Barbosa et al., 2021). Hence, this allows the potential for iron 

supplementation to alter the complex host-microbe interaction. As oral iron alters 

the colonic microbiota, this may support cancer pathogenesis through modulating 

host immune responses. This can be seen within this work when comparing the 

on-tumour microbiota and systemic inflammatory response following oral iron 

therapy (Figure 3-3, Figure 3-4, Figure 4-5, and Figure 4-6). Previous murine 

studies have shown that colonic colonisation with Prevotella induces the 

production and accumulation of Th17 cells. This leads to an increase in serum 

levels of the Th17-polarizing cytokine IL-6 and an increase in Th17-related 

cytokines such as IL-17 (Huang et al., 2020). This supports the results found 
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within these studies, with the on-tumour microbiota of oral iron treated patients 

showing a greater abundance of the Prevotella taxa, Prevotella 7 and Prevotella 

bivia, and an increased serum concentration of IL-6 and IL-17 following oral iron 

supplementation. This supports a role for oral iron regulating Th17 dependent 

inflammatory responses, indirectly through increasing the abundance of 

tumour-associated Prevotella taxa.  

 

Despite the unique opportunity to assess in vivo the immunological outcomes of 

iron supplementation in a human colorectal cancer randomised control trial, 

several limitations are still present within this study. Unlike carefully controlled 

animal studies, which have relatively homogenous study populations and 

treatment conditions, many factors can be confounded in human clinical trials. For 

instance, there is the potential for this study to be confounded by differences in 

diet and heterogeneity within tumours, both of which may lead to differential 

immunological outcomes. Furthermore, as the biopsies used to assess Perl’s 

Prussian blue and immunohistochemical staining were obtained following surgery, 

there was not an opportunity to compare these factors prior to iron treatment. This 

could potentially be overcome through the use of biopsies from colonoscopy, used 

in the initial diagnosis of colorectal adenocarcinoma. The tissue staining work 

could be elaborated upon through the use of double staining to assess which 

immune cells are associated with increased iron localisation, as well as 

determining the specific cell types that are expressing CCR7. Advances within 

tissue immune profiling include the use of multiplex immunofluorescence panels, 

such as Vectra, which allows simultaneous quantification of the tumour immune 

profile within paraffin-embedded tissue using a set of immune marker antibodies 
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(Hernandez et al., 2021; Parra et al., 2017). This would provide a more 

comprehensive assessment of the tissue immune profiles following oral and 

intravenous iron therapy, which would aid in consolidating the inflammatory role of 

oral iron in colorectal cancer. 

 

Furthermore, the use of a functional study, such as that presented by Bessler and 

Djaldetti (2018), would aid in the validation of the link between the treatment of 

iron deficiency and cytokine inflammatory outcomes (Bessler and Djaldetti, 2018).  

This could be performed using ficoll-extraction of peripheral blood mononuclear 

cells (PBMCs) from the whole blood of healthy volunteers. This provides a 

population of lymphocytes and monocytes that can act as an experimental model. 

These immune cells can be incubated with an iron chelator, such as 

desferrioxamine (DFO), in order to induce iron deficiency. DFO-treated immune 

cells can then be stimulated with and without iron. Activation markers, such as 

CD69 on T-cells, CD68-CD80 on M1 macrophages, or CD168 on M2 

macrophages, could then be assessed using flow cytometry and inflammatory 

cytokine concentration within the supernatant could be assessed using a cytokine 

multiplex assay. Collectively this would contribute to assessing if more 

anti-inflammatory outcomes are present following immune cell iron repletion. 

 

Differential lymphoid tissue iron compartmentalisation should be carefully 

interpreted within this study. Perl’s Prussian blue stains iron mainly in its ferric 

state such as ferritin and haemosiderin, rather than its ferrous state, with staining 

occurring at high concentrations (Iezzoni, 2018). However, haemosiderin produced 

from macrophage phagocytosis of erythrocytes, consisting of partially digested 
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ferritin and lysosomes, may be largely inert and biologically inactive. Haemosiderin 

instead reflects a secondary method for iron storage when ferritin stores are 

exceeded (Saito et al., 2012). Therefore, the biologically active labile iron pool is 

not fully quantified through Perl’s blues staining and rather has been inferred in 

this study.  

 

Finally, different methods of assessing oral iron’s inflammatory outcomes would 

aid in providing the link between immune cell infiltration seen at the mucosal level, 

with the inflammatory outcomes observed at the systemic level. For instance, if 

faecal samples were available from this cohort of patients before and after iron 

therapy, this would provide a method to assess faecal iron and calprotectin 

concentration. This non-invasive method would aid in providing a link between 

excessive iron within the GI tract and colonic inflammation. 

 

Currently, this work has contributed to assessing the microbiological and 

immunological outcomes of iron therapy within colorectal cancer. However, the 

colon is approximately 1.5 meters long and is divided into multiple anatomical 

sections (Kiela and Ghishan, 2016). Hence, this allows the potential for there to be 

differences in these microbial and immune profiles to be present between 

locations along the colonic tract. The unique opportunity of the IVICA trial is 

utilised below to assess the microbe/immune environment to determine if 

differences are present between colorectal tumours at different locations. 
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Chapter 5: Microbiological and Immunological 

Differences Between Right- and Left-sided 

Colorectal Cancer 

5.1 Introduction 

The term colorectal cancer encompasses a heterogeneous group of tumours of 

the lower gastrointestinal tract. Cancer location can be defined in relation to the 

colonic splenic flexure (Figure 5-1), with tumours of the caecum, and the 

ascending and transverse colon termed right-sided colorectal cancer, and tumours 

of the rectum, and the descending and sigmoid colon termed left-sided colorectal 

cancer (Baran et al., 2018; Mukund et al., 2020). The right and left colon have 

distinctive embryological origins, developing from the midgut and hindgut, 

respectively (Kwak et al., 2021). These two anatomical colonic locations are 

supplied by different blood supplies, with the right colon being supplied by the 

superior mesenteric artery and the left colon being supplied by the inferior 

mesenteric artery (Kwak et al., 2021; Manyama et al., 2019).  
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Figure 5-1: Schematic diagram of the right and left colon in relation to the colonic 
splenic flexure 
The right colon (green) consists of the caecum, and the ascending and transverse colon 
and the left colon (red) consists of the rectum, and the descending and sigmoid colon. 
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Disparities between the right and left colon translate into observable differences in 

molecular and clinical characteristics between tumours in these locations; these 

include right-sided tumours more commonly associated with microsatellite 

instability, being highly immunogenic, and presenting with BRAF mutations. 

Whereas left-sided tumours present with chromosomal instability, often showing 

mutations in APC, P53, and SMAD4, and are associated with amplified epidermal 

growth factor receptor signalling (De Renzi et al., 2021). These differences may be 

accountable for the variability in cancer incidence and prognosis between tumour 

locations; with patients with right-sided tumours tending to have a lower incidence 

with more advanced tumours and worse prognosis, compared to left-sided 

tumours (Baran et al., 2018). Furthermore, right-sided tumours are more common 

in older females, whereas left-sided tumours are more frequent in younger males 

(Baran et al., 2018; De Renzi et al., 2021). 

 

Immunological and microbiological alterations have been observed in colorectal 

cancer, suggesting that the complex host-microbe interplay at the colonic mucosal 

level can potentially be manipulated in order to support cancer pathogenesis 

(Bartolini et al., 2020). Here the study aimed to expand upon the current 

knowledge of the gut microbiota and mucosal immune system in colorectal cancer 

through comparing differences between patients with right- and left-sided 

colorectal tumours. Further understanding of the biological factors influencing 

colorectal cancer pathogenesis, and how these differ between the right and left 

colon, can aid in patient stratification and development of immune and probiotic 

therapies. 
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5.2 Differences in the On- and Off-tumour Microbiota 

Between Right- and Left-sided Colorectal Cancer 

5.2.1 Background 

A multistep pathogenesis is involved in the aetiology of sporadic colorectal 

tumours, with genetics, lifestyle, and environment all known to contribute to 

colorectal carcinogenesis (Simon, 2016). Along with this, the gut bacterial 

microbiota and its metabolites have also been shown to both promote and protect 

against colorectal cancer (Alhinai, Walton and Commane, 2019). Therefore, 

identifying the bacterial populations in the tumour-associated (on-tumour) and 

tumour-adjacent (off-tumour) microbiota, and how they differ between the right and 

left colon, has the potential to be beneficial in predicting disease outcomes and aid 

in patient stratification (Flemer et al., 2018; Flemer et al., 2018). 

