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Abstract 

Inflammatory bowel disease (IBD) is comprised of two main intestinal diseases: 

ulcerative colitis and Crohn’s disease. The major characteristic of IBD is chronic 

uncontrolled inflammation of the intestinal mucosa which can affect any part of 

the gastrointestinal tract. The link between inflammation and cancer is widely 

known and studied with those afflicted by chronic inflammatory conditions (such 

as IBD) more likely to develop cancer. Recently, mesenchymal stem cells 

(MSCs) have shown therapeutic potential in IBD; however whether MSCs 

promote or suppress tumour growth still remains contentious within the 

literature. A number of studies indicate that MSCs exert anti-tumour effects and 

suppress tumour growth whilst other studies report pro-tumour effects. The use 

of MSCs as a treatment for IBD has shown promise in both animal models and 

human trials. However, as MSC treatment is still novel the long term risks 

remain unknown. 

This thesis aims to uncover how the immune system is affected by colorectal 

cancer (CRC) in an inflammatory environment in vivo and also whether 

treatment with MSCs has an anti or pro-tumour effect in the same in vivo model. 

The kinetics of the immune response to CRC development and the key effector 

lymphocytes that are implicated in tumour immunity were studied in the murine 

orthotopic model of CRC induced by CT26 cells implanted into the 

caecum. This study demonstrated significant changes in the number of NK cells 

in mesenteric lymph nodes and significant changes in the number of CD8+ T 

lymphocytes in Peyer’s patches of mice with CRC. Immunohistochemical 

labelling revealed that γδT cells were depleted in the colon of mice with CRC 

and immune cells (eosinophils, CD69+ T cells and CD11b+cells) infiltrated to the 

tumour site. Cytokine analysis revealed that CT26 cells and infiltrating CD45+ 

cells secreted IL-6 both in vitro and in vivo; CD45+ cells also expressed 

TNF, which further contributed to a pro-inflammatory tumour 

microenvironment. 

This study also demonstrated that the Winnie mouse is a viable model of 

spontaneous chronic inflammation with immune responses similar to what is 
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noted in human IBD. The Winnie mouse is also a good model of colitis-

associated CRC as injection of MC38 cells into the caecum resulted in a higher 

number of tumours compared to C57BL/6 mice. When CRC is induced by 

MC38 cells implanted into the caecum of Winnie mice,  an increase in the 

percentage of M1 macrophages, T cells and decrease in M2 macrophages was 

shown, which is expected, as the immune system is attempting to eliminate the 

foreign cells. 

MSCs have the ability to adapt to the environment in which they are placed, it 

has been theorised that in an inflammatory environment MSCs will have an anti-

inflammatory response. However, the role of MSCs in the tumour 

microenvironment is still contentious in the literature. The results of this study 

demonstrated that MSC treatment after CRC induction in both C57BL/6 and 

Winnie mice induces an immune response promoting tumour growth and 

progression, whereas MSC treatment given before CRC induction in both 

C57BL/6 and Winnie mice leads to an immune response that promoting an anti-

tumour environment. 

In conclusion, this study has established that CT26 colorectal cancer cells in an 

orthotopic model contribute to a pro-inflammatory tumour microenvironment and 

has significant effects on the immune system. It demonstrated that Winnie 

mouse is a good model of colitis associated CRC.  It also showed that MSC 

treatment given after CRC inductions leads to a pro-tumour environment and 

MSC treatment given before CRC induction leads to an anti-tumour 

environment. 
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Cancer is frequently associated with chronic inflammation as this was based on 

observations dating back to 1863 where it was noted that cancers initiated at sites of 

existing inflammation (Virchow, 1863); an observation that has since been confirmed 

by epidemiological studies with strong correlations found between chronic 

inflammation and increased risk of cancer (Coussens and Werb, 2002, Balkwill and 

Mantovani, 2012).  

Inflammatory bowel disease (IBD) is characterised by recurrent, idiopathic intestinal 

inflammation, the complications of which are potentially fatal. IBD is believed to be of 

multiple genetic origins and is a result of an uncontrolled immune reaction to gut 

bacteria (Becker et al., 2015). However due to it’s poorly understood aetiology, 

current IBD therapies treat the symptoms rather than the disease and are limited by 

adverse side effects and toxicity, rendering them largely ineffective. For many years 

the cause of IBD has been contentious with the most prominent theories 

hypothesising infectious causes such as Mycobacteria paratuberculosis and 

measles, allergic and nutritional related causes and micro-particles.  However these 

theories rely on the idea that there is increased intestinal permeability being the 

central defect leading to IBD. Rather than an excessive T cell driven process, 

Crohn’s has been suggested to be an innate immune deficiency disease, leading to 

the use of colony stimulating factors to augment the intestinal barrier function and 

innate immunity. A variety of changes in the gut flora, ranging from a basic dysbiosis 

to the absence of helminths, have also been proposed as the root cause of IBD.  

The risk of CRC for patients with IBD increases by 0.5 – 1% yearly, 8 – 10 years 

after diagnosis (Eaden et al., 2001). Although IBD patients only contribute to 1-2% to 

all cases of CRC, the mortality rate in patients with a diagnosis of CRC in the setting 

of IBD is higher than those afflicted with sporadic cases (Itzkowitz and Harpaz, 2004, 

Vagefi and Longo, 2005). 

Recently mesenchymal stem cells (MSCs) have gained popularity due to their 

therapeutic potential in many diseases including IBD. MSCs are multipotent stem 

cells that can be derived from many adult tissues including bone marrow and fat 

tissue (Mosna et al., 2010). MSCs are currently being used to treat inflammatory 

disorders such as arthritis, multiple sclerosis and IBD (González et al., 2009, 
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Duijvestein et al., 2010, Freedman et al., 2010, Ciccocioppo et al., 2011, Connick et 

al., 2012, Lee et al., 2013, Forbes et al., 2014).  

 

The long term effects of MSC treatment is still yet to be determined and a main 

concern of MSC treatment is whether MSCs actually suppress or promotes tumour 

development; in the absence of a consensus on this matter, therapeutics goods 

administration (TGA) and food and drugs administration (FDA) approval for clinical 

trials will be curtailed. (Lazennec and Jorgensen, 2008, Klopp et al., 2011). Many 

studies indicate MSCs exert anti-tumour effects and suppress tumour growth 

(Khakoo et al., 2006, Qiao et al., 2008b) while other studies report pro-tumourigenic 

effects (Karnoub et al., 2007, Zhu et al., 2009).  

 

1.1 Inflammatory Bowel Disease (IBD) 

IBD is comprised of two main chronic intestinal diseases: ulcerative colitis (UC) and 

Crohn’s disease (CD). The major characteristic of IBD is chronic, uncontrolled 

inflammation of the intestinal mucosa which can affect any part of the gastrointestinal 

tract (Hanauer, 2006). Diagnosis of IBD is often based on the presence of 

architectural distortion in the gastrointestinal tract; however chronic inflammation 

without any diagnostic abnormality can also be a feature of a normal gut. IBD can be 

distinguished from a normal inflammatory reaction in that IBD patients have the 

inability to down regulate this response and therefore the mucosal immune system is 

chronically activated and the intestines remain chronically inflamed (Hanauer, 2006). 

IBD incidence in Australia is 24.2 per 100,000 people with the peak onset age for CD 

being 20 to 30 years old and UC being 30 to 40 years, with some studies reporting a 

second onset peak of IBD being diagnosed between 50 and 70 years of age  

(Cosnes et al., 2011, Studd et al., 2016). Breakdowns of racial and ethnic subgroups 

indicate that higher rates of IBD occur in people of Caucasian and Ash-kenazic 

Jewish origin than individuals from other backgrounds. The distribution of IBD among 

ethnic and racial groups remains dynamic as it was originally thought that IBD 

occurred less frequently in ethnic and racial minority groups when compared to 

Caucasians. However this gap has been closing with increased incidence in African 

Americans and in second generation south Asians who have moved to developed 

countries (Andres and Friedman, 1999, Carr and Mayberry, 1999, Loftus, 2004).  
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IBD is most prevalent in developed countries such as the United States, United 

Kingdom and Australia (Loftus, 2004, Hanauer, 2006). The higher incidence of IBD is 

seen industrialised countries and the dramatic increase in cases during the 20th 

century support the theory that environmental factors contribute to disease 

development (Krishnan and Korzenik, 2002). Increases in incidence have been 

noted in southern countries, Asia and among migrants to first world countries. It is 

proposed that this may be a result of ‘westernisation’ lifestyle, including changes in 

diet, smoking, and variances in exposure to sunlight, pollution and industrial 

chemicals. 

1.1.1 Environmental Risk Factors  

The strongest environmental risk factor for IBD is smoking; the relationship between 

IBD and smoking is complex. Several case-control studies have shown that smoking 

is protective against UC with these results consistent across diverse geographic 

regions. However, the decreased risk for UC appears to be dose dependent. 

Conversely ex-smokers are 1.7 times more likely to develop UC than those who 

have never smoked (Lindberg et al., 1988, Loftus et al., 1996, van Erpecum et al., 

1996). Ex-smokers also appear to have a poorer disease outcome with more 

frequent hospitalisations then current smokers and are more likely to require a 

colectomy than those who have never smoked. In contrast to UC, smoking is a 

significant risk factor for the development of CD. Smokers with CD have a poorer 

disease course than non-smokers, with higher disease recurrence, more frequent 

surgical interventions and a greater need for immunosuppressive agents (Lindberg 

et al., 1988, Krishnan and Korzenik, 2002). 

Another risk factor is hygiene and sanitation given that IBD is perceived to be a 

disease of cleanliness. It has an inverse relationship with the degree of sanitation: 

i.e. poor sanitation appears to protect against IBD. It is suggested that good hygiene 

alters the intestinal flora by decreasing exposure to certain critical bacteria. This 

hypothesis is further supported by an increased frequency of UC and CD in higher 

socioeconomic groups (Farrell and LaMont, 2002, Krishnan and Korzenik, 2002).  

Occupation plays a role in IBD susceptibility with both UC and CD more prevalent in 

white-collar occupations. Higher mortality from IBD has been noted in managers, 

clerical and sales positions, all of which typically involve sedentary, indoor type work. 
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Conversely, mortality resulting from IBD is low among farmers and construction 

workers (Sonnenberg, 1990). There is a theory that suggests employment outside 

involving outdoor activities is protective against IBD, whereas work indoors confers 

an increased risk for IBD. This theory could explain the higher risk for people living in 

northern climates given that they spend more time indoors and also explains the 

increased risk to immigrants moving to developed countries as well as varying rates 

among ethnic groups in different regions (Sonnenberg, 1990, Andres and Friedman, 

1999). 

Diet as a risk factor in IBD appears to be inconclusive with some studies showing a 

higher intake of fatty acids increases the risk for IBD (Sonnenberg, 1990, Krishnan 

and Korzenik, 2002). It has also been suggested that frequent fast food intake 

confers a 3 to 4 fold greater risk for IBD (Persson et al., 1992). 

 

1.1.2 Genetic Risk Factors 

Epidemiological studies show that genetic factors play role in predisposition to IBD, 

however IBD is a complex disease and cannot be explained, using a single genetic 

model (Satsangi et al., 2003). UC and CD are thought to be heterogeneous 

polygenic disorders sharing some but not all susceptibility loci. It is more likely that 

the disease phenotype is determined by several factors, including interaction 

between allelic variant at a number of loci, as well as genetic and environmental 

influences (Satsangi et al., 2003). There is an increased prevalence of IBD in first- 

and second degree relatives and higher risk among siblings. The higher risk of IBD 

in the Jewish populations suggests that genetic factors play a larger role in some 

genetic sub-groups. Families with a high incidence of IBD among first degree 

relatives , 75% of those are concordant for either UC or CD , whereas 25% are non-

concordant with some family members having UC and others having CD. This is 

indicative of multiple, overlapping genetics factors that may contribute to disease 

pathogenesis. The strongest evidence of genetic factors contributing to susceptibility 

to IBD come from concordance studies in twins (Baumgart and Carding, 2007). 

These studies have shown that the concordance rate for UC is much lower than CD 

indicating that the genetic predisposition is much greater in CD.  
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Susceptibility regions on 12 chromosomes have been identified including regions on 

chromosomes 1, 3, 5, 6, 12, 14, 16, and 19 have been renamed as IBD1-9, 

respectively (Baumgart and Carding, 2007). A gene that has been identified as being 

linked to IBD is the CARD15 (NOD2) gene on chromosome 16. NOD2 is a 

polymorphic gene, involved in the innate immune system. NOD2 is the first gene to 

be clearly associated with IBD, and more than 60 mutations have been linked to the 

development of CD (Hugot et al., 2001, Ogura et al., 2001). It is estimated that 

defects in the NOD2 gene account for 17 to 27% of CD cases (Hugot et al., 2001). 

The mechanism by which the NOD2 gene leads to the development of IBD remains 

unclear; however one effect of the NOD2 gene is the activation of the nuclear factor 

(NF)-ϰB, a transcription factor involved in cellular inflammatory responses and 

macrophage apoptosis (Ogura et al., 2001, Satsangi et al., 2003). Activation of NF-

ϰB leads to the production of a wide variety of inflammatory factors including 

cytokines, growth factors and reactive oxygen species which all facilitate the 

inflammatory process and contribute to tissue destruction. NOD2 mutations reduce 

macrophage activation which leads to an increase in inflammation as seen in IBD. 

However the mechanistic basis of these findings remain ambiguous (Abreu, 2002). 

Microbial products that normally induce the production of chemokines via epithelial 

cells fail to maintain this function in the absence of NOD2 expression, thus leading to 

proliferation of bacteria and potential loss of mucosal barrier protection. 

 

1.1.3 Immunoregulatory Defects in IBD 

IBD is characterised by immunoregulatory effects in the mucosa, which appear to be 

associated with microbial exposure. Normally the relationship between commensal 

bacteria and the host is symbiotic as it is has been hypothesised that exposure to 

commensal bacteria in healthy individuals down-regulates inflammatory genes which 

leads to the inhibition of the NF-ϰB pathway and thus the immune response to the 

constant mirage of microbes and food antigens is inhibited (Donnenberg, 2000, 

Neish et al., 2000, Abreu, 2002, Sands, 2004). However in IBD this tolerance is lost 

and constant exposure to microbes and food antigens now triggers an inflammatory 

response subsequently causing a chronic destructive immune response. This has 

been demonstrated in mouse models by showing that colitis will not develop in 
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mutated strains of mice maintained in a germ free environments, conversely when a 

single commensal or mixed bacteria load is introduced, this results in rapid mucosal 

inflammation (Rath et al., 2001). IBD is also associated with increased permeability 

of the gut epithelial lining resulting in continuous stimulation of the mucosal immune 

system. In animal models it appears the most severe inflammation develops in the 

location of the permeability defect (Hanauer, 2006). 

T helper cells are mediators of inflammation producing differential cytokine 

production that can drive one of several different inflammatory pathways 

(Hendrickson et al., 2002). Evidence suggests that IBD may follow 1 of 2 pathways: 

an excessive T helper 1 phenotype, which is associated with CD or an excessive T 

helper 2 phenotype which is linked to UC. It is important to note that this dichotomy 

is in some individuals, is oversimplified and it is possible to have a combination of 

Th1 and Th2 pathologies in IBD patients (Bamias et al., 2005).    

Over production of IL-12, a macrophage-derived cytokine shifts the immune 

response in favour of a T helper 1 pathway.  This response is characterised by 

increased production of interferon-γ, Tumour necrosis factor (TNF)-α, interleukin (IL) 

- 1β, IL-2 and IL-6 and results in a self-sustaining cycle of activation (Abreu, 2002, 

Hendrickson et al., 2002, Bouma and Strober, 2003, Fuss, 2003). An excessive T 

helper 2 response is associated with increased secretion of IL-4, IL-5, IL-10, and IL-

13. T helper 2 cells also support the humoral immune response  (Hendrickson et al., 

2002). Mucosal inflammation may also result from a defect in the mature T cells, T 

helper 1 cells, suppressor cells that produce transforming growth factor (TGF)-β, IL-

10, and other immune-inhibitory cytokines. Such a defect would accelerate a loss of 

tolerance to ordinary antigens in the mucosal microflora, resulting in proliferation and 

production of inflammatory cytokines. This theory is supported by experimental 

studies where IL-10 deficient mice develop colitis and delivery of TGF-β or IL-10 

ameliorates the colitis (Abreu, 2002).   