 

Previous studies have attempted to determine differences in the gut microbiota 

between right- and left-sided colorectal cancer (Flemer et al., 2017; Gao et al., 

2015). Flemer et al showed there was no observable difference between the on- 

and off-tumour microbiota, along with showing that the on-tumour microbiota from 

the right and left colon were significantly different (Flemer et al., 2017). However, 

as subsequently discussed by Al-Hassi et al, patients with right-sided colorectal 

tumours more commonly develop iron deficiency anaemia relative to those with 

left-sided tumours, hence more often requiring iron therapy (Al-Hassi, Ng and 

Brookes, 2018). Results from Chapter 3 have shown that enteral iron 

supplementation given to anaemic colorectal cancer patients leads to differences 

in the colonic microbiota compared to parenteral iron supplementation, potentially 

through increasing iron availability for bacterial cell growth. The occurrence of iron 
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deficiency anaemia and the use of enteral iron supplementation was not assessed 

by the authors in the Flemer study and has the possibility to be accountable for 

differences observed (Flemer et al., 2017). Therefore, when assessing the gut 

microbiota in colorectal cancer, ensuring consistency in the prevalence of iron 

deficiency anaemia and iron therapy is essential (Ng, 2016; Weersma, 

Zhernakova and Fu, 2020). 

  

This pilot study is the first to assess both the on-tumour and off-tumour microbiota 

between right- and left-sided colorectal cancer patients, while ensuring 

consistency in the prevalence of iron deficiency anaemia and iron therapy. All 

colorectal cancer patients included in this study had iron deficiency anaemia and 

received parenteral iron therapy prior to surgery. Parenteral iron therapy was 

chosen in order to limit the influence of increasing gut iron concentration on the gut 

microbiota, associated with enteral iron therapy (Ng, 2016; Lee et al., 2017). 

 

5.2.2 Study Population 

24 anaemic patients with non-metastatic histologically proven colorectal 

adenocarcinoma, presenting with right-sided (n=17) and left-sided (n=7) tumours, 

from the IVICA trial, were included in the study. All patients selected for this study 

received intravenous iron (ferric carboxymaltose - Ferinject ™; Vifor Pharma, 

Glattbrugg, Switzerland) prior to surgery, dosed by weight and haemoglobin in 

accordance with the summary of product characteristics (Keeler, Simpson, Ng, 

Padmanabhan, Brookes, Acheson and the IVICA, 2017). Treatment was 

administered at least 14 days preoperatively, with any pre-existing oral iron 

supplements being discontinued at this point. Anaemia was defined as having a 
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haemoglobin level at least 10 g/l below the sex-specific World Health Organisation 

definition (women ≤ 120 g/l, men ≤ 130 g/l). Patients were excluded from the study 

if they were currently receiving chemotherapeutic treatment, had anaemia prior to 

colorectal cancer diagnosis, or pre-existing haematological disease. Detailed 

patient demographics can be found in Table 5.1. Colorectal tumour biopsies and 

paired tumour-adjacent colonic mucosal tissue biopsies were obtained 

post-surgery. 
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Right-sided 

Colorectal Cancer 
Left-sided 

Colorectal Cancer 

n= 17 7 

Age  75.3 [7.5] 74 [7.7] 

Male 9 (53%) 7 (100%) 

Female 8 (47%) 0 (0%) 

Height, m 1.67 [0.08] 1.77 [0.08] 

Weight, kg 75.6 [12.8] 88.5 [24.0] 

Inclusion Hb, g/l  97.1 [14.1] 102.9 [10.0] 

Recruitment ferritin, μg/l * 25 [15-55] 10 [8-49] 

Recruitment transferrin saturation, % * 2.6 [2.3-3.6] 2.8 [2.6-3.3] 

Duration of iron treatment, days * 21 [15-35] 28 [15-43] 

Tumour Stage 
  

       T≤2 1 (6%) 0 (0%) 

       T3 3 (18%) 5 (71%) 

       T4 13 (76%) 2  (29%) 

Preoperative Risk Assessment 
  

    ASA fitness status classification 
  

        I-II 7 (41%) 2 (29%) 

        III-IV 10 (59%) 5 (71%) 

    CR-POSSUM mortality score, % * 3.5 [2.5-9.3] 3.5 [2.6-6.6] 

Table 5.1 Patient cohort demographics 
Categorical variables are presented with percentages. Continuous variables are 
presented as mean value [standard deviation] or *median value [interquartile range]. Hb, 
haemoglobin. CR-POSSUM, ColoRectal Physiological and Operative Severity Score for 
the enumeration of Mortality and morbidity. ASA, American Society of Anaesthesiologists. 
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5.2.3 Differences in On- and Off-tumour Bacterial Diversity Between 

the Right and Left Colon 

A total of 4.4 million reads (an average of 109,122 reads/sample) were obtained 

following quality control, a sampling depth of 8,000 reads/sample was chosen 

following rarefaction. A comparison of α-diversity metrics shows that the off-tumour 

microbiota of patients with right-sided colorectal cancer showed significantly 

greater bacterial abundance (ACE), species richness (observed OTUs), and 

bacterial diversity (Chao1), compared to left-sided colorectal cancer patients 

(Figure 5-2; p<0.05). Consistent with this, Jaccard similarity assessed β-diversity 

showing that the off-tumour microbiota of right- and left-sided colorectal cancer 

patients formed significantly distinct bacterial community clusters (Figure 5-3a; 

p=0.003).  

 

In contrast, the on-tumour microbiota showed no differences in α-diversity between 

right- and left-sided colorectal cancer patients (Figure 5-2; ns). Furthermore, no 

significant differences in β-diversity were observed between right- and left-sided 

colorectal tumours (Figure 5-3b; ns). Collectively this suggests that bacterial 

diversity is greater in the right colon compared to the left, however, the presence 

of a colonic tumour leads to a more consistent bacterial diversity between 

locations. 
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Figure 5-2: On- and off-tumour α-diversity between right and left colon 
α-diversity metrics (a) Abundance-based coverage estimate (ACE), (b) Observed 
operational taxonomic units (OTUs), and (c) Chao1 were significantly greater in the right 
compared to the left off-tumour microbiota. On-tumour α-diversity metrics showed no 
significant differences between tumour locations (* p≤0.05, **p≤0.01, ns p>0.05). Boxplots 
represent mean and standard error of the mean. 
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Figure 5-3: On- and off-tumour β-diversity between right and left colon 
Principle coordinate analysis (PCoA) plots based on Jaccard distances show significantly 
distinct bacterial community clusters (p=0.003) between the off-tumour microbiota from 
the right and left colon (a). On-tumour microbiota from the right and left colon show no 
significant differences (ns) (b).   
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5.2.4 Gut Phylogenetic Profiles Between Right- and Left-sided 