T helper 17 (Th17) cells have also been linked to IBD pathophysiology particularly 

CD. Th17 cells are a group of IL-17 producing T cells linked to autoimmunity (Brand, 

2009). It was widely believed that chronic intestinal inflammation that is characteristic 

of IBD is the consequence of pathogenic Th1 CD4 cell responses against the luminal 

flora, which in turn is driven by pro-inflammatory cytokines such as IL-12 and TNF 
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(Sartor, 2006, Shih and Targan, 2008, Yadav and Liu, 2009). However recently 

evidence of high number of CD4 Th17 cells found in colonic lamina propria in mice 

and further analysis confirmed that commensal gut flora contribute to the expansion 

of these CD4 Th17 cells, leading to mucosal inflammation (Niess et al., 2008, Ivanov 

et al., 2009). IL-17 mRNA has been found to be highly expressed in inflamed 

mucosa from both UC and CD patients and it has also been shown that transcripts 

for Th17 related cytokines were increased in both UC and CD patients (Fujino et al., 

2003). The significance of Th17 immunity in UC is further supported with studies 

showing that recombinant IL-23 actually enhanced IL-17 production by lamina 

propria CD4 T cells in UC, however had a lesser effect on CD4 T cells in CD. This 

could be due to the Th1 pathway which has been reported to antagonise the Th17 

pathway via various mechanisms (Liu et al., 2009).  

 

1.2 Current IBD Therapies  

CD and UC have similar treatment regimes. Yet each treatment regime is specific to 

each individual as the physician sees fit. Currently there are five drug categories that 

may be prescribed to patients with IBD: anti-inflammatory, immunosuppressive, 

antibiotics, probiotics and biological therapy (Hanauer and Baert, 1994). Anti-

inflammatory drugs are the most commonly prescribed treatments for both UC and 

CD. These include the drug mesalazine and a group of drugs known as 

corticosteroids (prednisolone, methylprednisolone, butesonide) (Pithadia and Jain, 

2011). Mesalazine is only effective for mild-moderate sufferers of UC and shows no 

significant effect on CD (Camma et al., 1997). Few side-effects have been reported, 

however there is a risk of renal dysfunction. Of the patients prescribed 

corticosteroids, approximately one third failed to respond to this treatment in both UC 

and CD. This result could be explained by the differential expression of the 

glucocorticoid receptor (GR) promotor usage in T cells (Purton et al., 2004); not all T 

cells produce equivalent GR transcript and thus they may possess different 

susceptibility to glucocorticoid induced cell death, potentially accounting for why 

corticosteroid administration is ineffective.  
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IBD sufferers on corticosteroids also have the risk of several side-effects such as 

weight gain, thinning of the skin, glaucoma, diabetes and osteoporosis (Pithadia and 

Jain, 2011). Immunosuppressive drugs are also a commonly prescribed treatment 

for both UC and CD. This is due to the vast amount of evidence in support of an 

altered immune system playing a large role in the pathogenesis of IBD.  General 

drug treatments that are used in IBD are azathioprine, methotrexate, cyclosporine, 6-

mercaptopurine and tacrolimus (Pearson et al., 1995, Aberra et al., 2003). 

Azathioprine and 6-mercaptopurine both fail to precipitate a response to one third of 

the recipients and as a collective, this group of drugs can have severe side-effects 

such as renal dysfunction, hepatic injury, tremors, pancreatitis, hypertension, nausea 

and diarrhoea (Pithadia and Jain, 2011). The third category of prescribed drugs for 

IBD sufferers is antibiotics. Some common courses of antibiotics recommended are 

metronidazole, clarithromycin and ornidazole  (Sutherland et al., 1991, Arnold et al., 

2002). Antibiotics are only necessary if bacterial infection or a gastrointestinal tract 

(GIT) micro-flora imbalance is diagnosed (Sartor, 1995). 

 

Probiotics are also used in the treatment of IBD; the main side-effects reported for 

this course of treatment are flatulence and bloating causing severe discomfort. 

Patients that are on an immunosuppressive therapy should not be prescribed 

probiotics due to a risk of causing a micro-flora imbalance (Pithadia and Jain, 2011). 

Probiotics are not commonly prescribed as optimisation of the probiotic; dose and 

patient population have not been conducted. Over the past decade IBD has emerged 

as one of the most studied conditions linked to gut microbiota (Swidsinski et al., 

2002, Sartor, 2008). With some studies theorising that IBD pathogenesis may result 

from dysregulation of the mucosal immune system driving a pathogenic immune 

response against the commensal gut flora (Strober et al., 2007). Short-term 

treatment with enterically-coated antibodies dramatically reduced intestinal 

inflammation and has been demonstrated to have some efficacy in IBD (Casellas et 

al., 1998, Sartor, 2004). Studies have also consistently reported a decrease in alpha-

diversity in IBD, a measure of the total number of species in a community.  Reduced 

alpha-diversity in faecal microbiome has been shown in CD, specifically within the 

Firmicutes phylum (Kang et al., 2010b) and interestingly a reduced diversity has 

been shown in inflamed tissue versus non-inflamed tissue within the same patient. A 

major study recently analysed over 1000 patients-naïve samples, which were 
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collected from multiple concurrent gastrointestinal locations, from patients 

representing a variety of disease phenotypes with respect to location, severity, and 

behaviour. This study indicated that assessing the rectal mucosa-associated 

microbiome offers a potential for convenient and early diagnosis of CD (Gevers et 

al., 2014).  

 

The last category of drugs prescribed for IBD patients is biologics. The most 

common biologic on the market is infliximab, a tumour necrosis factor alpha (TNF-) 

blocker (Targan et al., 1997). TNF- is a cytokine primarily involved in inflammation 

and if the receptor of TNF- can be blocked, inflammation will then decrease. Side-

effects of infliximab can include heart failure, malignancies, autoimmunity and 

opportunistic infection (Triantafillidis et al., 2011). There are also many new biologic 

therapies in clinical trials that are of interest to IBD research scientists. The 

challenge for these researchers are to find specific receptors and corresponding 

blockers for key cytokines involved in the inflammatory process in order to 

ameliorate inflammation (Cohen, 2010). The issue with these biologic therapies is 

that the majority of the IBD population are not-responsive as the treatment does not 

prevent relapsing of the disease (Cohen, 2010).  

 

1.3 Mesenchymal Stem Cells (MSCs) 

One emerging therapy for IBD is mesenchymal stem cells (MSCs). Cells from bone 

marrow are aspirated and cultured in plastic flasks, hematopoietic cells and 

hematopoietic stem cells (HSCs) do not adhere to plastic.Once removed the 

remaining adherent cells were originally called colony-forming unit fibroblasts now 

referred to as MSCs. Like HSCs, MSCs are rare in bone marrow, representing only 1 

in 10,000 nucleated cells. MSCs are multi potent bone marrow cells able to 

differentiate in cells from mesenchymal origin such as adipose cells, bone cells, 

muscle cells and cartilage cells. MSCs provide the support for the growth and 

differentiation of hematopoietic progenitor cells in bone marrow microenvironments 

(Noort et al., 2002, Dalal et al., 2012). MSCs have been observed inhibiting T cell 

proliferation in vitro in 2002- 2003 by three independent investigators which opened 

the door for the use of MSCs for autoimmune disorders, first in animal models and 

then in humans (Bartholomew et al., 2002, Di Nicola et al., 2002, Le Blanc et al., 
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2003, Dalal et al., 2012). In co-culture experiments with allogenic lymphocytes, 

MSCs do not induce lymphocyte proliferation, interferon-γ production, or 

upregulation of activation markers. Despite this ex vivo property, survival of infused 

allogenic MSCs in immunocompetent mice was estimated to be less than 40 days 

and when mice were rechallenged, survival of infused MSCs was less than 5 days. 

There was also evidence of immune memory induction by MSCs suggesting that 

MSCs cannot completely evade the immune response and are eventually rejected 

(Bartholomew et al., 2002, Zangi et al., 2009, Dalal et al., 2012). MSCs suppress 

proliferation of activated lymphocytes in vitro in dose-dependent, non-human 

leukocyte antigen-restricted manner. In a baboon skin-graft model, investigators 

showed that infusion of ex-vivo expanded donor-derived or third party cells 

prolonged the time to rejection of histoincompatible skin grafts. Furthermore, infused 

cells improve the outcome of acute renal, neural, and lung injury, possibly by 

promoting a shift from production of pro-inflammatory to anti-inflammatory cytokines 

at the site of injury (Ortiz et al., 2003, Tögel et al., 2005, Zappia et al., 2005). 

Once administered MSCs can migrate through chemotaxis towards the site of 

inflammation, specifically targeting pathological manifestations. After homing to the 

site of inflammation, MSC can facilitate tissue regeneration through the secretion of 

pro-angiogenic and trophic factors, which have been shown to promote endogenous 

repair mechanisms (Stavely et al., 2014). MSCs appear to be immunomodulatory 

and secrete anti-inflammatory factors suppressing the immune response and 

inflammation. 

1.3.1 MSC Treatment in Clinical Trials  

Currently MSCs are being used in clinical trials for the treatment of CD fistulae and 

luminal inflammation have demonstrated that MSCs as a therapy in in IBD is shown 

to be effective and feasible. However, the MSCs are being used to treat fistulae 

caused by CD rather the CD itself. These trials have shown that MSCs used for the 

treatment of fistulising CD and have resulted in complete re-epithelisation of 

rectovaginal, enterocutaneous and complex perianal fistulae in most trial patients. 

The therapeutic outcome of MSC therapy in fistulising CD may be dose dependent 

with greater efficacy achieved by doses of 2x107 or 4x107MSCs/ml compared to 

1x107 MSCs/ml (Cho et al., 2013).  Long term effects of these treatments have been 
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reported with CD and perianal activity index scores declining 12 months post 

treatment and furthermore sustained closure of fistulae was achieved in 88-100% of 

all patients 8-12 months after a course of MSC treatment; however these effects are 

relatively transient given that only 58% of subjects saw closure after 3 years. This 

suggests that repeated treatment may be required to maintain the therapeutic 

benefits of MSC therapy. While autologous MSCs have demonstrated efficacy in the 

healing of fistulae further evidence is needed to conclude the long term immune 

tolerance in patients with repeated MSC exposure. Bacterial contamination is also a 

major concern as it poses a problem in the expansion of autologous MSCs and has 

done so in the past, which in turn causes delays in the MSC treatment (García-Olmo 

et al., 2005, García-Olmo et al., 2010).  

In the first human trial of systemic MSCs in CD patients, Onken et al. 2006 treated 

patients who had failed previous treatment with steroids and immunosuppressant’s 

and had active disease; patients were randomised to receive either low (2 million 

cells/kg) or high dose (8 million cells/kg) by intravenous injection from a third party 

healthy human bone. The MSC treatments were done in 2 doses, 7 days apart. All 

patients had a decrease in CDAI score by day 28. In another phase I study of 

autologous bone marrow derived MSCs were used to treat luminal refractory CD. 

Patients were administered intravenously two doses of MSCs at 1-2x106 cells/kg 

body weight 7 days apart. All patients in this study had previously failed 

corticosteroids and at least to anti-TNF drugs and 9 out of 10 patients had also failed 

2 immunosuppressive drugs. The results in this study show no clear efficacy and no 

remission was achieved in any patients, only 3 patients had a reduction in CDAI 

score with 4 patients requiring surgery or rescue medication within 14 weeks after 

cell treatment.  

 

1.3.2 Mechanism of Action  

While clinical trials have demonstrated the efficacy of MSCs in fistulising CD, the 

mechanism of the therapeutic effects of MSCS in IBD is less understood and needs 

to be explored. The intestinal epithelium creates a distinct barrier protecting the 

underlying tissues from pathogens in the gut lumen. Restoring the integrity of the 

epithelial lining ameliorates the excessive immune response in IBD, by preventing 
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interaction with foreign antigens (Okamoto, 2011, Fries et al., 2013). Gross 

morphological damage to the intestine is seen in IBD; however MSC treatment has 

shown to decrease this damage in experimental colitis models (Ando et al., 2008, 

Hayashi et al., 2008, Castelo-Branco et al., 2012). Histopathologically, MSCs appear 

to prevent the loss and discontinuity of column epithelial lining and derangement of 

the crypts and a protective effect on mucin secretion has also been observed This 

has been attributed to MSCs having a regenerative effect by promoting the 

proliferation of intestinal epithelium and the differentiation of intestinal stem cells 

(Tanaka et al., 2011, Fawzy et al., 2013). It has also been reported that MSCs 

stimulate endogenous mechanism of intestinal epithelial repair. It has also been 

shown that the tissue culture medium MSCs is grown in (referred to as conditioned 

medium), also has therapeutic effects. MSC conditioned medium has been shown to 

decrease epithelial damage in experimental models of colitis, this highlights the 

importance of the MSC secretome (Sémont et al., 2013, Watanabe et al., 2014). 

 

1.4 Animal Models of IBD 

Animal models are commonly used in IBD research, animal models are important in 

understanding the underlying genetic and environmental factors in IBD. Much of the 

recent progress in understanding mucosal immunity has been due to the study of 

new experimental models of intestinal inflammation (Elson et al., 2005). These 

models cannot replicate the complexity of IBD and do not replace studies with 

patient material, they are valuable tools for studying many important disease aspects 

that are difficult to address in humans, for example the pathophysiological 

mechanisms in early phases of colitis and the effect of emerging therapeutic options.  

The clinical appearance of human IBD is heterogeneous which is also reflected in 

the increasing number of transgenic or gene targeted mouse strains displaying IBD 

like intestinal alterations (Wirtz and Neurath, 2007). Animal models of IBD can be 

broadly characterised into 3 categories (Table 1.1) according to the defect in 

mucosal immunity: (1) defects in epithelial integrity/permeability, (2) defects in innate 

immune cells and (3) defects in cells of the adaptive immune system.  

The intestinal epithelium is a physical and immunological barrier that prevents direct 

contact of the intestinal mucosa with luminal microbiota (Wirtz and Neurath, 2007). It 
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has been shown that some IBD patients have a compromised intestinal barrier and 

that may play a crucial role in the development of IBD by allowing luminal antigens 

and microorganisms into the mucosa and thus initiating an immune response 

(MacDonald and Monteleone, 2005). Some animal models of IBD that have defects 

in intestinal barrier include the following mouse models (summarised in Table 1.1) 

including, DSS colitis, TNBS/Oxazolone colitis, multiple drug resistant gene deficient 

mice and Winnie mice  (MacDonald and Monteleone, 2005, Wirtz et al., 2007).   

Other models of IBD can be grouped based on defects found within the innate 

immune system, as shown in Table 1.1. The innate immune cells recognise foreign 

organisms through receptors (such as toll like receptors) that recognise pathogen-

associated molecular patterns (PAMPs). The interaction between PAMPs and 

pattern recognition receptors (PRRs) results in the activation of innate leukocytes 

leading to a cascade of events that are geared towards reducing the pathogen load 

and ultimately eliminating the infectious agent (Wirtz and Neurath, 2007). It has been 

shown that resident lamina propria macrophages in the healthy gut express innate 

response receptors and when triggered down-regulation of the production of pro-

inflammatory cytokines occur, suggesting the status of ‘inflammatory anergy’ and 

could be a potential mechanism for the absence of inflammation in the normal 

intestinal mucosa despite proximity to commensal bacteria flora. Mice with specific 

disruption of the signal transducer and activator of transcription 3 (STAT3) gene in 

macrophages and neutrophils have been shown to develop enterocolitis (Takeda et 

al., 1999). STAT3 is a critical factor within the signal transduction pathway of IL-10; 

this suggests that the absence of an IL-10 mediated counter regulatory effect on 

colonic macrophages continuously subjected to stimulation by luminal bacterial or 

food antigen is sufficient for the development of chronic intestinal colitis. A20 

deficient mice are also an example of a model of IBD with innate immune defects, 

A20 is an inducible and broadly expressed cytoplasmic protein that inhibits TNF-

induced NF-ϰB activity. A20 deficient mice develop spontaneous inflammation, 

cachexia and premature death in part due to failure of A20 deficient cells to 

terminate TNF-induced NF-ϰB responses (Lee et al., 2000).  