Colorectal Cancer Patients 

Firmicutes, Bacteroides, Proteobacteria, and Fusobacteria constitute >95% of 

bacteria phyla in each group, showing largely consistent phylum relative 

abundance between locations (Figure 5-4a). The 3 most dominant bacterial 

families across all locations were Lachnospiraceae, Ruminococcaceae, and 

Bacteroidaceae. However, there is variation in the subsequent most abundant 

families between locations. Within the off-tumour microbiota, the next most 

abundant family was Fusobacteriaceae, followed by Enterobacteriaceae in the 

right colon and Prevotellaceae in the left colon. While in the on-tumour microbiota 

the next most abundant family is Prevotellaceae, followed by Streptococcaceae in 

the right-sided tumour and Rikenellaceae in the left-sided tumours (Figure 5-4b). 
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Figure 5-4: On- and off-tumour phylogenetic profiles of gut bacterial populations in 
the right and left colon 
Relative abundance of on- and off-tumour mucosal adherent gut bacterial microbiota at 
phylum (a) and family (b) taxonomic levels in right and left colon. 
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5.2.5 Comparison of Bacterial Taxa Between Right and Left Colon 

Differences in gut bacterial populations between right- and left-sided colorectal 

cancer patients were assessed using LEfSe to determine bacterial taxa that are 

significantly enriched between locations. The off-tumour microbiota of right-sided 

colorectal cancer patients showed greater abundances of species of the 

Lachnoclostridium, Selenomonas, and Ruminococcus genera. Whereas, the off-

tumour microbiota of left-sided colorectal cancer patients is enriched with 

Epsilonbacteraeota phylum, Campylobacteria class, Pasteurellales and 

Campylobacterales orders, Campylobacteraceae, Bacillales Family XI, 

Clostridiales Family XI, Peptostreptococcaceae and Pasteurellaceae families, and 

Campylobacter, Gemella, Granulicatella, Parvimonas, Anaerosporobacter, 

Lachnospiraceae (UCG010), Peptostreptococcus, Selenomonas, and 

Haemophilus genera (Figure 5-5a and Figure 5-6a).  

 

The on-tumour microbiota of left-sided cancer patients showed greater 

abundances of Methylophilaceae and Vadin BE97 families and Alloprevotella, 

Intestinibacter, Romboutsia, and Ruminococcus 2 genera, compared to right-sided 

colorectal cancer patients (Figure 5-5b and Figure 5-6b). Collectively, these results 

support the diversity data, with the off-tumour microbiota showing large differences 

in bacterial populations between the right and left colon. In contrast, the on-tumour 

microbiota seems less affected by location, supporting a cancer-defined 

microbiota that is more constant between the right and left colon. 
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(a)                                           

(b)           

 

Figure 5-5: Linear discriminant analysis (LDA) effect size (LEfSe) cladogram 
comparing right and left bacterial taxa in the on- and off-tumour microbiota 
LEfSe cladogram representing differentially abundant bacterial groups in off-tumour (a) 
and on-tumour (b) microbiota between right and left colon. Differentially abundant taxa at 
the genus taxonomic levels or higher were included. Taxa and nodes highlighted in green 
were more significant in the right colon and red in the left colon. 
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(a)                                                  

(b)                                                              

 
 
Figure 5-6: Linear discriminant analysis (LDA) effect size (LEfSe) histogram 
comparing right and left bacterial taxa in the on- and off-tumour microbiota 
Histograms of LDA scores for differentially abundant bacterial taxa between the right and 
left off-tumour (a) and on-tumour (b) microbiota. Differentially abundant taxa at the genus 
taxonomic levels or higher were included. Taxa and nodes highlighted in green were more 
significant in the right colon and red in the left colon. 
 
 
 
 
 

 

 

 



 

132 

 

5.2.6 Difference in Paired On- and Off-tumour Bacterial Taxa in Right- 

and Left-sided Colorectal Cancer Patients 

In order to assess the differences in bacterial taxa between the on-tumour and 

off-tumour microbiotas in each location, a LEfSe was performed comparing paired 

on- and off-tumour bacterial taxa in right- and left-sided colorectal cancer patients. 

In the left-sided colorectal cancer patients, 24 bacterial taxa were differentially 

enriched between the on- and off-tumour microbiota. These include the 

Lachnoclostridium genus which was enriched in the on-tumour microbiota and the 

Cyanobacteria phylum, Melainabacteria class, Gastranaerophilales, and 

Corynebacteriales orders, Dietziaceae, Corynebacteriaceae, Eggerthellaceae, 

Rikenellaceae, and Clostridiales vadin BB60 group families, Dietzia, 

Paraprevotella, Prevotella 9, Alistipes, Lachnospira, Ruminococcus torques group, 

Paeniclostridium, Eubacterium coprostanoligenes group, Acidaminococcus, and 

Aquabacterium genera which were enriched in the off-tumour microbiota (Figure 

5-7b and Figure 5-8b). In the right-sided colorectal cancer patients, there were 3 

bacterial taxa differentially enriched between the on- and off-tumour microbiota. 

These include the Porphyromonadaceae family, and Lachnospira and 

Porphyromonas genera, which were more abundant in the on-tumour compared to 

the off-tumour microbiota (Figure 5-7a and Figure 5-8a). Collectively this suggests 

that patients with right-sided colorectal cancer have an on- and off-tumour 

microbiota that is relatively consistent, showing only small differences in bacterial 

taxa at lower taxonomic levels. In contrast, patients with left-sided colorectal 

cancer have an on- and off-tumour microbiota that shows distinct bacterial 

populations, showing differences at the phylum, class, and order taxonomic levels. 
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(a)                                           

(b)           

 

Figure 5-7: Cladogram comparison of paired on- and off-tumour microbiota 
between right and left colon 
LEfSe cladogram demonstrating differentially abundant bacterial taxa between paired on- 
and off-tumour microbiota in right (a) and left (b) colon. Differentially abundant taxa at the 
genus taxonomic levels or higher were included. Taxa and nodes highlighted in red were 
more significant in the off-tumour microbiota and green in the on-tumour microbiota. 
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(a)                                                                              

(b)                                                                                         

 

Figure 5-8: Histogram comparison of paired on- and off-tumour microbiota between 
right and left colon 
LDA scores for differentially abundant bacterial taxa between paired on- and off-tumour 
microbiota in the right (a) and left (b) colon. Differentially abundant taxa at the genus 
taxonomic levels or higher were included. Taxa and nodes highlighted in red were more 
significant in the off-tumour microbiota and green in the on-tumour microbiota. 

 

 



 

135 

 

5.2.7 Discussion 

Previous studies have attempted to unravel the complex relationship between gut 

bacteria and colorectal cancer (Flemer et al., 2017; Flemer et al., 2018). However, 

the composition of the colonic microbiota can be influenced by a multitude of 

variables, such as medication. Hence, this leaves the potential for the study of the 

gut microbiota in pathological conditions to be confounded by discrepancies in 

therapeutic interventions (Ng, 2016; Weersma, Zhernakova and Fu, 2020). This 

study is the first time that the colonic on- and off-tumour microbiota has been 

studied in right- and left-sided colorectal cancer patients with iron deficiency 

anaemia. 

 

This study shows that the on- and off-tumour microbiota between right- and left-

sided colorectal cancer patients show differential microbial diversity and bacterial 

taxa. Off-tumour α-diversity is significantly greater in right- compared to left-sided 

colorectal cancer patients, showing greater bacterial diversity, abundance, and 

richness. Furthermore, off-tumour β-diversity shows significantly different bacterial 

community clusters between right- and left-sided colorectal cancer patients. A 

comparison of off-tumour taxonomy shows there to be 29 bacterial taxa that are 

differentially enriched between the right and left colon. These differences in off-

tumour bacterial populations between the right and left colon are potentially 

explained by differences in colonic nutrient availability. Nutrient availability is 

greatest in the proximal colon and decreases towards the distal colon, through 

nutrients being reabsorbed in the colon and being utilized by residential bacteria 

(Lyra et al., 2012). Therefore, this potentially creates differential nutrient niches 

available for colonic bacteria between the right and left colon, which may explain 
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why the right colon shows greater bacterial diversity compared to the left (Sun and 

Kato, 2016). Out of the 29 bacterial taxa that were differentially enriched within the 

off-tumour microbiota, 26 taxa were significantly enriched within the left colon. 