In addition to innate immune system defects, animal models that centre on adaptive 

immunity defects are also well characterised, as shown in Table 1.1. For example, it 

has been shown that CD4 T cells play a key role in the normal and 
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pathophysiological immune regulatory processes in the gastro intestinal tract, but 

different T cell subsets are also present and activated in CD vs UC indicating that the 

failure of regulation by T helper cells could be a major contributing factor to the 

pathogenesis of IBD (Neurath et al., 2002, Peluso et al., 2006). CD4 CD45RBH T 

cells isolated using fluoresce activated cell sorting from spleens of donor mice 

transferred to immunodeficient SCID mice cause a wasting syndrome with 

transmural inflammation primarily in the colon, starting 5-10 weeks after transfer. The 

role of IL-10 in this model was further emphasized by the fact that SCID mice 

administered both CD45RBhi and regulatory T cells together with anti-IL-10 receptor 

antibodies develop colitis (Asseman et al., 1999). Another model of IBD with an 

adaptive immune defect is STAT4 transgenic mice, STAT4 is a regulatory 

transcription factor specifically associated with IL-12/IL-23 receptor signalling 

(Kaplan et al., 1998), Mice over expressing STAT4 under control of a 

cytomegalovirus promoter system, which express highly elevated nuclear STAT4 

levels in spleen and lamina propria CD4 T cells after systemic administration of the 

antigenic stimulus DNP-KLH, have been shown to develop severe transmural colitis 

(Wirtz et al., 1999). 
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Table 1.1 Animal models of IBD  

Category  Animal Model  Mechanism of IBD 

1. Defects in 
epithelial 
integrity/ 
permeability 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DSS colitis  Is directly toxic to gut epithelial cells of 
the basal crypts and effects the 
integrity of the mucosal barrier 
(Dieleman et al., 1994, Wirtz and 
Neurath, 2007). 

TNBS/Oxazol
one colitis  

Are haptenating substances that are 
dissolved in ethanol. Ethanol breaks 
down the mucosal barrier and 
TNBS/Oxazolone haptenize colonic 
autologous or microbiota proteins 
making them immunogenic to the host 
immune system (Wirtz et al., 2007, 
Morris et al., 1989) 

DN N-
cadherin 
transgenic 
mice 

Have a dominant negative mutant of 
the cell adhesion molecule N-cadherin 
in intestinal epithelial cells along the 
crypt villus axis (Hermiston and 
Gordon, 1995, Wirtz and Neurath, 
2007) 

Keratin 8-/- 
mice 

Keratin 8 deficient mice develop 
colonic hyperplasia and colitis due to 
primary epithelial rather than immune 
cell defects (Baribault et al., 1994) 
 
 

Multiple drug 
resistant 
(MDR1) gene 
deficient mice  

Mdr1α-/- mice display spontaneous 
bowel inflammation triggered by the 
bacterial flora (Panwala et al., 1998) 

IKK-γ 
(NEMO)/IKKα
β deficiency 
in intestinal 
epithelial 
cells 

Activation of the transcription factor 
NFκB controls the inducible expression 
of most of the genes of inflammatory 
cytokines involved in the pathogenesis 
of IBD (Karban et al., 2004) 

SAMP1/YitFc 
(Samp) mice 

Spontaneous inflammation occurs with 
severe inflammation in the terminal 
ileum (Matsumoto et al., 1998) 

Winnie Mice Winnie mice carry a missense mutation 
in Muc2 which leads to severe 
endoplasmic reticulum stress in 
intestinal goblet cells and spontaneous 
chronic colitis (Eri et al., 2011, 
Heazlewood et al., 2008). 
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2. Defects in 
innate 
immune 
cells 

STAT3 
deficiency in 
myeloid cells  

Mice with a specific disruption of the 
STAT3 gene in macrophages and 
neutrophils develop spontaneous 
enterocolitis (Takeda et al., 1999) 

A20 deficient 
mice  

A20 is an inducible and broadly 
expressed cytoplasmic protein that 
inhibits TNF-induced NFκB activity. 
A20 deficient mice develop 
spontaneous inflammation (Lee et al., 
2000) 

TNFΔARE MIC
E 
 

Over production of TNF leads to 
polyarthritis and chronic intestinal 
inflammation (Kontoyiannis et al., 1999, 
Wirtz and Neurath, 2007) 

3. Defects in 
cells of the 
adaptive 
immune 
system 

CD45RBHI 
transfer 
model 

CD4+CD45RBHI T cells transferred to 
immunodeficient mice cause a wasting 
syndrome with transmural intestinal 
inflammation primarily in the colon 
(Powrie et al., 1993, Powrie et al., 
1994, Leach et al., 1996, Read et al., 
2000) 

STAT4 
transgenic 
mice  

STAT4 is a regulatory transcription 
factor specifically associated with IL-
12/IL-23 receptor signalling. Over 
expression of STAT4 leads to severe 
transmural colitis (Wirtz and Neurath, 
2007) 

IL-10/CRF2-4 
deficient mice 

Mice with IL-10 gene deletion 
spontaneously develop chronic 
enterocolitis with massive infiltration of 
lymphocytes (Kühn et al., 1993) 

TCRα 
chain−/− mice 
 

Mice deficient for the TCR-α chain 
(TCR-α−/−) spontaneously develop 
mucosal inflammation at 12–16 weeks 
of age with some characteristics similar 
to UC in humans (Mombaerts et al., 
1993) 

MAIT cell 
depletion 

When mucosal associated invariant T 
(MAIT) cells are depleted in mice it 
leads to the development of IBD 
(Ruijing et al., 2012) 
Fewer MAIT cells have also been 
found in the peripheral blood of IBD 
patients compared to non-IBD patients 
and the MAIT cells in IBD patients also 
exhibited pro-apoptotic features 
suggesting pathological involvement in 
IBD (Hiejima et al., 2015)   
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1.5 Chronic inflammation and cancer 

The link between inflammation and cancer is widely known and studied 

with those afflicted by chronic inflammatory conditions (such as IBD) more 

likely to develop cancer. (Ferrante et al. 2006; Boland et al. 2010; 

Bergman et al. 2011; Rizzo et al. 2011). Inflammation arises as a 

response to tissue damage that can occur from infection, chemical 

irritation or trauma. First neutrophils arrive at the site of inflammation in 

response to signals produced by resident macrophages, mast cells or 

even epithelium. Other immune cells are then recruited to the site of 

inflammation by a network of signalling molecules that includes growth 

factors, cytokines and chemokines.  

During chronic inflammation, inflammatory infiltrate predominantly consist 

of lymphocytes and macrophages. Macrophages are largely responsible 

for generating growth factors, cytokines and reactive oxygen and nitrogen 

species. Under normal conditions, these factors drive the inflammatory 

response, but during prolonged inflammation they may lead to continuous 

tissue damage, subsequent sustained cell proliferation and hence a 

predisposition to malignant transformation (Macarthur et al., 2004). The 

NF-κB transcription factor plays a key role in many physiological and 

pathophysiological processes and has an important part in mediating 

inflammatory signals. Although genetic alterations in NF-κB are rare in 

human tumours it has been found that in 40% of CRC tissues, NF-κB is 

constitutively activated (Kraus and Arber, 2009). IL-6 is a cytokine that 

binds to the IL-6 receptor (IL-6R) in the membrane of many immune cells 

like macrophages and T cells. The IL-6/IL-6R complex then binds to the 

signal transducer gp130 subunits and this promotes the dimerization and 

initiation of the intracellular signal transduction. In inflammation it is 

thought that IL-6 signalling plays a key role in the transition between 

innate and acquired immunity. IL-6 supresses neutrophil infiltration and 

promotes the accumulation of mononuclear leukocytes, which leads to the 

resolution of acute inflammation and the activation of acquired immunity. 

IL-6 has also been detected in multiple epithelial tumours and has been 

implicated in in cell proliferation, survival and metabolism. IL-6 has also 
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been implicated in tumourigenesis, however the nature of IL-6’s 

involvement in cancer is quite controversial because IL-6 is both tumour-

promoting and suppressive for example IL-6 has been linked to pro and 

anti-apoptotic activity in breast cancer cells (Schafer and Brugge, 2007). 

Reactive oxygen and nitrogen species may also contribute to DNA 

damage that can result in neoplasia (Coussens and Werb, 2002). Cancer 

development is a step-wise process whereby genetic changes confer a 

growth advantage, driving tumour development. Malignancy is 

characterised by several hallmarks: self-sufficiency of growth signals, 

resistance to anti-growth signals, escape from apoptosis, unregulated 

proliferation, enhanced angiogenesis and metastasis (Hanahan and 

Weinberg, 2000). To date, research into inflammation-induced cancer has 

largely focussed on chemokines, cytokines and their downstream targets. 

These inflammatory mediators may promote tumour growth, invasion, and 

metastasis and facilitate angiogenesis. 

  

1.5.1 Cancer Immunology  

The immune system has three primary roles in the prevention of tumours: 

1) the immune system can protect the host from virus-induced tumours by 

eliminating or suppressing viral infections, 2) the timely elimination of 

pathogens and prompt resolution of inflammation can prevent the 

establishment of an inflammatory environment conducive to 

tumourigenesis and 3) the immune system can specifically identify and 

eliminate tumour cells on the basis of their expression of tumour-specific 

antigens or molecules induced by cellular stress.  It has been well 

documented that tumours are generally infiltrated by immune cells 

(Whiteside, 2008, Balkwill and Mantovani, 2012) with many initially linking 

the presence of immune cells to an improved prognosis. However, 

recently studies have linked the presence of immune cells in tumours to a 

poorer prognosis depending on type, density and location of immune cells 

(Pagès et al., 2005, Galon et al., 2006, Galon et al., 2007, Whiteside, 

2008). The immune system can react to cancer cells in two different ways 
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either by reacting against tumour specific antigens or tumour associated 

antigens  (Finn, 2008). Immunity to carcinogen-induced tumours is 

normally directed at the products produced by unique mutations in normal 

cellular genes, these mutant proteins are known as tumour specific 

antigens (Finn, 2008). Numerous immune cells contribute to this reaction 

including macrophages, T lymphocytes, eosinophils and neutrophils.  

In the tumour microenvironment mature macrophages express distinct 

functional properties, known as M1 and M2 macrophages. Classically 

activated M1 macrophages are induced by IFN-γ alone or in concert with 

microbial stimuli or cytokines, alternatively M2 macrophages are activated 

by cytokines IL-4, IL-13, IL-1 or IL-10.  M1 macrophages have a high 

capacity to present antigens, high IL-12 and IL-23 production and 

consequent activation of type I T cell responses and M1 macrophages are 

also cytotoxic towards tumour cells as well as towards cells that have 

ingested intracellular micro-organisms. Whereas M2 macrophages have 

poor antigen presenting capabilities, have an IL-12low, IL-10high phenotype, 

suppress the inflammatory responses and Th1 adaptive immunity, actively 

scavenge debris, promote wound healing, angiogenesis and tissue 

remodelling (Mantovani, 1999, Biswas et al., 2006). Tumour associated 

macrophages (TAMs) are a major component of leukocyte infiltrate of 

tumours for cancer related inflammation and have the capabilities to 

express both pro and anti-tumour properties (De Palma et al., 2007, 

Mantovani et al., 2008, Pollard, 2009). TAMs recruitment is mediated by 

cytokines belonging to different classes including colony stimulating factor-

1 (Joyce and Pollard, 2009), vascular endothelial growth factor and 

chemokines (Mantovani et al., 2010). The tumour micro-environment 

expresses signals that play a central role in the polarisation of the 

macrophages recruited thus taking the local immune system away from 

anti-tumour functions. Differentiated mature TAMs have the phenotype 

and similar functions to M2 macrophages (Allavena et al., 2008). Lin et al 

(2001) showed that macrophage colony stimulating factor-1 (CSF-1) 

promotes malignancy in mammary tumours by regulating infiltration and 

function of TAMs (Lin et al., 2001). Ong et al. (2012) investigated whether 
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macrophages primed T lymphocytes towards a type-1 inflammatory 

response  in CRC. Macrophages were isolated from peripheral blood 

samples and it was found that tumour associated macrophages (TAMs), 

recruit T cells to the tumour site and promote a type-1 inflammatory 

response (Ong  et al., 2012).  

In addition, to the well characterised TAMs, neutrophils have recently 

emerged as new tumour infiltrating myeloid cell, playing an important role 

in tumour growth and progression; similarly to TAMs neutrophils also have 

both pro and anti-tumour roles. Neutrophil derived cytokines and proteins 

stored within granules may also play a dual role in tumour progression  

(Whiteside, 2008). For example neutrophil elastase was taken up by 

epithelial lung cancer cells and favoured tumour proliferation through the 

hydrolysis of insulin receptor substrate-1, which usually blocks PI3K 

activity and reduces platelet derived growth factor receptor (PDGFR) 

signalling (Houghton et al., 2010). However neutrophil elastase in breast 

cancer cells has been shown to promote tumour lysis by cleaving cyclin E 

in a truncated isoform, which is presented in the context of HLA-ABC and 

promotes T lymphocyte mediated lysis of tumour cells (Mittendorf et al., 

2012). Neutrophils also express numerous angiogenic factors that are able 

to modulate tumour angiogenesis such as CXCL1/MIP-2 which recruits 

neutrophils that release a biologically active form of  vascular endothelial 

growth factor (VEGF)-A (Scapini et al., 2004). Neutrophils have also been 

shown to be a source of anti-angiogenic mediators such as elastase which 

promotes the degradation of VEGF-A, basic fibroblast growth factor (bFGf) 

and α-defensins. Tumour infiltrating neutrophils and cancer prognosis is 

still unclear in the literature as tumour infiltrating neutrophils have been 

shown to lead to a poor prognosis in CRC, hepatocellular carcinoma, head 

and neck squamous cell carcinoma and bronchioloalvolar cancer. 

Conversely tumour infiltrating neutrophils have been associated with a 

better prognosis in gastric cancer (Galdiero et al., 2013).  

Exogenous antigens secreted by tumour cells can enter a processing 

pathway known as cross presentation; this allows cytotoxic lymphocytes to 

respond to the antigens secreted (den Haan et al., 2000, Heath and 



46 
 

Carbone, 2001a, Heath and Carbone, 2001b). It is an efficient process 

and because it can induce either tolerance or immunity to antigens 

expressed in normal tissue, it is thought to have a role in the maintenance 

of self-tolerance as well as the rapid clearance of viruses (Heath and 

Carbone, 2001a). Adaptive immunity is defined by its capacity to elucidate 

an antigen-specific immune response by CD4 and CD8 T cells. This 

property is entirely based on the presentation of antigen in complex with 

the major histocompatibility complex (MHC) molecules (peptide-MHC 

complex) and its recognition by T cell receptor (Fehres et al., 2014). The 

loading of extracellular antigen in MHC-class II (MHC-II), recognised by 

CD4 T cells, occurs in a different intercellular compartment than the 

loading of antigen in MHC-class I (MHC-I), recognised by CD8 T cells. In 

the case of MHC-II, after its synthesis in the endoplasmic reticulum, 

complexes are formed with CD74 (known as the invariant chain) to allow 

proper folding, trafficking, and protection of the peptide binding groove.  

CD74 helps guiding the CD74-MHC-II complex move on to the 

endolysosomal pathway, where late endosomal proteases such as 

cathepsin S and L degrade CD74 (the CLIP peptide), which is later 

exchanged for an antigenic fragment with the help of chaperone HLA-DM 

(Rocha and Neefjes, 2008). The process leading to antigen presentation 

on MHC-I involves 6 basic steps: 1)  acquisition of antigens, 2) tagging of 

antigenic peptide for destruction, 3) proteolysis, 4) transport of peptides to 

the endoplasmic reticulum, 5) loading of peptides to MHC-I molecules, 6) 

and the display of peptide-MHC-I complexes on the cell surface (Vyas et 

al., 2008).  

Innate lymphoid cells (ILCs) is a broad term used to encompass many 

cells including lineage marker-negative ILCs, natural killer (NK) cells and 

lymphoid tissue-inducer cells. ILCs are cells that produce many Th cell-

associated cytokines, but they do not express cell-surface markers that 

are associated with other immune cell lineages (Walker et al., 2013). As 

mentioned above ILCs include lineage marker-negative ILC subsets that 

do not express a T cell receptor and thus do not respond in an antigen-

specific manner. ILCs can be divided into three major groups; Group 1 
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ILCs (ILC1s) comprise of NK cells and ILCs that produce type 1 cytokines, 

notably IFNγ and TNF-. Group 2 ILCs (ILC2s) primarily produce type 2 

cytokines such as IL-5, IL-9, IL-13 and small amounts of IL-4. Group 3 

ILCs (ILC3s) express the NK cell activating receptor NKp46, however 

these cells bear little functional resemblance to conventional NK cells  

(Herberman et al., 1975, Kiessling et al., 1975, Satoh-Takayama et al., 

2008, Luci et al., 2009, Sanos et al., 2009, Moro et al., 2010, Neill et al., 

2010, Price et al., 2010, Spits et al., 2013, Walker et al., 2013) 

ILC1, ILC2 and ILC3 have all been described in the gut under normal 

homeostatic conditions (see table 1.2), the first major population of ILCs 

that were comprehensively described in mucosal tissue was IL-22 

producing NCR+(CD56+NKp44+) cells (Cella et al., 2009). These cells 

were later classified as NCR+ILC3; this observation highlighted a new 

population of innate lymphocytes present in mucosal barriers with distinct 

functions from conventional NK cells (Spits et al., 2013). ILCs have also 

been implicated in the development of IBD (see Table 1.2), with multiple 

studies showing ILC populations in different animal models of IBD, leading 

to the possibility that these cells could have a pathologically relevant role 

in IBD (Goldberg et al., 2015). 