With the potential differences in nutrient niches between the right and left colon, 

these bacterial taxa may be specially adapted to thrive within the potentially 

nutrient-deprived environment within the left colon. Whereas they may be 

outcompeted by more dominant bacteria that thrive in the potential nutrient-rich 

environment in the right colon. These more specialized taxa within the left colon 

may dominate the microbiota, explaining why a lower bacterial diversity may be 

present. Whereas in the right colon there is a greater number of bacteria that are 

more evenly spread, contributing to greater bacterial diversity. However, as fewer 

of these bacterial taxa dominate, this leads them to not being as significantly 

enriched when compared to the left colon.  

 

In contrast, the on-tumour microbiota shows no differences in α- and β-diversity 

between tumour locations. A comparison of on-tumour taxonomy shows there to 

be 8 bacterial taxa that are differentially enriched between the right and left colon. 

Collectively this suggests that the on-tumour microbiota between right- and 

left-sided colorectal cancer patients are relatively more consistent when compared 

to the differences observed in the off-tumour microbiota. This suggests that the 

on-tumour microbiota is not as influenced by colonic nutrient availability, potentially 

supporting a cancer-defined microbiota that is less affected by tumour location. 

 

The cancer-associated microbiota is influenced by the tumour microenvironment, 

and this is regulated by many factors, such as the mucosal immune system, 
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genetic and epigenetic factors, and vascular infiltration. How the cancer-

associated microbiota develops depends on these factors, all of which are also 

altered between the right and left colon. Hence, this leaves the potential for 

alterations between the on- and off-tumour microbiota to be differentially regulated 

between patients with right- and left-sided colorectal tumours (De Renzi et al., 

2021; Alhinai, Walton and Commane, 2019; Gao et al., 2015). Comparison of 

bacterial taxa between paired on- and off-tumour microbiota showed that patients 

with right-sided colorectal cancer had a relatively consistent on- and off-tumour 

microbiota, with only 3 bacterial taxa being differentially enriched. In contrast 

patients with left-sided colorectal cancer had a more varied on- and off-tumour 

microbiota, showing 24 differentially enriched bacterial taxa. This supports a 

previous study by Thomas et al comparing the microbiota of rectal (left-sided) 

cancer patients and healthy controls. The authors showed there to be significant 

differences in bacterial taxa and diversity between cancerous and healthy rectal 

microbiota (Thomas et al., 2016). Collectively this implies that the tumour-defined 

microbiota may be more consistent with the microbiota found in the right colon 

compared to the left. This suggests that there is a shift in the left tumour 

microbiota away from the typical microbiota found in the left colon, becoming more 

similar to the right colonic microbiota. Along with patients with right-sided 

colorectal cancer developing symptoms later, this may also explain why right-sided 

tumours tend to be more advanced and larger compared to left-sided tumours, as 

the right colonic microbiota is primed to support colorectal cancer progression 

(Baran et al., 2018).  
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Previous studies comparing the microbiota between the right and left colon, such 

as those by Flemer et al and Gao et al, have presented differences in the 

on-tumour microbiota between the proximal and distal colon. These studies have 

accounted for medicinal intervention with antibiotics prior to surgery; however, 

neither study assessed the prevalence of iron deficiency anaemia or enteral iron 

therapy in their cohort (Flemer et al., 2017; Gao et al., 2015). With iron deficiency 

anaemia tending to be unequally prevalent between right- and left-sided colorectal 

cancer patients, this may influence the differences observed in the tumour 

microbiota between locations (Acher et al., 2003). As enteral iron therapy has 

been shown to alter the gut microbiota, this leaves the potential to present with 

differential bacterial populations compared to patients treated with parenteral iron, 

or those who are not iron deficient (Parmanand et al., 2019; Lee et al., 2017). 

 

A previous study by Deng et al has shown there to be significant differences in 

systemic metabolomic profiles between patients with right- and left-sided 

colorectal cancer patients. The authors suggested that variations in the gut 

microbiota may be accountable for some of the differences observed, with 

metabolites upregulated in right-sided colorectal cancer patients having the 

potential to contribute to disease progression (Deng et al., 2018). Further clinical 

and translational work is required to understand the outcomes of the gut 

microbiota in right- and left-sided colorectal cancer, how this can influence tumour 

biology, and assess any causal relationship between colonic bacterial populations 

and oncological outcomes. 

 



 

139 

 

This pilot study provides a novel insight into the on- and off-tumour microbial 

profiles between right- and left-sided colorectal cancer patients. This suggests a 

varied microbiota between the right and left colon; however, the presence of a 

colonic tumour leads to a more consistent cancer-defined microbiota. This is 

potentially through the left tumour microbiota being more similar to the microbiota 

found in the right colon, suggesting that the right colonic microbiota may be more 

favourable to support colonic tumours. Despite the relatively small sample size of 

this study, significant differences were inferred between right- and left-sided 

colorectal cancer patients, which can form the foundation for further large-scale 

explorative studies. Future studies may overcome some limitations of this study by 

accounting for further confounding variables such as diet. As well as including a 

more diverse study population, ensuring a more balanced spread of patient 

characteristics between groups. Furthermore, future studies could compare the gut 

microbiota between multiple sites along the colonic tract, in order to assess if a 

gradient in the microbiota exists from the proximal to the distal colon. This would 

contribute to determining if the colonic microbiota could be further stratified into 

right, transverse, and left colon. 

 

One of the major limitations of this study is the marked differences in sex 

distribution between tumour locations (Table 5.1); within this study, patients with 

right-sided colorectal cancer consisted of 53% males and 47% females, while 

patients with left-sided colorectal cancer consisted of 100% males. Previous 

studies have suggested the potential for sex differences in the gut microbial 

composition between males and females, with the majority of studies comparing 

healthy faecal samples (Kim et al., 2020). Therefore, the variation in sex 
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distribution within these studies may translate into potential differences in the 

mucosal-adherent microbiota within this study of right- and left-sided colorectal 

cancer. In order to assess the validity of this study in regard to sex distribution, a 

sub-analysis was performed comparing the gut microbiota between only males 

with right-sided (n=9) and left-sided (n=7) colorectal cancer (Appendix 1), in order 

to assess if the microbial differences observed between right- and left-sided 

colorectal cancer were due to sex variation. This sub-analysis supports the results 

observed between right- and left-sided colorectal cancer patients. Males with 

right-sided colorectal cancer showed significantly greater off-tumour α-diversity 

compared to males with left-sided colorectal cancer (Figure A1), along with 

exhibiting distinct bacterial community clusters showing significantly different 

off-tumour β-diversity (Figure A2). Furthermore, on-tumour α- and β-diversities 

showed no significant differences between males with right- and left-sided 

colorectal cancer (Figure A1 and Figure A2). Taxonomic analysis further 

supported these observations, as the off-tumour microbiota of males with 

colorectal cancer showed large taxonomic differences between the right and left 

colon, whereas more subtle differences are present between the on-tumour 

microbiotas (Figure A3 and Figure A4). Finally, analysis of paired on- and off-

tumour taxonomy in males with right- and left-sided colorectal cancer additionally 

supports the results observed; the right colon shows a relatively consistent 

microbiota, whereas the left colon shows a more varied taxonomic composition 

(Figure A5 and Figure A6). Collectively these results support the microbial 

differences observed between patients with right- and left-sided colorectal cancer, 

suggesting that within this cohort that sex differences were not confounding the 

results of this study. Future studies with a larger sample size would aid in further 
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stratification to analyse differences between sex in right- and left-sided colorectal 

cancer patients, as well as assessing if differences within iron therapy differentially 

alter microbial composition between sex and tumour location. This has the 

potential to support a more personalised approach to iron therapy based upon 

patient status, rather than a one size fits all approach. 