 

Table 1.2  Role of intestinal ILCs in IBD 

Cell Type Functions in a healthy 

gut 

Implied role in IBD 

ILC1 Resistance to bacterial 

infection (Klose et al., 

2014) 

Increased in patients 

with Crohn’s disease 

and functionally  

implicated in preclinical 

models of colitis 

(Takayama et al., 2010, 

Vonarbourg et al., 

2010, Bernink et al., 

2013, Fuchs et al., 
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2013) 

ILC2 Eosinophil recruitment, 

and involved in the 

immune response to 

helminths.(Neill et al., 

2010, Sawa et al., 2011, 

Nussbaum et al., 2013) 

Possible role in fibrosis 

in patients with Crohn’s 

disease (Bailey et al., 

2012) 

ILC3 Involved in resistance to 

mucosal infections, 

epithelial integrity and 

possible role in 

antifungal immunity 

(Satoh-Takayama et al., 

2008, Reynders et al., 

2011, Gladiator et al., 

2013, Diefenbach et al., 

2014)  

Possible role in 

protection from 

experimental colitis, 

increased innate IL-17 

production patients with 

IBD (Geremia et al., 

2011, Mielke et al., 

2013, Qiu et al., 2013) 

 

NK cells were initially identified as a lymphoid population representing the 

10-20% of peripheral blood mononuclear cells, able to lyse MHC-I 

negative tumour and virus infected cells and to orchestrate innate 

immunity. Majority of NK cells are located in the peripheral blood, lymph 

nodes, spleen and bone marrow (Ferlazzo et al., 2004) but can be induced 

to migrate toward inflammation site by different chemoattractants 

(Robertson, 2002).  NK cells constitutively express lytic machinery able to 

kill target cells independently from any other previous activation. NK cells 

express surface receptors that are both inhibitory and activatory (Bottino et 

al., 2004, Moretta et al., 2004), there are several inhibitory receptors with 

different molecular structures and specificities for different alleles of class I 

molecules, the two main groups being killer Ig-like receptors (Bottino et al., 

2004), which bind HLA-ABC, and the heterodimeric receptors CD49-

NKG2A/B, which recognise HLA-E. The lack of MHC-I allele, a frequent 

event in cancer cells, potentially marks them for NK cell killing  , however 
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this is not always the case, many cancers can evade the immune system 

while maintaining MHC-I expression, such as the use of decoy proteins or 

changing cytokine expression (Bottino et al., 2004, Moretta et al., 2004).  

Upon cytokine stimulation NK cells become lymphokine-activated killer 

(LAK) cells that proliferate, produce cytokines and up regulate effector 

molecules such as adhesion molecules like ICAM-1 and ICAM-2, NKp4, 

perforin, granzymes, Fas ligand and TRAIL (Trinchieri, 1989, Jackson et 

al., 1992, Medvedev et al., 1997, Zamai et al., 1998, Johnsen et al., 1999, 

Trinchieri, 2003, Bottino et al., 2004, Mirandola et al., 2004, Moretta et al., 

2004). LAK cells have enhanced ability to adhere and recognise target 

cells which in turn leads to a broader killing activity against tumour cells.  

Eosinophils are pleiotropic granulocytes that are implicated in the 

pathogenesis of allergic disorders such as asthma, rhinitis, atopic 

dermatitis, and responsible for host defence against selected pathogens 

(Munitz and Levi‐Schaffer, 2004). Eosinophils are present in low numbers 

in normal steady state conditions (i.e. 1-6% of all peripheral blood 

leukocytes); however they are increased in many conditions such as 

parasitic infections, asthma, cancer and responses to some viral infections 

(Legrand et al., 2010).  The morphological features of eosinophils include 

a bi-lobed nucleus, and large acidophilic cytoplasmic granules. 

Eosinophils are a rich source of chemokines including eotaxin, interleukin-

8, macrophage inflammatory protein and eosinophil-derived neurotoxin. 

Eosinophils also appear to be capable of modulating acute phase and 

innate inflammatory responses as well as acquired immunity associated 

with both Th1 and Th2 immune responses (Munitz and Levi‐Schaffer, 

2004). Tumour-associated tissue eosinophilia can be linked with a 

favourable prognosis, notably in CRC (Legrand et al., 2010). However, 

underlying mechanisms of eosinophil contribution to anti-tumour 

responses are poorly understood. Studies by Legrand et al. (2010) 

concluded that eosinophils can detect human CRC cells and may be 

valuable in the early detection of cancer. 
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1.6 Animal Models of Colorectal Cancer 

Animal models are a valuable tool in cancer research and the selection of 

an appropriate animal model in which to assess novel drug therapies and 

cancer remains controversial.  Mice are generally used as their tumour 

growth is very similar to human and mice are readily available and 

inexpensive (Flatmark et al., 2004). A widely used cell line for the CRC 

model in wild strains of mice research is CT26; Brattain et al. (1980) 

published one of the first studies on different CRC cell lines and 

determined which murine CRC cell lines behaved most like human CRC 

cells. Cell lines (CT26, CT36, and CT51) were cultured and the different 

properties were analysed including in vitro growth properties, 

tumourigenicity and formation of metastases. This study demonstrated 

that in cell culture CT26 cells were the most aggressive and their 

malignant attributes very similar to human CRC (Brattain et al., 1980).  

Like animal CRC cell lines and animal models, human CRC cell lines are 

also a valuable tool used to study colorectal cancer, HT29 and SW480 are 

two popular cells lines used. Severe combined immunodeficiency (SCID) 

mice are a strain of mouse that lacks B and T lymphocytes and 

immunoglobulin’s and are used in CRC research with human CRC cell 

lines (Schumacher et al., 2012). Another strain of mouse that is used is 

NU/NU nude mice (Fogh et al., 1977). Nude mice have a genetic mutation 

that causes severe deterioration of the thymus or an absent thymus which 

results in an altered immune system due to a greatly reduced number of T 

lymphocytes (Belizário, 2009). Both of these mouse strains are genetically 

modified organisms and need special facilities to be able to keep them in 

the lab, the nude mice especially as they can only be kept in PC4 labs 

under very sterile conditions.  

Mouse models with a mutation of the adenomatous polyposis coli (APC) 

gene are also commonly used.  Mutations in the in the APC gene can lead 

to the development of polyposis in the gut and eventually development of 

CRC. APC has multiple functions that include controlling the Wnt signal 

transduction pathway, cell adhesion, migration, apoptosis, and 



51 
 

chromosomal segregation at mitosis. All of these functions are potentially 

linked with cancer development (Fodde et al., 2001, Moossavi and 

Bishehsari, 2012). Robanus-Maandag et al. (2010) investigated a mouse 

model with a new mutation in the APC gene. In other animal models with 

APC mutations (Yamada and Mori, 2007, Sale et al., 2009, Murphy et al., 

2011, Puppa et al., 2011) the cancer develops in the small intestine and 

then migrates to the colon. However in this new APC mutated animal 

model it was found that 95% of tumours develop in the small intestine and 

5% in the colon (Robanus-Maandag et al., 2010). CRC in humans 

develops in the colon first and then metastasizes to the small intestine, so 

this model does not accurately replicate human CRC development.  

Another common animal model used in CRC research is subcutaneous 

injection of CRC cells. This model is commonly used to show biological 

tumour properties and drug response. In the subcutaneous model of CRC, 

cancer cells are injected under the skin of the animal and left to form a 

tumour over a period of time.  Tumour properties such as tumour size, 

vascularisation and cell density can be measured. However a major 

limitation of this model of is the lack of metastasis from the subcutaneous 

site, making this model inappropriate to measure the metastatic process in 

cancer (Flatmark et al., 2004). This model is also not orthotopic meaning 

that the cancer cells are not injected in the colon when CRC forms, so the 

tumour microenvironment and immune reaction may be different than in 

an orthotopic model. 

Orthotopic transplantation of CRC tumours in mice has been around for 

many years. Usually CRC cells are injected into the colon or caecal wall or 

tumour fragments are sutured into the caecum or colon wall. A major 

advantage of the orthotopic animal model of CRC is the metastasis 

process; it is now clear that the process of metastasis is more efficient and 

closely mimics human metastasis (Killion et al., 1998, Bibby, 2004).  

However one of the most obvious advantages of orthotopic implantation is 

that the tumour cells are implanted at the site where the tumour would be 

found (i.e. CRC tumours in the colon) and therefore the tumour 

microenvironment and immune system would react in a way similar to 
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what is seen in humans with CRC (Bibby, 2004). Disadvantages to 

orthotopic implantation of CRC cells in an animal are endpoints for 

determining the effect of therapy are more complex than the normal 

tumour measurement used in the subcutaneous injection models and 

ensuring the animal is not suffering is kept to a minimum can also be quite 

difficult if there is no way to view the tumour growth in vivo (Bibby, 2004). 

However the orthotopic implant of tumour cell into an animal is still one of 

the most valuable models of cancer to research the tumour 

microenvironment and metastatic phenotype of CRC.  

In most animal models of CRC the cancer cells are injected at one time 

point which does not reflect the slow nature of CRC development. A 

sporadic CRC mouse model has been developed (Czéh et al., 2010). This 

model eliminates the biased immune response shown in animal models 

exposed to a lot of cancer cells at once instead of slowly developing 

tumourigenesis and immune response (Czéh et al., 2010). Only mice 

heterogeneous for the that mutation that causes CRC were used and it 

was found that the tumour and cancer cells in this mouse were found to 

behave more like human CRC tumours and cancer cells. Therefore this 

model provides a biologically accurate of model of CRC (Czéh et al., 

2010).   

Mice are not the only animal models used in research.  Robertson et al. 

(2008), studied whether BDIX rats would be appropriate in vivo models of 

early CRC liver metastases. In this study BDIX rats were injected with 

DHDK12 cancer cells into the right carotid artery, allowing the cancer to 

develop and metastasize to the liver. The authors found that BDIX rats 

provided a biologically accurate in vivo model of early CRC liver 

metastases (Robertson et al., 2008). 

 

1.7 MSC Therapy for Cancer 

Resident MSCs may have a critical role in maintaining homeostasis of 

injured tissue through immune modulatory effects of angiogenetic 
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stimulation by secreting bioactive molecules (Lazennec and Jorgensen, 

2008, Uccelli et al., 2008). Within the body the actual population of MSCs 

appears to be quite small and therefore the behaviour of large quantities of 

experimentally administered MSCs is likely to behave very differently to 

the behaviour of the small number of resident MSCs (MSC like cells found 

within the body) therefore the role of administered MSCs in cancer 

development is still controversial. Various reports describe the ability of 

MSCs to promote tumour progression by enhancing metastatic potential 

(Karnoub et al., 2007). Conversely MSCs have also been reported to have 

tumour suppressive effects via modification of the Akt signalling shown by 

co-administration of MSCs and glioma cells resulting in a significant 

reduction in tumour volume and vascular density, this anti-tumour effect 

has also been shown in other cancers (Otsu et al., 2009, Dasari et al., 

2010). These conflicting results may be due to variable experimental 

factors such as differences in cell source (bone marrow or fat tissue), 

different time points, methods of MSC administration, and timing. 

Therefore cultured MSCS should not be considered equivalent to MSCs 

under physiological conditions in vivo (Yagi and Kitagawa, 2013). 

 

1.7.1 Pro-tumourigenic Properties of MSCs 

MSCs are reported to promote tumour proliferation, fibroblast growth, 

angiogenesis and metastasis by providing immunosuppression, 

cytoprotection and vascular support largely by the production of paracrine 

factors, as summarised in Table 1.  

Bone marrow-derived MSCs (BM-MSC) have been shown to promote the 

in vivo growth of colon cancer, lymphoma, and melanoma (Klopp et al., 

2011). Table 2 summarises the key findings of studies to date that have 

used MSCs to treat inflammation-induced cancers, particularly CRC.  

Foetal or adult MSCs co-injected subcutaneously with tumour cells favour 

tumour growth and metastasis in immunocompromised mice (Karnoub et 

al., 2007, Liu et al., 2011, Tsai et al., 2011, De Boeck et al., 2013, Huang 

et al., 2013, Mele et al., 2014, Widder et al., 2015); this is accompanied by 
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extensive necrosis and angiogenesis when compared to mice injected with 

tumour cells alone (Lazennec and Jorgensen, 2008). When melanoma 

cells were subcutaneously injected into an allogeneic recipient, melanoma 

cells only formed tumours in the presence of MSCs (Djouad et al., 2003). 

Interestingly, this occurred whether MSCs were co-injected at the tumour 

site or injected at a distance. In an orthotopic model of CRC, co-injection 

of MSCs resulted in increased tumour size and liver metastasis that was 

not observed at in mice injected with cancer cell alone (Shinagawa et al., 

2010). MSCs can also promote tumour growth within the bone; multiple 

myeloma malignancy leads to the formation of osteolytic lesions in the 

bone and this is enhanced by interaction with MSCs (Lazennec and 

Jorgensen, 2008).  

A few studies have now tried to identify the molecules produced by MSCs 

that enhance the growth of tumours. Co-culture or indirect interaction of 

MSCs with breast cancer and melanoma cells enhances tumour growth, 

indicating that soluble factors are involved (Sun et al., 2008, Pasanen et 

al., 2015). MSCs have been shown to produce IL-6, which promotes 

proliferation of multiple myeloma cells and CRC tumour formation 

(Chauhan et al., 1996, Tsai et al., 2011). Activation of the IL-6 pathway 

typically involves signal transduction via STAT3, which is frequently 

mutated in sporadic colorectal cancers. Dysregulation of STAT3 activation 

promotes colorectal tumour progression through transcriptional alteration 

of cell-cycle control genes cyclin-D1, c-Myc and metabolic regulator 

mTORC1. Signalling through STAT3, IL-6 is also capable of suppressing 

pro-apoptotic signals through the induction of Bcl2, Bcl-XL and survivin. 

Immunosuppression could explain the enhancement of tumour growth by 

MSCs. MSCs can modulate major immune cell populations when 

stimulated with a mitogenic signal and supress lymphocyte proliferation to 

both allogenic and xenogenic antigens (Sudres et al., 2006). The inhibitory 

effects of MSCs on B cell proliferation occurs via cell cycle arrest at the 

G0/G1 phase and not through apoptosis as previously thought (Plumas et 

al., 2005, Corcione et al., 2006). MSCs are also resistant to CTL-mediated 

lysis and are able to inhibit CTL cytotoxicity in a dose-dependent manner 
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when exposed at CTL priming (Rasmusson et al., 2007). Although 

originally believed to directly inhibit natural killer (NK) cell activation and 

proliferation, instead MSCs have been shown to inhibit the production of 

IFN-γ by NK cells (Spaggiari et al., 2008).  

MSCs have also been shown to secrete factors involved in angiogenesis. 

During tumour progression, angiogenesis is an essential feature of cancer 

pathology, as without an adequate blood supply, a tumour cannot grow 

beyond 2–3 mm3 (Folkman, 1971). In vitro experiments have shown that 

MSC-conditioned medium supports survival of cardiac myocytes and 

stimulated proliferation and migration of endothelial cells (Kinnaird et al., 

2004b, Gnecchi et al., 2006). Secretion of specific angiogenic factors 

vascular endothelial growth factor (VEGF), basic fibroblast growth factor 

(FGF), hepatocyte growth factor, insulin-like growth factor 1, monocyte 

haemoattractant protein (MCP)-2, MCP-3, PDGF, SDF-1 and IL-8 have 

also been demonstrated (Kamihata et al., 2001, Chen et al., 2003, 

Kinnaird et al., 2004b, Nagaya et al., 2004, Tang et al., 2005, Potapova et 

al., 2007, Wang et al., 2015a). In vivo, subcutaneous tumours co-injected 

with MSC described above with increased tumour growth and metastasis 

have also exhibited increased vascularity in some cases (Mele et al., 

2014, Huang et al., 2013). 

 

Table 1.3 Pro-tumourigenic effects of MSCs  

Pro-tumour effect Reference 

Proliferation 

• Co-injection of tumour cells with MSCs 

enhanced tumour growth  

 

(Shinagawa et al., 

2010) 

Vascular support  

• MSCs can differentiate into pericytes and 

possibly endothelial cells 

 

 

 

(Potapova et al., 

2007, Zhu et al., 

2009, Kang et al., 

2010a, Portalska et 
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• MSCs secrete various factors that support 

vascular growth including VEGF, fibroblast 

derived growth factor, PDGF, and SDF-1  

al., 2012, Nakagaki et 

al., 2015) 

 

(Kamihata et al., 

2001, Chen et al., 

2003, Kinnaird et al., 

2004a, Nagaya et al., 

2004, Tang et al., 

2005, Potapova et 

al., 2007, Wang et al., 

2015b) 

 

Fibroblast growth  

• Tumour fibroblasts are derived from MSCs 

and therefore may be recruited from 

circulating populations 

 

• After tumour exposure MSCs acquire 

tumour-associated fibroblast (TAF) 

antigens, which are important to 

tumourigenesis  

 

 

(Mishra et al., 2008, 

Spaeth et al., 2008) 

 

 

(Mishra et al., 2008, 

Spaeth et al., 2009) 

Paracrine factors  

• MSCs secrete a variety of factors that 

induce tumour proliferation, migration, and 

angiogenesis. MSCs have also been shown 

to secrete exosomes and microparticles, 

that contain proteins or RNA that regulate 

intracellular signalling in adjacent cells  

 

(Potapova et al., 

2007, Salazar et al., 

2009, Seib et al., 

2009, Park et al., 

2010, Lozito and 

Tuan, 2014) 

 

Immunosuppression 

• MSC-mediated immunosuppression 

promotes tumour growth 

 

(Djouad et al., 2003, 

Mele et al., 2014) 
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• MSCs can directly impair immune cell 

function, including T and B cells, dendritic 

cells, natural killer cells and macrophages 

 

• MSCs can supress T cell proliferation via 

multiple mechanisms including upregulation 

of B7-H1 and Stro-1+ expression 

 

• MSCs have been shown to switch 

macrophages from an M1 to M2 phenotype 

(Di Nicola et al., 

2002, Krampera et 

al., 2003, Plumas et 

al., 2005, Zappia et 

al., 2005, Corcione et 

al., 2006, Rutella et 

al., 2006, 

Sotiropoulou et al., 

2006, Sheng et al., 

2008, Nasef et al., 

2009)  

Metastasis 

• MSCs secrete several factors that promote 

metastasis e.g.CCL5/RANTES 

 

(Karnoub et al., 2007) 

Cytoprotection 

• MSCs have been shown to protect tumour 

cells from chemotherapeutic treatment; 

interactions with MSCs in the bone marrow 

can promote the survival of acute and 

chronic myeloid leukaemia 

• MSCs produce high levels of leptin, which 

has anti-apoptotic properties 

 

(Konopleva et al., 

2002) 

 

 

 

(Liu and Hwang, 

2005) 

 

1.7.2 Anti-tumourigenic properties of MSCs 

In addition to the studies described above, there are numerous studies 

that describe either mixed or anti-tumour effects of MSCs in animal 

models. Maestroni and colleagues first observed tumour suppression by 

MSCs in models of Lewis lung carcinoma and B16 melanoma, showing 

that co-injection of tumour cells and MSCs inhibited primary tumour growth 

(Maestroni et al., 1999). The anti-tumour effects of MSCs have also been 

demonstrated in a model of colon carcinoma in rats (Ohlsson et al., 2003). 

MSCs inhibited the growth of rat colon carcinoma when co-implanted with 
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tumour cells. Increased macrophage and granulocyte infiltration was noted 

in tumours co-injected with MSCs, compared to no MSC control tumours, 

suggesting a pro-inflammatory effect. In fact, MSCs alone increased the 

engraftment of monocytes and granulocytes; however, this may have been 

due to the immunogenicity of MSCs transplanted across different rat 

strains.  

Human foetal skin-derived MSCs can also inhibit the growth of human liver 

cancer cell lines. The cancer cells co-cultured with MSCs showed reduced 

proliferation, colony formation and oncogene expression; the same effects 

were shown when MSCs were co-injected with the same cancer cell lines 

in vivo (Hou et al., 2014).  In addition, MSCs inhibited the growth of breast 

cancer cells in vitro and treatment with MSC-conditioned media also 

resulted in inhibition of cell growth (Qiao et al., 2008a). 

MSCs have been shown to inhibit cancer growth by altering the cell cycle 

(Cousin et al., 2009). MSC co-culture in vitro with pancreatic tumour cells 

showed an increase G1-phase arrest in the tumour cells (Cousin et al., 

2009). In vivo injection of adipose-derived MSCs into an established 

pancreatic cancer xenograft also inhibited tumour growth. In a similar 

approach, bone marrow-derived MSC were injected into an established 

model of subcutaneous melanoma, resulting in apoptosis and abrogation 

of tumour growth (Otsu et al., 2009). However, MSCs placed in a Matrigel 

insert in order for them to be exposed to soluble factors without cell to cell 

contact, no cytotoxic effects were noted (Otsu et al., 2009). This is in 

contrast to previous studies reported by Qiao and colleagues (Qiao et al., 

2008a), and may reflect multiple mechanisms by which MSC exert their 

anti-tumour effects. 

Furthermore, three other studies have noted that in colitis-associated 

colorectal cancer (CAC) models, MSC inhibit tumour initiation, and 

ameliorate inflammation, reducing damage to the colon (Chen et al., 2014, 

Nasuno et al., 2014, Tang et al., 2015). Nasuno et al. reported that the 

decreased tumour initiation was transforming growth factor beta (TGF-β)-

dependent. It was not clear however, whether TGF-β was MSC-derived, 

although MSCs have been reported to produce and secrete TGF-β 
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(Stavely et al., 2015). In the normal colon, TGF-β regulates the growth and 

self-renewal of colonic epithelium along the crypt axis by opposing Wnt/β-

catenin signalling (Reynolds et al., 2014). TGF-β signalling inhibits 

proliferation of epithelial cells, arresting cell cycle progression in G1 

restitution (McKaig et al., 1999). Mutations in TGF-βRII are common in 

sporadic CRC (13%) (Grady et al., 1999). Only one group has reported 

anti-tumour effects of MSCs using a subcutaneous tumour model 

(Ohlsson et al., 2003), while numerous studies in subcutaneous tumour 

models have reported pro-tumourigenic effects. In addition, in two studies 

differential tumour growth in response to MSC treatment was observed for 

different CRC cell lines (Nakagaki et al., 2015, Rhyu et al., 2015). These 

cell line-specific responses could not be explained by host immune 

competency. Rhyu et al. observed that while expression of several genes 

were altered in MSC-treated A549 tumours, no genes were altered by 

MSC-treatment of HT-29 tumours (Rhyu et al., 2015). These conflicting 

studies reflect the different effects of MSCs in different types of cancer and 

in different models and must be carefully considered when drawing 

conclusions. 

 

 Table 1.4 Anti-tumourigenic effects of MSCs 

Anti-tumour effect Reference 

Cytotoxicity  

• MSCs inhibit tumour initiation in a 

TGF β-dependent manner  

• MSCs induce apoptosis of tumour 

cells 

 

(Nasuno et al., 2014, Otsu et 

al., 2009) 

Immunomodulation 

• MSCs express toll like receptors 

which can switch MSCs from an 

immunosuppressive to pro-

inflammatory phenotype 

 

 

(Waterman et al., 2010) 
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Vascular Damage  

• Under certain conditions MSCs can 

inhibit capillary growth by producing 

reactive oxygen species and 

causing endothelial apoptosis  

 

(Otsu et al., 2009) 

Anti-proliferative  

• MSCs secrete anti-proliferative 

factors  

 

(Zhu et al., 2009) 

 

 

 

1.8 Conclusion  

In summary, current treatment strategies for IBD largely combat the 

symptoms rather than the disease and are limited by adverse side effects, 

toxicity and inefficacy. In recent years, there has been much interest in the 

therapeutic potential of MSCs; however it is still debated in the literature 

whether MSCs are both efficacious and safe with the majority of 

experimental studies indicating MSCs exert an anti-tumour effect whilst 

others have reported a pro-tumour effect. MSC treatment in IBD has 

shown promising results in both animal models and human trials, however, 

they appear to be functionally different, depending on the type of cancer 

and animal model used.  This may be due to the ability of MSCs to migrate 

and engraft to the inflamed tissue and also the ability to modulate and 

evade host immune responses. Understanding the role of MSCs in 

inflammatory and cancer environments could pave the way of new 

avenues for therapeutic targets.  
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Chapter Two: Leukocyte Populations and 
IL-6 in the Tumour Microenvironment of an 

Orthotopic Colorectal Cancer Model 

The material presented in this chapter is published and has been 

reproduced here with the permission of the publishers with minor 

alterations: 

 

 

 

MILLER, S., SENIOR, P. V., PRAKASH, M., APOSTOLOPOULOS, V., 

SAKKAL, S. & NURGALI, K. 2016. Leukocyte populations and IL-6 in the 

tumour microenvironment of an orthotopic colorectal cancer model. Acta 

Biochimica et Biophysica Sinica, 48, 334-341. 
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2.1 Background 

Cancer of the colon and rectum is the third most common type of cancer in 

the world. Chronic inflammatory diseases such as Crohn’s disease and 

ulcerative colitis lead to a high risk of developing colorectal cancer (CRC) 

(Boland and Goel, 2010, Saleh and Trinchieri, 2010, Bergman et al., 

2011). Other risk factors for the development of CRC include an unhealthy 

diet, smoking, analgesics and genetic factors (Cappell, 2008, Erdelyi et al., 

2009). Due to the asymptomatic nature of CRC, it is often diagnosed at 

the late stages when cancer has spread to other parts of the body (Orbell 

and West, 2010, Adelstein et al., 2011). 

 

The immune system has many specialised cells that are involved in the 

detection and elimination of tumours. Dendritic cells and macrophages can 

detect tumour antigens and are involved in activating T cells. Natural killer 

(NK) lymphocytes and neutrophils, part of innate immunity, also play a role 

in the elimination of tumour cells and activation of T cells. γδT cells (highly 

abundant in gut mucosa) and NKT cells (share properties of both T cells 

and NK cells and recognise lipids and glycolipids in complex with CD1d 

molecules) bridge innate and adaptive responses, in that they can 

eliminate tumour cells without prior sensitisation (Waldhauer and Steinle, 

2008). The immune system plays a vital role in the prevention of tumour 

growth including response to tumour-specific and tumour-associated 

antigens, however, the leukocyte-driven inflammatory responses can also 

play a role in the initiation of CRC (Smyth et al., 2001, Finn, 2008). 

Inflammatory responses are largely driven by CD4+ T helper cell subsets 

including the canonical ‘pro-inflammatory’ Th1 responses: cytotoxic T 

lymphocytes (CTLs), NK and M1 macrophages and/or canonical ‘anti-

inflammatory’ Th2 responses: M2 macrophages, eosinophils and activated 

B cells such as IgE-secreting plasma cells.  

 

Th1 responses are generally associated with inducing cellular toxicity to 

tumour cells. Indeed, enhanced CTL responses are generally associated 

with a good prognosis for cancer patients (Yukihirofunada et al., 2003). 

Likewise, NK cells mediate cytotoxicity in many types of tumours (Wu and 
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Lanier, 2003) and macrophages (M1) have Fc receptors for opsonising 

antibodies and can clear tumour cells and tumour antigens (Sica et al., 

2006). Pro-inflammatory Th1 cytokines such as IL-2, tumour necrosis 

factor (TNF)-α and interferon (IFN)-γ have been shown to lead to a better 

prognostic outcome in many cancers (Schreiber et al., 2011). In some 

cases IL-2 therapy is being used to treat cancers (Balkwill and Mantovani, 

2012). 

 

Th2 responses are generally linked to poor prognosis; excessive anti-

inflammatory responses contribute to disease development and have been 

associated with tumour pathophysiology. The tumour microenvironment 

consists largely of tumour-associated macrophages (predominantly M2 

macrophages) commonly found in tumour biopsies which typically secrete 

IL-10 (Erreni et al., 2011) which aids in the diversion of Th1 cytotoxic 

responses to Th2 responses. In addition, IL-6 has been linked to poor 

tumour outcomes (Chung and Chang, 2003) and IL-4 has been linked to 

colon cancer stem cells that elude cell death (Todaro et al., 2008). 

Understanding the tumour microenvironment allows the prediction of 

immune response outcomes and the design of treatments that will 

stimulate Th1 cytotoxic responses and subvert tumour growth and 

metastasis. The immune system has specialised organs to help combat 

gastrointestinal cancers including Peyer’s patches and mesenteric lymph 

nodes (MLNs). Lymph nodes provide a gateway for CRC metastasis. 

Peyer’s patches are lymphoid organs that are irregularly distributed along 

the anti-mesenteric side of the small intestine. In the distal ileum Peyer’s 

patches are numerous and form a lymphoid ring. Peyer’s patches serve as 

major sites for the generation of immunity to intestinal antigens. Their 

unique micro-organisation is crucial for the generation of an immune 

response.  

 

Animal models of human CRC can provide insight into the mechanisms 

that underlie the development and pathogenesis of CRC. The ideal animal 

model should therefore replicate all aspects of tumour development, 

including the acquirement of genetic alterations with consequent changes 
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in cell behaviour and characteristic sensitivity to therapeutics.  The tumour 

model should also be reliable i.e. tumour take should be predictable and 

constant, with a high incidence of affected animals in a narrow time frame. 

Currently, there are several models for implanting tumour cells into an 

animal. The easiest and most frequently used model is the subcutaneous 

injection/implantation model. The accessibility of subcutaneous tumours is 

extremely advantageous when monitoring tumour growth. However, a 

major disadvantage is that the subcutaneous microenvironment greatly 

differs from that of the colon or other organs. Interaction between the host 

environment and tumour graft determines tumour cell expression profiles, 

the levels of growth factors and nutrients as well as tumour angiogenesis 

and metastatic behaviour (Heijstek et al., 2005).  

 

Alternatively, the orthotropic injection model, in which the tumour cells are 

injected into the caecal wall, closely mimics human CRC. This model has 

many advantages, including the microenvironment in which the tumour 

grows and metastasises to nearby areas of the colon and lymph nodes 

similar to that seen in humans. An obvious disadvantage of this model is 

technical side; the procedure is far more difficult than subcutaneous 

injection. It requires more technical skills and is more time-consuming. In 

addition, endpoints for determining the effects of therapy are more 

complex than normal tumour measurement in subcutaneous models 

(Bibby, 2004).  

 

In this regard, an orthotropic model of tumour growth was characterised 

and the effects of CRC development in MLN and Peyer’s Patches 

leukocyte populations are presented. In addition, cytokines within the 

tumour microenvironment were also analysed. 

 

2.2 The Gaps 

The orthotopic model of CRC closely mimics human CRC and allows for 

the tumour microenvironment to be studied in an animal model. 
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2.3 Aim 

To characterise the orthotopic model of tumour growth in CRC and the 

development in the MLNs and Peyer’s Patches leukocyte populations and 

cytokines in the tumour microenvironment.  

 

2.4 Materials and Methods 

  

2.4.1 Animal Model  

Male BALB/c mice aged 5-8 weeks (n = 30) were purchased from the 

Animal Resources Centre (Canning Vale, WA, Australia) and housed in 

groups of three. Animals were kept on a 12-hour light and dark cycle at 

approximately 22 °C with free access to food and water. The mice were 

allowed to acclimatise for at least one week before undergoing surgery. 

This study was approved by the Victoria University Animal 

Experimentation Ethics Committee and performed in accordance with the 

guidelines of the National Health and Medical Research Council Code of 

Practise for the Care and Use of Animals for Scientific Purposes.  