 

5.3 Comparison of Systemic Inflammatory Profiles Between 

Patients with Right- and Left-sided Colorectal Cancer 

5.3.1  Background 

Previous studies have demonstrated that the colonic mucosal immune system 

shows variability between the right and left colon, with differences in immune 

activation and abundance of intraepithelial T-cells (Kirby et al., 2003; Zhang et al., 

2018). With right-sided tumours being regarded as highly immunogenic and left-

sided tumours being weakly immunogenic (Baran et al., 2018). A previous study 

by Patel et al assessed the inflammatory differences between patients with right- 

and left-sided colorectal cancer, with the authors using serum C-reactive protein 

and albumin concentration as markers of systemic inflammation. The authors 

showed that patients with proximal colonic tumours have elevated systemic 

inflammatory responses compared to tumours of the distal colon (Patel et al., 

2018). In order to elaborate upon the current knowledge of inflammatory 

differences between right- and left-sided colorectal cancer patients, serum 

cytokine profiles were compared between patients with proximal and distal 

tumours. Within this cohort of iron-deficient anaemic colorectal cancer patients, 

oral and intravenous iron treatments have been shown to lead to differential 

systemic cytokine profiles (Figure 4-5, Figure 4-6, and Figure 4-7). Hence, when 
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assessing systemic inflammatory markers between right- and left-sided colorectal 

cancer patients, serum was assessed prior to iron therapy. 

 

5.3.2 Differences in Serum Inflammatory Mediators Between Right- 

and Left-sided Colorectal Cancer 

Within the serum of patients with right-sided tumours, there was a significantly 

greater concentration of the pro-inflammatory cytokines IL-1b (p=0.0006), IL-6 

(p=0.0001), IL-8 (p=0.003), IL-9 (p=0.001), MIP-1a (p=0.002), MIP-1b (p=0.006), 

TNF-a (p=0.006), Eotaxin (p=0.0007), and G-CSF (p=0.001), compared to patients 

with left-sided tumour (Figure 5-9). When comparing systemic anti-inflammatory 

mediators, patients with right-sided tumours showed a greater concentration of 

IL-1ra (p=0.0005), IL-4 (p=0.0001), and bFGF (p=0.0008) in their serum, 

compared to left-sided tumours (Figure 5-10). Collectively this suggests that 

patients with right-sided tumours are more immunogenic compared to patients with 

left-sided tumours, showing a greater concentration of both pro- and 

anti-inflammatory mediators within their serum. 
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Figure 5-9: Systemic pro-inflammatory cytokines in serum from patients with right- 
and left-sided colorectal cancer 
Comparison of the pro-inflammatory cytokines IL-1b, IL-6, IL-8, IL-9, MIP-1a, MIP-1beta, 
TNF-alpha, Eotaxin, and G-CSF between patients with right- and left-sided colorectal 
cancer (n=20). T-test was used to compare cytokine concentration between right- and left-
sided colorectal cancer patients, with a p-value ≤ 0.05 considered statistically significant. 
Error bars represent the standard error of the mean. 
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Figure 5-10: Systemic anti-inflammatory mediators in serum from patients with 
right- and left-sided colorectal cancer 
Comparison of the anti-inflammatory mediators IL-1ra, IL-4, and bFGF between patients 
with right- and left-sided colorectal cancer (n=20). T-test was used to compare cytokine 
concentration between right- and left-sided colorectal cancer patients, with a p-value 
≤ 0.05 considered statistically significant. Error bars represent the standard error of the 
mean. 

 



 

145 

 

5.3.3 Discussion 

Right-sided colorectal tumours tend to be more advanced, poorly differentiated, 

and are associated with worse survival, compared to tumours of the left colon 

(Yang et al., 2016). The study aimed to determine if differential inflammatory 

profiles are present between right- and left-sided colorectal cancer patients, which 

may contribute to inferring a biological mechanism to explain the clinical disparities 

observed between tumour locations. The role of inflammatory cytokines in 

colorectal cancer is complex. A rise in pro-inflammatory cytokine production, 

primarily mediated by Th1 immune cells, in cancer initiation is considered to 

invoke an anti-tumourigenic response (Burkholder et al., 2014). However, once a 

tumour is established inflammation can contribute to colorectal tumour progression 

through the contribution of pro-oncogenic cytokines and growth factors that can 

support tumour cell growth, survival, and dissemination (Hnatyszyn et al., 2019; 

Zeng, Mukherjee and Zhang, 2019). The results of this study have shown that 

colorectal cancer patients with tumours of the right colon have increased levels of 

both pro- and anti-inflammatory mediators in their serum, compared to those with 

tumours in their left colon (Figure 5-9 and Figure 5-10). As these are well 

established and developed cancers, mainly T3/4 stage tumours, an increase in 

inflammatory cytokines may promote tumour progression (Hnatyszyn et al., 2019; 

Zeng, Mukherjee and Zhang, 2019). Potentially supporting a causal relationship 

between an increased inflammatory cytokine profile, with inferior oncological 

outcomes observed in right-sided colorectal cancer patients, through regulating 

inflammatory/oncogenic pathways. However, further clinical studies are required to 

confirm this association. 
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The pro-inflammatory cytokines IL-1b (Lopez-Castejon and Brough, 2011), IL-6 

(Atreya and Neurath, 2005), IL-8 (Malicki et al., 2009), IL-9 (Li et al., 2018), TNF-a 

(Popko et al., 2010), MIP-1a (Maurer and von Stebut, 2004), MIP-1b (Kothapalli et 

al., 2005), G-CSF (Lawlor et al., 2004), and Eotaxin (Adar et al., 2014), which 

were increased in patients with right-sided tumours, all contribute to oncogenic 

pathways through the activation of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-kB) and/or STAT3 signalling (Bharadwaj et al., 2020; 

Krzystek-Korpacka et al., 2018; Erreni, Mantovani and Allavena, 2011). Both 

NF-kB activation and STAT3 phosphorylation are established drivers of 

inflammatory-associated colorectal cancer, being involved in regulating tumour cell 

proliferation, angiogenesis, and metastasis (Callejas et al., 2019). Furthermore, 

the anti-inflammatory mediators IL-1ra (Volarevic et al., 2010), IL-4 (Chatterjee et 

al., 2014), and bFGF (Song et al., 2015) are also increased in the serum of 

patients with right-sided tumours. These may counteract the raised 

pro-inflammatory cytokines also seen in right-sided colorectal cancer patients, 

such as IL-1ra which acts to inhibit the pro-inflammatory function of IL-1b (Baker, 

Houston and Brint, 2019). However, these anti-inflammatory mediators may also 

contribute to colorectal pathogenesis. IL-4 is an immunosuppressive Th2 cytokine 

that can activate the survival pathway NF-kB through activation of STAT-6 (Nappo 

et al., 2017). IL-4-mediated STAT6 activation has been shown to contribute to 

epithelial to mesenchymal transition in colorectal cancer cell lines, as well as 

contribute to cellular proliferation (Song et al., 2021). Human clinical studies 

assessing IL-4 have shown that the serum concentration of IL-4 was able to 

predict tumour staging, with greater IL-4 concentration associated with worse 

tumour stage (Berghella et al., 2002). Furthermore, serum concentration of the 
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angiokine bFGF has also been shown to be positively correlated with tumour 

stage, with high expression associated with worse overall survival in colorectal 

cancer patients (Jibiki et al., 2014; Caiado et al., 2020). 

 

These results demonstrate that the circulating levels of both pro- and 

anti-inflammatory mediators are more prominent in colorectal cancer patients with 

right-sided tumours. This supports previous studies showing that right-sided 

tumours are more immunogenic compared to left-sided tumours (Baran et al., 

2018). This further expands upon this, suggesting that both Th1 (pro-inflammatory) 

and Th2 (anti-inflammatory) immune responses may be involved in the inferior 

oncological outcomes associated with right-sided colorectal tumours. Previous 

work by Hamilton et al supports this, with the authors concluding that interaction 

between both Th1 and Th2 immune responses are required for tumour 

progression (Hamilton and Bretscher, 2008). 