 

2.4.2 CT26 Colorectal Cancer Cell Culture  

CT26 murine colorectal cancer cells were cultured at 37 °C in 5% CO2 in 

tissue culture flasks in RPMI 1640 medium supplemented with 10% foetal 

calf serum, 200 mM L-glutamine, 1 M HEPES, 10,000 U/ml penicillin, 10 

mg/ml streptomycin, 100 mM sodium pyruvate, and 25 µg/ml amphotericin 

B. All these reagents were from Sigma-Aldrich (Castle Hill, NSW, 

Australia). Cells were passaged when they reached 70%-90% confluency 

by treating with 1 ml of trypsin/EDTA (2.5 g trypsin and 0.2 g EDTA) 

(Sigma-Aldrich) for 3-5 min followed by inactivating the trypsin by adding 

complete media. CT26 cells were prepared for injection in Matrigel™ (BD 

Biosciences, Two Oak Park, Bedford, MA, USA) at a concentration of 

4x107 cells/ml. 
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2.4.3 Orthotropic Injection of CT26 Cells  

Mice were assigned to either CRC-induced group or sham-operated 

group. Prior to surgery, mice were anaesthetised with an intraperitoneal 

injection comprising a mixture of ketamine (80 mg/kg) and xylazine (10 

mg/kg), the volume was calculated per animal body weight, the maximum 

volume did not exceed 200 l. Mice had their eyes coated with Viscotears 

and during surgery the level of anaesthesia was monitored by the paw 

pinch response. The surgery was performed under aseptic conditions on a 

heat mat. The mice had their abdomen shaved and wiped with 70% 

ethanol before being covered with sterile film. A small incision was made 

along the midline of the abdomen, and the caecum was exteriorised.  Cell 

suspension of viable tumour cells (1x106 CT26 cells) in 25 l of the 

Matrigel™ was injected into the caecal wall. Sham-operated mice 

underwent the same surgery under the same conditions as the CRC-

induced mice group, however instead of an injection of CT26 cells, the 

sham-operated group had the tip of a 27 gauge needle inserted to the 

caecum wall. After surgery, the abdominal muscle wall was closed using 

polygalactin 5.0 gut sutures. Surgical silk suture was used to close the 

skin and the wound area was then sterilised with iodine. Mice received a 

subcutaneous injection of an analgesic buprenorphine (0.05 mg/kg) 

calculated per animal body weight, the maximum volume did not exceed 

200 l (Sigma-Aldrich) and were placed in cages on heated mats to 

recover. Mice were closely monitored and regularly checked post-surgery. 

Mice were killed by cervical dislocation at three time points post-surgery 

(3, 7 and 14 days); the caecum, colon, Peyer’s patches and MLNs were 

collected for immunohistochemistry and FACS analysis.  

 

2.4.4 Cell Surface Labelling  

FACS analysis was used to enumerate and phenotype the different 

leukocyte subpopulations in the MLNs and Peyer’s patches. A minimum of 

500,000 cells per sample was used for antibody staining. Cells were 

labelled with the monoclonal antibodies at 4 °C for 20 min to label specific 

types of immune cells. Antibodies used were as follows: rat anti-mouse 
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Gr-1 conjugated to FITC (clone RB6-8C5), rat anti-mouse CD11b 

conjugated to R-phycoerythrin and cyanine (clone M1/70), rat anti-mouse 

CD193 conjugated to Alexa Fluor 647 (clone J073E5), rat anti-mouse Ia/Ie 

conjugated to allophycocyanin (M5/114.15.2), rat anti-mouse F4/80 

conjugated to R-phycoerythrin (clone BM8), rat anti-mouse CD11c 

conjugated to pacific blue (clone N418), rat anti-mouse CD49b conjugated 

to FITC (clone DX5), rat anti-mouse TCRβ conjugated allophycocyanin 

(clone H57-597), rat anti-mouse  CD1α Galcer loaded tetramer 

conjugated to R-phycoerythrin, hamster anti-mouse TCR conjugated to 

R-phycoerythrin and cyanine (clone GL3), rat anti-mouse CD8+ conjugated 

to pacific blue (clone 53-6.7), and rat anti-mouse CD4+ conjugated to 

pacific orange (clone GK1.5) . All these antibodies were from BioLegend 

(San Diego, USA). 

 

To prevent non-specific Fc receptor binding, cells were also co-stained 

with rat anti-mouse CD16/CD32 hybridoma supernatant (2.4G2 clone; 

Developmental Studies Hybridoma Bank, Iowa City, USA). Samples were 

analysed using a BD LSRII FACS analyser (BD Biosciences). All data 

were compensated using BD FACSDIVA v6.0 and either analysed in 

FACSDIVA or exported as FCS3.0 file format for data analysis in FlowJo 

(Ashland, USA). 

 

2.4.5 Cytokine Analysis  

Cytokines of in vitro cultured CT26 and SW480 cells were analysed by 

FACS using the cytometric bead array (CBA) kit (BD Biosciences) 

(Morgan et al., 2004) according to the manufacturer’s instructions. The 

cytokine concentration (pg/ml) was determined with calibration curves 

separately established using the CBA analysis software (BD Biosciences). 

Th1 and Th2 cytokines were measured in the supernatant of CT26 and 

SW480 cell cultures with the CBA mouse and human kits. Furthermore, 

tumour cells were isolated from the caecum at days 7 and 14, and made 

into single cell suspension using collagenase (0.01 mg/ml). Cells were 

labelled with surface marker CD45 (clone: 30-F11) and fixed using BD 
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cytofix/cytoperm kit according to the manufacturer’s instructions. CD45+ 

and CD45- (CT26) cells were stained for the expression of intracellular 

cytokines IL-6 (clone: MP5-20F3), IL-10 (clone: JES5-13E3), TGFβ (clone: 

TW7-16B4) and TNFα (clone: MP6-XT22). 

 

2.4.6 Immunohistochemistry  

Immunohistochemistry was performed in cross sections of the caecum 

and colon as described previously (Nurgali et al., 2011). Tissue sections 

were thawed and incubated for one hour at room temperature with 10% 

normal donkey serum (Chemicon,  Temecula, CA, USA) followed by an 

overnight incubation with a primary antibody at 4°C. The secondary 

antibody was added and then incubated at room temperature for 2 h. 

Primary antibodies used were as follows: hamster anti-mouse TCR 

monoclonal antibody (clone: GL3) conjugated to FITC (BioLegend), rat 

anti-mouse CD11b monoclonal antibody (BioLegend), anti-mouse CD69 

monoclonal antibody (BioLegend) and rabbit anti-mouse eosinophil 

derived neurotoxin (EDN) antibody (Novus Biologicals, Littleton, USA).  

Secondary antibodies used were as follows: donkey anti-rat Alexa Fluor 

594 and anti-rabbit Alexa Fluor 594 (Jackson ImmunoResearch, West 

Grove, USA). Slides were cover slipped with fluorescent mounting medium 

(DAKO, North Sydney, NSW, Australia).  

 

2.4.7 Imaging  

After immunohistochemistry treatment, the three-dimensional (z-series) 

images of sections were taken and analysed by using an Olympus Fluo-

View FV1000 confocal laser scanning microscope (OlympusTokyo, 

Japan). Fluorophores were visualised using excitation filters for Alexa 594 

(excitation wavelength 559 nm) or Alexa 488 (excitation wavelength 473 

nm). Z-series images were taken at a step size of 1.75 m (1600 x 1200 

pixels) using the confocal microscope.  
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2.4.8 Statistical Analysis  

FACS data were analysed using a two way ANOVA followed by Bonferroni 

post hoc test for multiple group comparisons. Analyses were performed 

using GraphPad Prism version 6.0 for Windows (GraphPad Software, San 

Diego, USA). All data were presented as mean ±SEM. Data were 

considered statistically significant at P<0.05. 
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2.5 Results  

2.5.1 The Effect of Colorectal Cancer on Immune Cell Counts in 

Mesenteric Lymph Nodes and Peyer’s Patches  

 

There was no significant difference between the sham and CRC groups at 

any time point (days 3, 7, and 14, n=5/group/time point) in either MLNs or 

Peyer’s patches. However, the MLNs in mice with CRC had higher 

absolute cell counts at all days compared with the sham-operated mice 

(data not shown). Conversely there was an opposing trend in the Peyer’s 

patches where the absolute counts in sham mice were higher than that in 

mice with CRC. This anomaly could be accounted for by differences in 

tumour load and therefore cell death in the Peyer’s patches, thus any 

increase in cell subpopulations in the Peyer’s patches is likely to be 

resulted from newly-activated lymphocytes generated in MLNs. 

 

For accurate enumeration of natural killer (NK) cells, the presence of the 

pan-NK cell marker CD49b and the absence T cell receptor (TCR) were 

used for their identification. TCR is required to exclude CD49b+ natural 

killer T (NKT) cells from our analysis. Prior to analysis, doublets were 

gated out based on their forward scatter (FSC) properties (FSC-height vs 

FSC-width). NK cells were gated on their presence of CD49b+ and 

absence of TCR (Fig. 2.1A, C). No significant difference in the number of 

NK cells was seen at any time point in the Peyer’s patches (Fig. 2.1B). 

However, in the MLNs the number of NK cells in the CRC group was 

significantly increased from 3 to 7 days with no difference in the sham 

group (Fig. 2.1D). In addition, on day 7, a significant increase in the 

number of NK cells (P<0.05) in the CRC group compared with the sham 

group was noted (Fig. 2.1D).  

 

The expressions of CD8 and TCR were used to enumerate CD8+ 

lymphocytes (Fig. 2.2A, C). A significant increase in the number of CD8+ 

lymphocytes can be seen between the CRC and sham groups in Peyer’s 

patches at days 3 and 7 (Fig. 2.2B, P<0.05 for both). No significant 



71 
 

difference was evident in the CD8+ T cell number of MLN’s groups (Fig. 

2.2D). 

One of the concerns with this study was the variability in our mesenteric 

lymph node size and immune cell composition. In an attempt to minimise 

this variation, 5 lymph nodes were pooled from each mouse. However as 

lymph nodes vary dramatically in size, we found it quite difficult to obtain 

lymph nodes of similar size, which resulted in high standard errors (Figs. 

2.1 and 2.2).  
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Figure 2.1:  Effect of Colorectal Cancer on Natural Killer Cells in Peyer’s Patches and 

Mesenteric Lymph Nodes.  

FACS plots of natural killer cells at day 7 in (A) Peyer’s patches and (B) mesenteric lymph 

nodes (MLNs) from sham surgery and CRC induced mice. Number of CD49b
+
TCR

-
 cells in 

(C) Peyer’s patches and (D) MLNs from sham-operated and CRC-induced groups at days 

3, 7 and 14. (C) Tumour size at days 7 and 14. A significant increase (P<0.05) in the 

number of CD49b
+
TCR

-
 cells is seen at day 7 in MLNs. Data are represented as the mean 

± SEM and statistical significance is indicated by asterisks, *P<0.05. 
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Figure 2.2: Effect of Colorectal Cancer on CD8+ T Cells in Peyer’s patches and 

Mesenteric Lymph Nodes. 

FACS plots of CD8
+
 T cells at day 7 in (A) Peyer’s patches and (B) mesenteric lymph 

nodes (MLNs) from sham surgery and CRC induced mice. Number of CD8
+
TCR

+
 cells in 

(C) Peyer’s patches and (D) MLNs from sham-operated and CRC-induced groups at days 

3, 7 and 14 post surgery. (C) Tumour size at days 7 and 14. Data are represented as the 

mean ± SEM and statistical significance is indicated by asterisks, *P<0.05. 
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2.5.2 The Effect of Colorectal Cancer on Immune Cells in the Colon 

Gamma delta (γδ) T cells are resident cells within the gastrointestinal tract 

which are known as intra-epithelial lymphocytes and play an important role 

in anti-tumour immunity (Lee et al., 2012). Immunohistochemical studies of 

the colon cross sections demonstrated that γδ T cells that normally are 

abundant in the epithelial layers of the gastrointestinal tract were absent in 

the colon sections from mice with CRC (Fig. 2.3A). Immunohistochemical 

studies of caecum cross sections (site of tumour induction) demonstrated 

that eosinophils, activated CD69+ T cells and CD11b+ cells infiltrated the 

tumour tissue (Fig. 2.3B).  
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Figure 2.3: The Effect of Colorectal Cancer on γδT Cells in the Colon and Tumour 

Infiltrating Leukocytes in the Caecum.  

(A) Immunohistological labelling of γδT cells in the colon. (B) Immunohistochemical 

labelling of tumour infiltrating leukocytes (red). CD69
+
 T cells, CD11b

+
 cells and 

eosinophils (EDN) were found within the tumours (green) in the caecum. Cross sections 

of caecum tissue without tumour cells (sham) were also immunohistochemically labelled 

to show normal level of immune cells.  
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2.5.3 Cytokine Profile of the Murine CT26 CRC Cell Line in Vitro and In Vivo 

 

Cytokine analysis revealed that CT26 cells were negative for IL-2, IL-4, IL-10, 

IFN-γ, TNF-α and IL-17a secretion. However, CT26 cells secreted high level of 

IL-6 (61.76 pg/ml), while the human SW480 cell line secreted high level of IL-10 

(164.97 pg/ml) (Fig. 2.4A). Likewise, flow cytometry analysis of tumour cells from 

mice with CRC demonstrated the expression of IL-6 by CT26 cells (Fig. 2.4B-B′, 

C). All other cytokines tested were negative (Fig. 2.4C). Of interest, tumours that 

infiltrate CD45+ cells also expressed IL-6 and TNF-α (Fig. 2.4C′) within the 

tumour microenvironment. 
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Figure 2.4: Cytokine Profile of the Murine CT26 and Human SW480 CRC Cell Line In 

vitro and In vivo.  

(A) Cytokine FACS plots of murine CT26 and human SW480 colon cancer cells and 

concentration graphs for both CT26 and SW480 cell lines. Analysis of intracellular cytokines 

of in vivo CT26-induced tumours: (B) CD45 vs forward scatter (FSC-A) plot used for gating: 

(B′ left panel) Intracellular IL-6 expressed by CT26 cells in vivo: (B ′right panel) 

Intracellular IL-6 expressed by tumour-infiltrating CD45
+
 cells. (C) Quantitative analysis of 

intracellular cytokines expressed by CT26 cells in vivo at Days 7 (black bar) and 14 (grey 

bar): (C′) Quantitative analysis of intracellular cytokines expressed by CD45
+
 tumour-

infiltrating cells in vivo at days 7 (black bar) and 14 (grey bar).  
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2.6 Discussion  

CRC pathophysiology has been described as asymptomatic and can 

therefore go undiagnosed until a sufficient tumour mass has been 

established. In this study, an animal model of orthotopic CRC 

development was used.  

 

IL-6 acts both as a pro-inflammatory and an anti-inflammatory cytokine. In 

cancer patients, IL-6 is highly elevated leading to poor prognosis (Bellone 

et al., 2006), and is abundant at the tumour microenvironment where it 

plays a role in cancer metastasis via down-regulation of E-cadherin (Miao 

et al., 2014). In mice, CT26 cells that express IL-6 exert tumour-promoting 

activities by activating growth and survival (Fisher et al., 2011). However, 

IL-6 tumour microenvironment also activates CD8+ T cells to the tumour 

site (Fisher et al., 2011). It is likely that IL-6 produced by CT26 in our 

studies contributed to its metastatic ability from the caecum to the nearby 

colon. Conversely, human SW480 CRC cell line produced high amounts of 

IL-10. IL-10, a T helper type 2 cytokine, is known to possess many 

immunosuppressive activities including: the inhibition of T lymphocyte 

proliferation and T helper 1 type cytokine production, impairment of 

antigen presenting cells and blunting of cytotoxic responses. Many studies 

have demonstrated that IL-10 is a prognostic indicator in CRC 

(Szkaradkiewicz et al., 2009). It is clear that the murine CRC CT26 cell 

line produces tumours via an IL-10-independent manner.   

 

The immune response to slow-forming cancers is complex because the 

kinetics of tumour antigen processing particularly the antigen presenting 

cells (APCs), as well as the T cell activation is unknown. APCs must travel 

from the site of the tumour growth to either the MLNs or Peyer’s patches; 

a process that can take a significant amount of time because activated T 

cells could take several days to travel to the tumour site (Norian et al., 

2009). Indeed, we demonstrated a detectable increase in the number of 

CD8+ lymphocytes in Peyer’s patches in the CRC group as early as day 3 
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and an increase in the number of NK cells in MLNs at day 7 post CRC 

induction. Once at the tumour site, activated T cells recognise tumour 

antigens in complex with MHC class I, and lyse tumour cells, however the 

success by which this can occur is largely influenced by the tumour 

microenvironment.  

 

The tumour specificity of increased CD8+ T cells observed in our study is 

evidenced by the fact that all experimental mice have only orthotopic 

cancer development and no other comorbidities (e.g. inflammation) which 

could stimulate CD8+ T cell activation. Likewise, it was shown in another 

study that silencing MUC2 from CT26-promoted tumour growth by 

increasing IL-6 secretion was followed by an increase of CD8 T cells in the 

peritoneal cavity specific to CT26 cells (Shan et al., 2014). In cancer, 

CD8+ T cells are activated to kill tumour cells and their presence results in 

better survival (Galon et al., 2006). In the orthotropic CT26 injection model 

used in our study, an increase in CD8+ T cells and NK cells was noted as 

early as day 3 and day 7, which correlates with the pro-inflammatory 

cytokine IL-6 produced by these cells. An increase in CD8+ T cells and NK 

cells leads to better prognosis. In fact, we demonstrated an inverse 

correlation between increased number of CD8+ T cells and NK cells and 

decreased tumour growth in the CT26 CRC-injected groups. When the 

tumour load was high, there were less CD8+ T cells and NK cells. In 

addition, we have also demonstrated that there was an inverse correlation 

between CTL precursor frequency and tumour size in other tumour models 

(Apostolopoulos et al., 1998, Pietersz et al., 1998). 

 

Furthermore, the prognostic significance of NK cells in CRC was 

demonstrated in CRC patients, where patients with little NK cell infiltration 

had a significantly shorter survival rate than those who had extensive 

infiltration (Coca et al., 1997). In addition, patients with grade III CRC had 

significantly longer survival rates with high NK cell infiltration compared 

with those with low NK cell infiltration (Coca et al., 1997).  
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γδT cells are resident gastrointestinal lymphocytes and are vital to 

gastrointestinal immunity, as they recognise tumour-expressed ligands 

that other T lymphocytes cannot recognise (Moser, 2012). γδT cells are 

similar to NKT cells in that they share features of both the innate and 

adaptive lymphocytes due to their expression of invariant T cell receptors. 

Activated γδT cells can have strong cytotoxic effects via both the death 

receptor and death ligand pathways and the cytolytic granule pathways 

(Bonneville et al., 2010). In addition, γδT cells exhibit lytic activity against 

cancer cells in an MHC-unrestricted manner in vitro, suggesting their 

potential as anticancer therapy (Corvaisier et al., 2005, Todaro et al., 

2009). Based on the IL-6 CT26 data (Fig. 2.3D) we have clearly shown 

that the mechanism in our murine model of CRC is different from human 

CRC (IL-10-dependent). The mechanism of how IL-6 signalling influences 

γδT cell viability or mobilisation is unclear. Further studies are needed to 

address this mechanism by using the neutralising anti-IL-6 receptor 

monoclonal antibody (Tocilizumab) (Scheller et al., 2011). 

 

Immune cell infiltration within the tumour in the caecum demonstrated that 

CD11b+ cells, CD69+ T cells and eosinophils were present. Eosinophils 

have been found in a number of tumours, however, their role is still being 

debated (Davis and Rothenberg, 2014). In colorectal cancer however, 

their presence has been associated with a favourable prognosis (Legrand 

et al., 2010). CD69+ cells are indicative of an activated T cell state. As 

there was an increase in CD8+ T cells, it was not unexpected to detect T 

cells within tumour itself, and in fact, T cells were present in their activated 

state (CD69+). This is in accord to the pro-inflammatory state of the CT26 

tumour micro-environment. Moreover, CD11b+ cells were also found within 

the tumour microenvironment.  

 

2.7 Conclusion  

In this study, we investigated the effect of the murine orthotropic CT26 

CRC model on immune cells and revealed significant changes in the 

number of NK cells in mesenteric lymph nodes at day 7 and significant 
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changes in the number of CD8+ T lymphocytes at days 3 and 7 in Peyer’s 

patches. We also demonstrated that γδT cells were depleted in the colon 

in mice with CRC and immune cells (eosinophils, CD69+ T cells and 

CD11b+ cells) infiltrated into the tumour site. The cytokine analysis 

revealed that CT26 cells secreted IL-6 cytokine both in vitro and in vivo, 

which is in accord to the immune activation state noted. Recently, it was 

demonstrated that cancer cells and immune cells communicate via the 

presence of IL-6 in the tumour microenvironment which is secreted by 

both cancer cells and immune cells (Patel and Gooderham, 2015).  

Likewise, in the orthotopic CRC model presented here, both tumour cells 

and infiltrating CD45+ cells expressed IL-6; CD45+ cells also expressed 

TNFα which further contributed to a pro-inflammatory tumour 

microenvironment. Furthermore, it would be of interest to study the 

immune response to this orthotopic cancer cell model in inflammation-

induced cancer which is more representative of human condition. 
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Chapter Three: Immune Cell Populations in 
an Animal Model of Spontaneous Chronic 
Colitis with or without Colorectal Cancer 
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3.1 Background 

Inflammatory bowel disease (IBD) is comprised of two types of chronic 

intestinal diseases, Crohn’s disease (CD) and ulcerative colitis (UC).  IBD 

incidence in Australia is 24.2 per 100,000 people and its peak onset is 5 – 

49 years of age (CCA, 2013, Studd et al., 2016). CD generally involves the 

ileum and colon, but can affect any region of the intestine, often 

discontinuously. UC however, involves the rectum and may affect part of 

the colon or the entire colon in an uninterrupted pattern with inflammation 

typically confined to the mucosa (Hanauer, 2006). In CD, inflammation is 

often transmural and is associated with intestinal granulomas, strictures 

and fistulas (Thoreson and Cullen, 2007). IBD incidence appears to be 

lower in developing countries, however as societies become more 

‘westernised’ with changes in life style, diet and other environmental 

exposures, the incidence rates rise globally. There is also an alarming 

increase in the number of IBD cases in low incidence areas such as Asia 

(Ng, 2014). Accumulating evidence suggests that IBD results from an 

inappropriate inflammatory response to intestinal microbes in a genetically 

susceptible host (Abraham and Cho, 2009). The exact causes of UC and 

CD remain elusive, but thus far, IBD is thought to be the result of an 

inappropriate and ongoing activation of the mucosal immune system 

driven by luminal flora in genetically susceptible hosts (Bouma and 

Strober, 2003).  

Animal models of IBD contribute greatly to our understanding of the 

underlying mechanisms of inflammation and disease pathogenesis as well 

as treatment. In general, an appropriate or an optimal animal model 

should display certain key characteristics: morphological and functional 

alterations in the gut, inflammation, symptoms and signs, pathophysiology 

and a course similar or identical to that of human IBD (Mizoguchi and 

Mizoguchi, 2010). It is also recommended that the animal being used 

should have a well-defined genetic background, as well as a well 

characterised immune system (Jurjus et al., 2004). Animal models of IBD 

can be categorised into 5 groups: gene knockout models, transgenic 
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mouse and rat models, inducible colitis models, adoptive transfer models 

and spontaneous colitis models (Hibi et al., 2002).   

(i) Genetic knockout models such as interleukin (IL)-10, IL-2 and T cell 

receptor knockouts greatly contribute to our understanding of the role of 

key immune-related molecules in the pathogenesis of chronic intestinal 

inflammation. These models have clearly allowed identification of key 

components involved in gut immune regulation (Pizarro et al., 2003). 

However, it is unlikely that the imposed genetic mutations represent the 

underlying defect in human IBD, limiting the utility of these models for 

understanding causative factors in both ulcerative colitis and Crohn’s 

disease (Pizarro et al., 2003). (ii) Transgenic IBD animals such as IL-7 

mice and HLA-B27 rats have contributed to our understanding of the 

immunopathology behind IBD. In fact high levels of IL-7 are found in the 

sera of ulcerative colitis patients which influences the differentiation and 

proliferation of T cells in the thymus (Hibi et al., 2002). In addition, HLA-

B27 transgenic rats have been used to study the effects of resident 

intestinal bacteria in acute and chronic stages of gastrointestinal 

inflammation (Hibi et al., 2002). (iii) The most commonly used animal 

model in IBD is the inducible colitis model which involves a chemical 

inflammatory stimuli, such as  acetic-acid, Iodoacetamide, indomethacin, 

2,4,6-Trinitrobenzenesulfonic acid (TNBS), oxazolone, dextran sodium 

sulphate (DSS) and peptidoglycan–polysaccharide. (iv) The adoptive 

transfer model of IBD such as the T cell transfer model involves the 

transfer of CD4+CD45RBhigh T cells (naive T cells) from healthy wild-type 

mice into syngeneic recipients that lack T and B cells. This transfer 

induces a pancolitis and small bowel inflammation at 5–8 weeks following 

T cell transfer (Ostanin et al., 2009). 

However, all these animal models for IBD are quite artificial therefore 

making it difficult to obtain accurate results that could be translated in 

human clinical trials. Analyses of animal models generated by genetic 

manipulation and human disease, together with results from genome-wide 

association studies, have identified several types of defects that appear to 

contribute to intestinal inflammation. These include alterations in the 
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mucosal barrier, abnormalities of innate immunity and inappropriate 

specific immune responses, particularly activation of effector T cells and 

increased production of IL-17 in response to gut microbes culminating in 

chronic inflammation. (v) One of these models is the Winnie mouse model 

of spontaneous chronic colitis. In fact, Winnie mice (C57BL/6 background) 

carry a missense mutation in Muc2 which leads to severe endoplasmic 

reticulum stress in intestinal goblet cells and spontaneous chronic colitis 

(Heazlewood et al., 2008, Eri et al., 2011). In humans, expression of Muc2 

is reduced or depleted in Crohn’s disease (Buisine et al., 2001) and is still 

active in ulcerative colitis but its secretion is reduced (Van Klinken et al., 

1999). Inflammation in the colon develops in Winnie mice from 6 weeks 

and results in severe chronic colitis by 16 weeks of age. Winnie mice also 

have periods of remission and relapse similar to that observed in humans 

with IBD. Since Winnie mice closely mimic human chronic colitis, this 

makes the Winnie mouse an excellent model of IBD. 

The Winnie model offers a unique insight into the role of a primary 

intestinal epithelial defect leading to a progressively escalating immune 

response, where there is less secretion of the mucosal immune system 

conditioning factor thymic stromal lymphopoietin (TSLP), an accumulation 

of activated mucosal dendritic cells, elevated IL-17A, and IFN-γ production 

by the mucosal CD4+ T lymphocytes and increased expression of Th17 

genes at the sites of histological inflammation. In addition, leukocytes from 

the intestinal draining lymph nodes secrete multiple Th1, Th2, and Th17-

type cytokines in a complex pattern as in IBD (Eri et al., 2011). 

A consistent finding in both UC and CD is markedly elevated intestinal IL-

1, which has been demonstrated the Winnie mouse model. Similarly, 

increased Th17 gene expression and increased IL-17A production by T 

cells is consistent with findings in IBD (Fujino et al., 2003, Yen et al., 2006, 

Kobayashi et al., 2008, Rovedatti et al., 2009). Although detailed cytokine 

analyses from colonic explant cultures, stimulated CD11c+ APCs, and 

activated lymph node leukocytes indicated increases in many cytokines, 

the most highly elevated cytokines were IL-1, IL-17A, and IL-12/23p40, 

offering a clue toward a skewing to a IL-23 /Th17 response in Winnie mice 
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(Eri et al., 2011) Likewise, these cytokines are important in the 

pathogenesis of IBD (Eri et al., 2011).  Of interest anti-IL-10 neutralising 

antibody injected in Winnie mice resulted in rapid exacerbation of 

endoplasmic reticulum stress and increased pro-inflammatory cytokine 

secretion by T cells (Hasnain et al., 2013). However,  IL-17A deficient T 

cells failed to ameliorate disease in Winnie mice (Wang et al., 2015b).  

It is estimated that underlying infection and inflammatory reactions are 

linked to 25 % of all cancer cases. There are well known associations 

between inflammatory processes and cancer, such as IBD and colorectal 

cancer (Coussens and Werb, 2002). Tissue injury whether physical, 

chemical or infectious, triggers a sequence of events leading to 

inflammation. Inflammation is an important mechanism that eliminates the 

agent responsible for injury and initiates tissue repair by a cascade of a 

coordinated immune response. The inflammatory mechanism involves 

both innate and adaptive immunity, which is characterised by coordinated 

delivery of cells and soluble mediators to injured tissues (Coussens and 

Werb, 2002, Eiró and Vizoso, 2012).  

 

Tumour cells produce an array of various cytokines and chemokines that 

attract leukocytes, including neutrophils, dendritic cells, macrophages, 

eosinophils, mast cells and lymphocytes (Coussens and Werb, 2002). 

Infiltrating leukocytes secrete cytokines, cytotoxic mediators, reactive 

oxygen species, serine and cysteine proteases, matrix metalloproteinases 

(MMPs) and membrane-perforating agents (Wahl and Kleinman, 1998, 

Kuper et al., 2000). As discussed in Chapter 2, animal models of CRC 

such as the orthotopic injection of tumour cells into the caecum provide 

valuable insight into mechanisms that are involved in the development and 

pathogenesis of CRC. 

 

Furthermore, the interaction between programmed death receptor-1 (PD-

1) and programed death ligand-1 (PD-L1) has been of great interest in 

recent years, since the expression of PD-L1 strongly correlates with 

survival of cancer patients (Blank and Mackensen, 2007). PD-1 is 
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expressed on activated CD8+ T cells and when interacting with PD-L1 

expressed on epithelial cells, antigen presenting cells and tumour cells, 

inhibitory signals are triggered, which results in a reduction to CD8+ T cells 

and apoptosis. In inflammatory disorders the expression of PD-L1 is 

reduced which leads to the activation of T cells, therefore, PD-L1 and PD-

1 are important to immune responses in both cancer and inflammatory 

environments. 

 

 

 

3.2 The Gaps 

 

1. Although comprehensive immune cell populations and their 

cytokine products have been characterised in Winnie mice, the 

specific immune cell populations, such as macrophages (M1/M2) 

and neutrophils have not been described in the colon. 

2. The immune cell populations of M1/M2 macrophages and 

neutrophils in Winnie mice with colorectal cancer are not known. 

3. The level of expression of PD-L1 on inflamed intestinal tissues in 

Winnie mice compared to non-inflamed tissue is not known.  

4. The expression of PD-1 on activated T cells has not been studied in 

Winnie mice, with or without CRC. 

 

3.3 Aims 

1. To determine specific immune cell populations in Winnie mice with 

spontaneous chronic colitis. 

2. To determine specific immune populations in an orthotopic model of 

colorectal cancer in Winnie mice with spontaneous chronic colitis. 
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3.4 Materials and Methods 

3.4.1 Animals 

C57BL/6 and Winnie mice aged 12-24 weeks (n = 22) were obtained from 

the Monash Animal Services.  Animals were kept on a 12-hour light and 

dark cycle at approximately 22 °C with free access to food and water. Mice 

were allowed to acclimatise for at least one week. This study was 

approved by Victoria University Animal Experimentation Ethics Committee 

and performed in accordance with the guidelines of the National Health 

and Medical Research Council Code of Practise for the Care and Use of 

Animals for Scientific Purposes. 

 

 

3.4.2 Orthotopic Cancer Model 

 

Orthotopic colorectal cancer induction was performed as described in 

chapter 2. Briefly, prior to surgery, mice were anesthetised with an 

intraperitoneal injection of a mixture of ketamine (80 mg/kg) and xylazine 

(10 mg/kg). The volume was calculated per animal body weight and the 

maximum volume did not exceed 200 µl. Viscotears™ was used to coat 

mouse eyes during surgery. The level of anaesthesia during surgery was 

monitored by the paw pinch response. The surgery was performed under 

aseptic conditions on a heat mat. Mice had their abdomen shaved and 

wiped with 70 % ethanol before being covered with sterile film. A small 

incision was made along the midline of the abdomen and the caecum was 

exteriorised. Cell suspension of viable murine colorectal tumour MC38 

cells (1 × 106 cells) in 25 µl of Matrigel™ was injected into the caecal wall. 

Matrigel™ is used as a vehicle to inject the cancer cells into the caecum 

as it provides nutrients to the cells, while tumours are establishing. After 

surgery, the abdominal muscle wall was closed using polygalactin 5.0 gut 

sutures. Surgical silk suture was used to close the skin and the wound 

area was then sterilized with iodine. Mice received a subcutaneous 

injection of an analgesic buprenorphine (0.05 mg/kg the maximum volume 

did not exceed 200 µl), and were placed in cages on heated mats to 
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recover. Mice were closely monitored and regularly checked post-surgery. 

Mice were killed by cervical dislocation 3 weeks post-surgery; spleen, 

colon, and caecum were collected for immunohistochemistry and 

fluorescence-activated cell sorting (FACS) analysis. 

 

3.4.3 Single Cell Suspension  

Colon was dissected out and smooth muscle was removed leaving only 

the mucosa. The mucosa was cut into fine pieces and left in collagenase 

(0.1 mg/10mL) for 2 hours (h) at 37 °C. Every 30 minutes the mucosa and 

collagenase were mixed using a pipette, for 2 h total after which the colon 

collagenase mixture was removed and filtered. Spleen was dissected out 

and made into a suspension using the glass slide method and red blood 

cells lysed. The samples were centrifuged (450 g for 5 minutes) and 

resuspended in 1 mL of FACS buffer (1xphosphate buffered solution, 1 % 

foetal bovine serum and 0.02 % sodium azide). The cell suspension was 

counted using a haemocytometer and viable cells were counted using 

trypan blue (dilution 1/1). The viability of cell suspensions used for 

experiments was between 65-75 %. 