 

Right- and left-sided colorectal cancer patients show variability in prevalence 

between males and females (Baran et al., 2018), along with males and females 

with colorectal cancer showing differences in inflammatory cytokine levels 

(Pellegrini et al., 2011; Sharma et al., 2010), this provides the potential for sex 

differences to confound the cytokine differences observed between right- and left-

sided colorectal cancer patients observed in Chapter 5.3.2. In order to determine if 

sex differences were accountable for the cytokine observations presented 

between right- and left-sided colorectal cancer patients, a sub-analysis was 

performed assessing only male colorectal cancer patients with right- and left-sided 

tumours (Appendix 3). The results of this sub-analysis showed that IL-1b, IL-6, IL-
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9, G-CSF, MIP-1a, MIP-1b, TNF-a, and Eotaxin were all significantly higher in 

males with right-sided colorectal cancer compared to males with left-sided 

colorectal cancer, consistent with the results presented in the full analysis 

population (Chapter 5.3.2). IL-8 was the only cytokine to show differential results in 

the male sub-analysis, showing no significant differences between males with 

right- and left-sided colorectal cancer patients. Collectively this infers that sex does 

not seem to be a major influence over the tumour-locational differences in 

inflammatory cytokine levels in this cohort of anaemic colorectal cancer patients, 

showing largely consistent differences between right- and left-sided colorectal 

cancer patients in the full and male only analyses. 

 

This study could be further improved through the addition of a sub-group analysis, 

separating cytokine profiles into those with ascending, transverse, and descending 

tumours. This would aid in assessing if a gradient in cytokine level exists between 

the proximal and distal colon. Furthermore, this study could be improved through 

evaluating other immunological factors between the right and left colon. For 

instance, the assessment of tumour tissue inflammatory cytokine profiles and 

determining differences in tumour immune cell infiltration would aid in further 

understating the immunological pathway differences between right- and left-sided 

colorectal cancer. Potential limitations of this study include the use of the cytokine 

multiplex-assay, which are unable to discriminate between bioactive and inactive 

molecules. Therefore, this has the potential for the relevance of alterations in 

cytokines profiles to potentially be skewed by non-biologically relevant inactive 

cytokines (Koola, 2016). Furthermore, within this study iron supplementation was 

the main factor accounted for, due to its association with altering cytokine levels. 
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However, other factors such as tumour stage, diet, and BMI can also influence 

systemic cytokine profiles (Kantola et al., 2012; Naqvi et al., 2021). Hence, 

ensuring consistency within these factors within this study would aid in validating 

the results observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

150 

 

Chapter 6: Effect of Colorectal Tumour Location 

and Iron Therapy on Long-term Clinical Outcomes  

6.1 Background 

Having shown that both oral and intravenous iron therapy and right- and left-sided 

colorectal cancer patients show differential microbiological and immunological 

responses, next was assessed if these disparities translate into observable 

differences in long-term clinical outcomes within this cohort of anaemic colorectal 

cancer patients. A previous study on the IVICA cohort assessing survival following 

surgery showed that colorectal cancer patients treated preoperatively with oral and 

intravenous iron show no differences in overall, disease-free survival and cancer-

specific survival (Dickson et al., 2020). Here is provided a sub-analysis of the 

IVICA long term follow-up data, in order to assess differences between right- and 

left-sided colorectal cancer and assess if these are altered between oral and 

intravenous iron-treated patients.  

 

Anaemia is highly prevalent in colorectal cancer being reported in approximately 

60% of patients, most often associated with iron deficiency (Wilson et al., 2018). 

Preoperative anaemia in colorectal cancer is associated with worse overall and 

disease-free survival (Tokunaga et al., 2019; Väyrynen et al., 2018). Hence, 

ensuring adequate iron therapy in order to treat anaemia preoperatively is 

essential to limit these inferior survival outcomes. Furthermore, multiple studies 

have assessed the prognostic significance of tumour location in colorectal cancer, 

suggesting that right-sided colorectal cancer patients have inferior survival 

outcomes compared to those with left-sided tumours (Lee et al., 2018; Petrelli et 

al., 2017; Nakagawa-Senda et al., 2019). However, within these studies, the 
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prevalence of anaemia and iron therapy preoperatively was not assessed. As 

right-sided colorectal cancer is more commonly associated with anaemia 

compared to left-sided cancers, this may contribute to the differences observed 

(Omar Al-Hassi, Ng and Brookes, 2018). This is the first study to assess the 

differences in right- and left-sided colorectal cancer long-term clinical outcomes, 

while ensuring consistency in the prevalence of anaemia as well as shedding light 

on potential differences within iron therapy between these cohorts.  

 

6.2 Study Population 

Between May 2012 and June 2014 79 anaemic colorectal cancer patients from 

Nottingham University Hospitals NHS Trust were randomised to receive either oral 

(n=36) or intravenous (n=43) iron, of which 56 had right-sided colorectal cancer 

and 23 had left-sided colorectal cancer. Demographics, preoperative risk score, 

and tumour characteristics are all assessed in Table 6.1. All patients were eligible 

for long-term clinical outcome analysis and underwent surgical resection with 

curative intent. The clinical database was locked on 16th August 2019, with 

follow-up data available for all patients. The median overall follow-up duration was 

52 months (IQR 34-60, range 1-71). 
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Patient Characteristics 
Right-sided Colorectal 

Cancer (n=56) 
Left-sided Colorectal 

Cancer (n=23) 

Age  74.1 [9.5] 70.5 [13] 

Male 29 (52%) 18 (78%) 

Female 27 (48%) 5 (22%) 

Height, m 1.66 [0.09] 1.71 [0.10] 

Weight, kg 75.1 [15.2] 80.3 [17.6] 

Inclusion Hb, g/L  97 [13] 101 [11] 

Recruitment ferritin, μg/L * 22 [10-34] 23 [10-56] 

Recruitment transferrin saturation, 
% * 

2.9 [2.5-3.5] 3 [2.7-3.2] 

Tumour Stage   

   T≤2 4 (7%) 4 (17%) 

   T3 39 (70%) 14 (61%) 

   T4 13 (23%) 5 (22%) 

Iron Treatment   

    Oral 27 9 

    Intravenous 29 14 

Preoperative Risk Assessment   

    ASA fitness status classification   

        I–II 36 (64%) 14 (61%) 

        III–IV 20 (36%) 9 (39%) 

    CR-POSSUM mortality score, % * 3.6 [2.6-9.3] 3.5 [1.9-6.2] 

Table 6.1: Patient cohort demographics 
Categorical variables are presented with percentages. Continuous variables are 
presented as mean value [standard deviation] or *median value [interquartile range]. Hb, 
haemoglobin. CR-POSSUM, ColoRectal Physiological and Operative Severity Score for 
the enumeration of Mortality and morbidity. ASA, American Society of Anesthesiologists. 
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6.3 Results 

6.3.1 Survival Outcomes 

Overall, there were 22 deaths in the right-sided colorectal cancer cohort at a 

median duration of 22 months (IQR 10-52, range 0.3-64), of which 8 had been 

treated with oral iron (Median duration 37 months, IQR 8-58, range 3-64) and 14 

were treated with intravenous iron (median duration 20 months, IQR 11-48, range 

0.3-53). In contrast, there were 7 deaths in the left-sided colorectal cancer cohort 

at a median duration of 29 months (IQR 4-38, range 0.2-38) of which 3 had been 

treated with oral iron (Median duration 17 months, IQR 0.2-23, range 0.23-29) and 

4 were treated with intravenous iron (median duration 36 months, IQR 12- 38, 

range 4-38). Across all patients, the 1-, 2-, 3-, and 5-year overall survival 

estimates were 89% (95% CI 79-94), 81% (70-88), 77% (66-85), and 59% (45-70) 

respectively. The 3- and 5-year overall survival estimates were 76% (95% CI 63-

85) and 56% (40-69), respectively, for right-sided colorectal cancer patients and 

78% (55-90) and 69% (45-84), respectively, for left-sided colorectal cancer 

patients (log rank P =0.493; Figure 6-1a). Univariate Cox Regression showed no 

significant differences in overall survival [hazard ratio (HR) 0.74, 95% CI 0.32-

1.75, p=0.495] between right- and left-sided colorectal cancer patients. No 

significant differences were observed in overall survival when right- and left-sided 

colorectal cancer patients were stratified into iron treatment groups (Figure 6-1b, 

c). The 3- and 5-year cancer-specific survival were 84% (CI 95% 71-92) and 72% 

(55-89), respectively, for right-sided colorectal cancer patients and 85% (61-95) 

and 80% (55-92), respectively, for left-sided colorectal cancer patients 

(log rank P = 0.703; Figure 6-2a). Univariate Cox Regression showed no 

significant differences in cancer-specific survival [HR 0.80, 95% CI 0.26-2.50 
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p=0.704] between right- and left-sided colorectal cancer patients. No significant 

differences in cancer-specific survival were observed when right- and left-sided 

colorectal cancer patients were stratified into iron treatment groups (Figure 6-2b, 

c). 
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Figure 6-1: Kaplan-Meier overall-survival estimates 
Kaplan-Meier curves displaying estimated overall survival between patients with right- and 
left-sided colorectal cancer (a) and between oral and intravenous (IV) iron treated right- 
and left-sided colorectal cancer patients (b) in months since operation. P-value was 
calculated using the log rank P test with a p-value ≤ 0.05 considered statistically 
significant (c). 
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Figure 6-2: Kaplan-Meier cancer-specific survival estimates 
Kaplan-Meier curves displaying estimated cancer-specific survival between patients with 
right- and left-sided colorectal cancer (a) and between oral and intravenous (IV) iron 
treated right- and left-sided colorectal cancer patients (b) in months since operation. P-
value was calculated using the log rank P test with a p-value ≤ 0.05 considered 
statistically significant (c). 
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6.3.2 Colorectal Cancer Recurrence 

There were 24 recurrences in the right-sided colorectal cancer cohort at a median 

of 12 months (IQR 8-30, range 0.3-64), of which 10 had been treated with oral iron 

(Median duration 18 months, IQR 9-51, range 3-64) and 14 were treated with 

intravenous iron (Median duration 11 months, IQR 8-28, range 0.3-47). In contrast, 

there were 9 recurrences in the left-sided colorectal cancer cohort, of which 4 were 

treated with oral iron (Median duration 10 months, IQR 2-14, range 0.2- 15) and 5 

were treated with intravenous iron (Median duration 18, IQR 7-31, range 4-34). 

Across all patients, the 1-, 2-, 3- and 5-year disease-free survival estimates were 

76% (95% CI 65-84), 70% (58-79), 64% (52-74) and 56% (43-67), respectively. 

The 3- and 5-year disease-free survival estimates were 65% (95% CI 50-76) and 

55% (40-67), respectively, for right-sided colorectal cancer patients and 64% (40-

80) and 59% (36-76) respectively for left-sided colorectal cancer patients (log rank 

P = 0.878; Figure 6-3a). Univariate Cox Regression showed no significant 

differences in disease-free survival [HR 0.94, CI 95% 0.44-2.03, p=0.878] between 

right- and left-sided colorectal cancer patients. No significant differences in 

disease-free survival were observed when right- and left-sided colorectal cancer 

patients were stratified into iron treatment groups (Figure 6-3b, c). 
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Figure 6-3: Kaplan-Meier disease-free survival estimate 
Kaplan-Meier curves displaying estimated disease-free survival between patients with 
right- and left-sided colorectal cancer (a) and between oral and intravenous (IV) iron 
treated right- and left-sided colorectal cancer patients (b) in months since operation. P-
value was calculated using the log rank P test with a p-value ≤ 0.05 considered 
statistically significant (c). 
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6.4 Discussion 

This study provides a novel insight into the long-term clinical outcomes in anaemic 

patients with right- and left-sided colorectal cancer, as part of a randomised 

controlled trial comparing iron therapy. Having previously shown the 

microbiological and immunological differences between right- and left-sided 

colorectal cancer, and between oral and intravenous iron-treated patients, there is 

the potential that this may translate into differential oncological outcomes which 

may lead to variability in long-term clinical outcomes. However, here the results 

have demonstrated no significant differences in overall, disease-free, and 

cancer-specific survival between right- and left-sided colorectal cancer patients, 

and between oral and intravenous iron therapy in these cohorts of patients. These 

results contradict the current literature regarding the prognostic significance of 

tumour location in colorectal cancer, which show that right-sided colorectal cancer 

patients have inferior survival outcomes compared to left-sided cancer patients 

(Lee et al., 2018; Petrelli et al., 2017; Nakagawa-Senda et al., 2019).  

 

The discrepancies observed within this study may be explained through a 

multitude of factors. For instance, iron therapy was only administered for a short 

period prior to surgery, allowing enough time to stimulate differences in the gut 

microbiota and mucosal immune system; however, the microbiological and 

immunological mechanisms underpinning the potential oncological pathways that 

may alter disease outcomes are associated with chronic and prolonged 

inflammation and sustained microbial dysbiosis (Ng, 2016). Therefore, the short 

period of iron therapy within this study may not translate into clinically significant 

oncological changes that may influence patient outcomes. However, this leaves 
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the potential to further speculate upon the clinical relevance of long-term iron 

therapy. Furthermore, when comparing this study to previous studies regarding the 

difference in tumour location and survival in colorectal cancer, the prevalence of 

anaemia and iron therapy often is not accounted for and may contribute to the 

differences observed. For instance, left-sided colorectal cancer patients often 

present with more favourable survival outcomes compared to right-sided colorectal 

cancer patients; however, left-sided tumours are also less often associated with 

anaemia (Väyrynen et al., 2018). As anaemia preoperatively in colorectal cancer is 

an independent risk factor for unfavourable clinical outcomes, this may potentially 

influence these studies (Tokunaga et al., 2019; Väyrynen et al., 2018).  

 

Finally, a relatively small sample size was included in the study due to the 

selective process of ensuring consistency within patient characteristics, 

comorbidities, and prior therapy within this randomised control trial. Therefore, 

further large-scale explorative studies may find more significance between these 

cohorts through a larger sample size. It is important to note that the relatively small 

sample size in this study may contribute a type II error that may lead to inaccurate 

estimation of survival between groups. Furthermore, the primary endpoint of the 

IVICA trial was to investigate differences in blood transfusion requirements 

between colorectal cancer patients treated with oral and intravenous iron 

preoperatively. As the number of patients in each treatment arm would have been 

selected in order to provide the statistical power required to assess the primary 

endpoint, this may have the potential for the sub-analysis of long-term clinical 

outcomes presented to be underpowered. This has the potential to be accountable 

for the lack of differences observed within the results of this study. 
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Chapter 7: Conclusion 

The results of these studies support prior results published from the IVICA trial, 

suggesting the use of intravenous iron to treat anaemia preoperatively in colorectal 

cancer. Previous findings from the IVICA trial have focused on assessing the 

efficacy of iron therapy and quality of life following iron treatment; however, here 

this study expands upon this knowledge by showing the microbiological and 

immunological consequences of oral iron therapy. Oral iron therapy differentially 

alters both on-tumour and off-tumour bacterial populations, potentially promoting a 

more procarcinogenic gut microbiota, compared to intravenous iron-treated 

patients. Furthermore, intravenous iron preferentially increases tumour stromal 

and lymphoid iron stores, which may lead to more favourable immunological 

outcomes relative to oral iron. This is supported by oral iron-treated patients 

showing increased tumour immune cell activity and heightened pro-inflammatory 

outcomes. Future translational work within this area could assess the clinical 

outcomes of specific bacterial populations and immune profiles on patient survival, 

in order to determine if a causal relationship is present. This can contribute to a 

developed understanding of how the immune-microbiota interplay may be altered 

in colorectal cancer, allowing an insight into how potential probiotic and immune 

therapies may be able to reinstate mucosal homeostasis. 

 

Additionally, here is provided a novel insight into differences in the gut microbiota 

and inflammatory profiles between patients with right- and left-sided colorectal 

cancer. Initially, this study shows that the gut microbiota is altered between the 

right and left colon. However, the presence of a colonic tumour leads to a more 

consistent cancer-specific microbiota, that most likely reflects the diverse 
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microbiota found within the right colon. Furthermore, assessing inflammatory 

profiles between patients with right- and left-sided colorectal cancer reveals that 

right-sided tumours lead to heightened inflammatory outcomes. Finally, an insight 

into the potential implications of tumour location and iron therapy on survival 

outcomes is provided, showing no differences within this cohort of anaemic 

colorectal cancer patients. Collectively these results contribute to filling many 

current gaps in knowledge regarding the disparities between tumour locations in 

colorectal cancer and explaining why many clinical differences are observed, as 

well as providing an original insight into how iron therapy may lead to differential 

outcomes between anaemic right- and left-sided colorectal cancer patients. Future 

studies may consider stratifying patients into right- and left-sided tumours when 

assessing the gut microbiota or immunological outcomes in colorectal cancer, 

which may contribute to more personalised therapies.  
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Appendices 

Appendix 1 
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Figure A1: Comparison of on- and off-tumour α-diversity between males with right- 
and left-sided colorectal cancer 
α-diversity metrics (a) Chao1, (b) Observed operational taxonomic units (OTUs), and (c) 
Abundance-based coverage estimate (ACE) were significantly greater in the off-tumour 
microbiota in males with right-sided compared to the left-sided colorectal cancer. On-
tumour α-diversity metrics showed no significant differences between tumour locations 
(*p≤0.05, **p≤0.01, ns p>0.05). Boxplots represent mean and standard error of the mean. 
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Figure A2: On- and off-tumour β-diversity between males with right- and left-sided 
colorectal cancer 
Principle coordinate analysis (PCoA) plots based on Jaccard distances show significantly 
distinct bacterial community clusters (p=0.005) between the off-tumour microbiota from 
the males with right- and left-sided colorectal cancer (a). On-tumour microbiota from the 
right and left colon show no significant differences (ns) (b).   
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Figure A3: Linear discriminant analysis (LDA) effect size (LEfSe) cladogram 
comparing on- and off-tumour bacterial taxa in males with right- and left-sided 
colorectal cancer 
LEfSe cladogram representing differentially abundant bacterial groups in off-tumour (a) 
and on-tumour (b) microbiota between right and left colon. Differentially abundant taxa at 
the genus taxonomic levels or higher were included. Taxa and nodes highlighted in green 
were more significant in the right colon and red in the left colon. 
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(b)                                                                                                 

 

Figure A4: Linear discriminant analysis (LDA) effect size (LefSe) histogram 
comparing on- and off-tumour bacterial taxa in males with right- and left-sided 
colorectal cancer 
Histograms of LDA scores for differentially abundant bacterial taxa between the right and 
left off-tumour (a) and on-tumour (b) microbiota. Differentially abundant taxa at the genus 
taxonomic levels or higher were included. Taxa and nodes highlighted in green were more 
significant in the right colon and red in the left colon. 
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(a)                                           

(b)           

 

Figure A5: Cladogram comparison of paired on- and off-tumour microbiota between 
males with right- and left-sided colorectal cancer 
LEfSe cladogram demonstrating differentially abundant bacterial taxa between paired on- 
and off-tumour microbiota in right (a) and left (b) colon. Differentially abundant taxa at the 
genus taxonomic levels or higher were included. Taxa and nodes highlighted in red were 
more significant in the off-tumour microbiota and green in the on-tumour microbiota. 
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Figure A6: Histogram comparison of paired on- and off-tumour microbiota between 
males with right- and left-sided colorectal cancer 
Histogram of LDA scores for differentially abundant bacterial taxa between paired on- and 
off-tumour microbiota in the right (a) and left (b) colon. Differentially abundant taxa at the 
genus taxonomic levels or higher were included. Taxa and nodes highlighted in red were 
more significant in the off-tumour microbiota and green in the on-tumour microbiota. 
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Figure A7: Comparison of systemic pro-inflammatory cytokines before and after 
treatment with oral and intravenous iron in male colorectal cancer patients 
Pro-inflammatory cytokines IL-6 (a), IL-13 (b), MIP-1b (c), MCP-1 MCAF (d), PDGF-bb (e) 
and Eotaxin (f) were assessed before and after iron treatment with oral (n=12) and 
intravenous (IV; n=14) iron. Paired t-test was used to compare cytokine concentration pre- 
and post-treatment, with a p-value ≤ 0.05 considered statistically significant and a p-value 
> 0.05 was considered not significant (ns). 
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Figure A8: Th17 cell-associated pro-inflammatory cytokines in male colorectal 
cancer patients treated with oral and intravenous iron 
Pro-inflammatory Th17 cell-producing cytokines IL-17 (a), GM-CSF (b), and IFN-g (c) 
were assessed before and after treatment with oral (n=11) and intravenous (IV; n=14) 
iron. Paired t-test was used to compare cytokine concentration pre- and post-treatment, 
with a p-value ≤ 0.05 considered statistically significant and a p-value > 0.05 was 
considered not significant (ns). 
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Figure A9: Systemic Anti-inflammatory cytokines in males with colorectal cancer 
patients treated with oral and intravenous iron 
Anti-inflammatory cytokines IL-4 (a) and IL-10 (b) were assessed before and after 
treatment with oral (n=11) and intravenous (IV; n=14) iron. Paired t-test was used to 
compare cytokine concentration pre- and post-treatment, with a p-value ≤ 0.05 considered 
statistically significant and a p-value > 0.05 was considered not significant (ns). 

 

 

 

 

 

 

 

(a) 

  

  

  

  

  

  

  

  

  

  

  

  

(b) 



 

204 

 

Appendix 3 

Right Left
0.0

0.2

0.4

0.6

IL-1beta

n
g

/u
l

p = 0.0006

Right Left
0

1

2

3

4

IL-6

n
g

/u
l

p < 0.0001

Right Left
0

10

20

30

40

IL-8

n
g

/u
l

p = 0.0030

R i g h t L e f t

0

5 0

1 0 0

1 5 0

2 0 0

IL-9

n
g

/u
l

p = 0.0018

Right Left
0

10

20

30

G-CSF

n
g

/u
l

p = 0.0008

Right Left
0

1

2

3

4

5

MIP-1a

n
g

/u
l

p = 0.0024

Right Left
0

50

100

150

MIP-1b

n
g

/u
l

p = 0.0061

Right Left
0

10

20

30

40

TNF-a

n
g

/u
l

p = 0.0063

Right Left
0

50

100

150

200

Eotaxin

n
g

/u
l

p = 0.0007

 

Figure A10: Systemic pro-inflammatory cytokines in serum from male colorectal 
cancer patients with right- and left-sided colorectal cancer 
Comparison of the pro-inflammatory cytokines IL-1b, IL-6, IL-8, IL-9, MIP-1a, MIP-1beta, 
TNF-alpha, Eotaxin and G-CSF between patients with right-sided (n=10) and left-sided 
(n=16) colorectal cancer. T-test was used to compare cytokine concentration between 
right- and left-sided colorectal cancer patients, with a p-value ≤ 0.05 considered 
statistically significant. Error bars represent the standard error of the mean. 
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Figure A11: Systemic anti-inflammatory mediators in serum from male colorectal 
cancer patients with right- and left-sided colorectal cancer 
Comparison of the anti-inflammatory mediators IL-1ra, IL-4 and bFGF between patients 
with right-sided (n=10) and left-sided (n=16) colorectal cancer. T-test was used to 
compare cytokine concentration between right- and left-sided colorectal cancer patients, 
with a p-value ≤ 0.05 considered statistically significant. Error bars represent the standard 
error of the mean. 
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Appendix 4 

 

Figure A12: Example of immunohistochemistry negative control secondary 
anitbody only 