 

3.4.4 Cell Surface and Intracellular Labelling  

FACS analysis was used to enumerate and phenotype the different 

leukocyte subpopulations in the colon of both the Winnie and C57BL/6 

mice. A minimum of 500,000 cells per sample were used for antibody 

staining. Cells were labelled with monoclonal primary antibodies at 4 °C 

for 20 minutes to label specific immune cell types. Cytofix/cytoperm kit 

was used for intracellular labelling following manufacturer’s instructions 

(BD Bioscience cat no. 554715). Antibodies: rat anti-mouse Ly6G (clone 

1A8) conjugated to FITC, rat anti-mouse Gr-1 (clone RB6-8C5) conjugated 

to FITC, rat anti-mouse CD206 (clone 17A2) conjugated to Alexa Fluor 

488, rat anti-mouse F4/80 (clone BM8) conjugated to PE, rat anti-mouse 

Ly6C (clone HK1.4) conjugated to PE, rat anti-mouse CD11b (clone 

M1/70) conjugated to PE/Cy7, rat anti-mouse CD11c (clone N418) 
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conjugated to APC/Cy7, rat anti-mouse TCRβ (clone H57-597) conjugated 

to APC, rat anti-mouse IL-6 (clone MP5-20F3) conjugated to APC, rat anti-

mouse IL-10 (clone JES5-16E3) conjugated to APC, rat anti-mouse TNFα 

(clone MP6- XT22) conjugated to brilliant violet 421, rat anti-mouse TGFβ 

(clone TW7-16B4) conjugated to brilliant violet 421 and rat anti-mouse 

MHC II (clone M5/114.15.2) conjugated to brilliant violet 510 (all antibodies 

from Biolegend, USA). To prevent non-specific Fc receptor binding cells 

were co-stained with rat anti-mouse CD16/CD32 hybridoma supernatant 

(2.4G2 clone, Developmental Studies Hybridoma Bank, USA). Samples 

were analysed using a BD Canto FACS analyser (BD Biosciences, USA). 

All data were compensated using BD FACSDIVA v6.0 and analysed in 

FACSDIVA. 

 

3.4.5 Immunohistochemistry 

Immunohistochemistry was performed in cross sections of the caecum 

and colon as described previously (Nurgali et al., 2011). Frozen tissue 

sections were thawed and incubated for 1 h  at room temperature with 10 

% normal donkey serum (Chemicon, USA) followed by an overnight 

incubation with a primary antibody. Primary monoclonal antibodies rat anti-

mouse PD-1 (clone J43.1) (dilution 1/500), rabbit anti-mouse and PD-L1 

(ab58810) (dilution 1/500) (both from Abcam, Melbourne, Australia). 

Secondary antibody was  added followed by incubation at room 

temperature for 2 h. Secondary antibodies: donkey anti-rat Alexa Fluor 

488 and anti-rabbit Alexa Fluor 488 (both from Jackson ImmunoResearch, 

Pennsylvania, USA) and slides were cover slipped with fluorescent 

mounting medium (DAKO, Australia).  

 

3.4.6 Imaging  

Three dimensional (z-series) images of cross sections of colon/ caecum were 

taken using a Nikon Eclipse Ti laser scanning microscope (Nikon, Japan). 

Fluorophores were visualised using excitation filters for Alexa 594 Red 

(excitation wavelength 559 nm), Alexa 488 (excitation wavelength 473 
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nm). Z-series images were taken at step size of 1.75 µm (1600 x 1200 

pixels). 

 

3.4.7 Morphometric Analysis of Tumours in the Caecum 

The caecum was dissected out and opened, the numbers of tumours were 

counted by eye and an average was taken for each experimental group.  

  

3.4.8 Quantitative Analysis 

FACS data presented as percentages, the percentages of T cells (TCRβ+ 

cells), neutrophils (Ly6G+/Ly6C+ cells) and CD11b+ cells were calculated 

from total number of viable cells in the colon or spleen suspension and M1 

(CD206- cells) and M2 (CD206+ cells) macrophage percentages were 

calculated from the number of CD11b+/CD45+/F4/80+/MHCII+ cells. FACS 

and morphometric analysis data were analysed using Students’ t-test. 

Analyses were performed using GraphPad Prism version 6.0 for Windows 

(GraphPad Software, San Diego, California USA). All data are presented 

as mean ± standard error of the mean (SEM). 

Images were analysed using Image J software (National Institute of 

Health, Bethesda, MD, USA). PD-1 and PD-L1 expression was assessed 

by measuring the density of PD-1 or PD-L1-immunoreactive (IR) cells per 

area (average of 8 areas of 500 μm2 per animal at × 20 magnification). 

Image J software was employed to adjust colour images from RGB to 8 

bit, after which thresholding to a consistent value was applied to obtain 

the percentage area of PD-1 or PD-L1-immunoreactivity. In colon tissue 

PD-1-IR cells were counted in cross sections within a 2-mm2 area 

randomly capturing 8 images per slide. 
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3.5 Results  

3.5.1 Immune Cell Characterisation in Winnie Mice Compared to 

Controls  

3.5.1.1 Immune Cell Infiltrates in the Spleen of Winnie Mice are 

Significantly Different to C57BL/6 Control Mice 

Flow cytometry was used to analyse immune cells in the spleen, 

representative gating strategies are shown in Figs 3.1, 3.2 and 3.3. 

Analysis of the spleen revealed significant differences between Winnie 

mice and C57BL/6 (control) mice. Pan leukocyte marker CD45 was used 

to define leukocytes in the colon and immune populations are stated as 

percentage of CD45+ cells. The percentage of T cells was determined 

using TCRβ and was significantly increased in Winnie mice (32.33 ± 

1.07%) when compared to control mice (12.40 ± 0.36%) (p<0.0001) (Fig 

3.4). Ly6C and Ly6G were used to determine the percentage of 

neutrophils in the spleen. Interestingly the percentage of neutrophils in 

Winnie mice (1.73 ± 0.30%) was significantly lower when compared to 

control mice (4.87 ± 0.62%) (p<0.05) (Fig 3.5). Furthermore the 

percentage of CD11b+ cells in the spleen of Winnie mice (9.767 ± 

0.3180%) was similar to the control group (10.27 ± 1.97%) (Fig 3.6A). 

However, the percentage of M1 (CD206- cells) macrophages was 

significantly lower in Winnie mice (53.63 ± 0.088%) when compared to 

control mice (71.37 ± 1.27, p<0.001) (Fig 3.6B) and M2 (CD206+ cells) 

macrophages were significantly increased in Winnie mice (46.20 ± 0.12%) 

compared to control mice (26.27 ± 0.39%, p<0.0001) (Fig 3.6C). The 

percentage of M1/M2 macrophages are presented as a percentage of 

CD11b+/CD45+/F4/80+/MHCII+ cells.  
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Figure 3.1: Gating Strategies used to Determine the Percentage of T cells 

(TCRβ
+
 cells) in the Spleen.  

Gate 1 – live cells based on FSC-SSC gating, Gate – 2 CD45
+ 

cells in the spleen and 

Gate 3 – TCRβ
+ 

cells in the spleen 
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Figure 3.2: Gating Strategies used to Determine the Percentage of Neutrophils 

(Ly6G
+
/Ly6C

+
 Cells) in the Spleen.  

Gate 1 – live cells based on FSC-SSC gating, Gate – 2 CD45
+ 

cells in the spleen and Gate 3 

- Ly6G
+
/Ly6C

+
 cells (neutrophils).  
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Figure 3.3: Gating Strategy used to Determine CD11b
+
/CD45

+ 
cells, M1 and 

M2 Macrophages in the Spleen. 

Gate 1 – live cells based on FSC-SSC gating, Gate 2 – CD11b
+
/CD45

+ 
cells, Gate 

3 – CD11b
+
/CD45

+
/F4/80

+
/MHC II

+ 
cells and Gate 4 - CD11c

+
/CD206

+/- 
cells, of 

gate 3 cells to distinguish M1 and M2 cells.  
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Figure 3.5: Percentage of Neutrophils in the Spleen. 

Quantitative analysis of the percentage of neutrophils (Ly6G
+
/Ly6C

+
 

cells) in the spleen of Winnie mice and C57BL/6 (control) mice. Data 

represented as mean ± SEM and statistical significance is indicated 

by asterisk, *p<0.05, n=6 mice/group. 

Figure 3.4: Percentage of T cells in the Spleen. 

Quantitative analysis of the percentage of T cells (TCRβ
+
 cells) in the 

spleen of Winnie mice and C57BL/6 (control) mice. Data represented as 

mean ± SEM and statistical significance is indicated by asterisk, 

****p<0.0001, n=6 mice/group. 
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Figure 3.6: Percentage of CD11b
+
/CD45

+ 
Cells, M1 and M2 

Macrophages in the Spleen. 

Quantitative analysis of the percentage of CD11b
+
/CD45

+ 
cells 

(A), M1 (B) and M2 macrophages (C) in the spleen of Winnie 

mice and C57BL/6 (control) mice. Data represented as mean ± 

SEM and statistical significance is indicated by asterisk, 

***p<0.001, ****p<0.0001, n=6 mice/group. 
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3.5.1.2 Immune Cell Infiltrates in the Colon of Winnie Mice are 

Significantly Different to C57BL/6 Control Mice. 

Flow cytometry was used to analyse immune cells in the colon, 

representative gating strategies are shown in Figs 3.7, 3.8 and 3.9. 

Analyses of colon immune cell infiltrates revealed significant differences 

between Winnie and control (C57BL/6) mice. Pan leukocyte marker CD45 

was used to show total immune cell infiltration in the colon and immune 

populations are stated as a percentage of CD45+ cells. The percentage of 

T cells labelled with TCRβ is significantly higher in Winnie mice (33.80 ± 

2.94%) compared to the control mice (9.50 ± 1.61%, p<0.01) (Fig 3.10). 

To identify neutrophils, Ly6C and Ly6G was used; the percentage of 

neutrophils in Winnie mice (4.83 ± 0.18%) is comparable to control mice 

(6.75 ± 4.75%) (Fig 3.11). The percentage of CD11b+ cells in Winnie mice 

(24.40 ± 2.77%) is significantly decreased when compared to control mice 

(40.37 ± 3.38%, p <0.05) (Fig 3.12A). Further, FACS analysis of colon cell 

infiltrates revealed the presence of M1 macrophages identified as positive 

for CD11b, CD45, F4/80 and negative for CD206. The percentage of M1 

macrophages is significantly lower in Winnie mice (41.40 ± 1.20%) 

compared to control mice (67.20 ± 3.90%, p<0.01)  (Fig 3.12B). However, 

the percentage of M2 macrophages (CD206+ cells) in Winnie mice (47.17 

± 0.96%) is similar to control mice (42.55 ± 13.55%) (Fig 3.12C).  
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Figure 3.7: Gating Strategy used to Determine the Percentage of T cells 

(TCRβ
+
cells) in the Colon.  

Gate 1 – live cells based on FSC-SSC gating, Gate – 2 CD45
+
cells in the colon and Gate 

3 – TCRβ
+
cells in the colon.  
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Figure 3.8: Gating Strategy used to Determine the Percentage of Neutrophils 

(Ly6G
+
/Ly6C

+
cells) in the Colon.  

Gate – 1 CD45
+
cells in the colon, Gate 2 – live cells based on FSC-SSC gating 

and Gate 3 - Ly6G
+
/Ly6C

+
cells (neutrophils).  
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Figure 3.9: Gating Strategy used to Determine CD11b

+
/CD45

+ 
cells and 

M1/M2 Macrophages in the Colon. 

Gate 1 – CD45
+
cells, Gate 2 – live cells based on FSC-SSC gating, Gate 3 – 

CD11b
+
/CD45

+
cells, Gate 4 – F4/80

+
/MHC II

+
 cells and Gate 5 - 

CD11c
+
/CD206

+/-
 cells.  
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Figure 3.10: Percentage of T cells in the Colon. 

Quantitative analysis of the percentage of T cells (TCRβ
+
cells) in the 

colon of Winnie mice and C57BL/6 (control) mice. Data represented 

as mean ± SEM and statistical significance is indicated by asterisk, 

**p<0.01, n=6 mice/group. 

Figure 3.11: Percentage of Neutrophils in the Colon. 

Quantitative analysis of the percentage of neutrophils 

(Ly6G
+
/Ly6C

+
cells) in the colon of Winnie mice and C57BL/6 

(control) mice. Data represented as mean ± SEM, n=6 mice/group. 
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Figure 3.12: Percentage of CD11b
+
/CD45

+ 
Cells, M1 and M2 Macrophages in 

the Colon. 

Quantitative analysis of the percentage of CD11b
+
/CD45

+
 cells (A), M1 (B) and M2 

macrophage (C) in the colon of Winnie mice and C57BL/6 (control) mice. Data 

represented as mean ± SEM and statistical significance is indicated by asterisk, 

*p<0.05, **p<0.01, n=6 mice/group. 
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3.5.2 Characterisation of Immune Cells in an Orthotopic Cancer Model 

Induced in Control and Winnie Mice  

 

3.5.2.1 Number of Tumours in The Caecum Following Orthotopic Injection of 

MC38 Cells. 

MC38 cells (1x106 cells in 25 µL of matrigel™) were injected into the caecum of 

Winnie and C57BL/6 mice (control). The caecum was dissected out 3 weeks 

post-surgery and tumours counted. The number of tumours in the caecum was 

significantly increased in Winnie mice (Winnie+CRC group) (3.00 ± 0.58) when 

compared to the number of tumours in C57BL/6 control mice (C57BL/6+CRC 

group) (1.00±0.00, p<0.01). The volume of tumours was highly variable in 

Winnie mice (Winnie+CRC group) (8.39±7.06mm3), therefore no significant 

differences were observed when compared to the C57BL/6 mice 

(C57BL/6+CRC group) (4.71±2.16mm3) (Fig 3.13). 
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Figure 3.13: Number and Volume of Tumours in the Caecum  

Images (A) and analysis of the number of tumours in the caecum of C57BL/6 

and Winnie mice at 3 weeks post implantation of MC38 colorectal tumour cells 

(B).  Data represented as mean ± SEM and statistical significance is indicated 

by asterisk,* *p<0.01, n=5 mice/group. 
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3.5.2.2 Immune Cell Infiltrates in the Spleen of Winnie Mice are Different to 

Control Mice in an Orthotopic Colorectal Cancer Model  

Analysis of immune cell populations in the spleen of mice with CRC showed 

significant differences between Winnie mice (Winnie+CRC) and control mice 

(C57BL/6+CRC). Pan leukocyte marker CD45 was used to define leukocytes in 

the colon and immune populations are stated as percentage of CD45+ cells. 

Analysis of the spleen showed a significant increase in the percentage of T cells 

(TCRβ+ cells) in Winnie+CRC mice (25.33 ± 3.44%) compared to 

C57BL/6+CRC (control) mice (11.47 ± 1.99%, p<0.05) (Fig 3.14). A significant 

increase in percentage of neutrophils(Ly6G+/Ly6C+ cells) was also noted in 

Winnie+CRC mice (2.67 ± 0.41%), when compared to C57BL/6+CRC mice 

(1.40 ± 0.06%, p<0.05) (Fig 3.15). However CD11b+ cells in Winnie+CRC mice 

(8.13 ± 0.44%) are similar to C57BL/6+CRC mice (7.20 ± 0.49%) (Fig 3.16A). 

Further analysis also revealed no difference between Winnie+CRC mice and 

C57BL/6+CRC mice for M1 and M2 macrophages (Figs 3.16B, C).   
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Figure 3.14: Percentage of T cells in the Spleen. 

Quantitative analysis of the percentage of T cells (TCRβ
+
cells) 

in the spleen of Winnie+CRC mice and C57BL/6+CRC 

(control) mice. Data represented as mean ± SEM and 

statistical significance is indicated by asterisk, *p<0.05, n=5 

mice/group. 

Figure 3.15: Percentage of Neutrophils in the Spleen. 

Quantitative analysis of the percentage of neutrophils 

(Ly6G
+
/Ly6C

+
 cells) in the spleen of Winnie+CRC mice and 

C57BL/6+CRC (control) mice. Data represented as mean ± 

SEM and statistical significance is indicated by asterisk, 

*p<0.05, n=5 mice/group. 
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Figure 3.16: Percentage of CD11b
+
/CD45

+ 
Cells, M1 and M2 

Macrophages in the Spleen. 

Quantitative analysis of the percentage of CD11b
+
/CD45

+
 cells (A), 

M1(B) and M2 macrophages (C) in the spleen of Winnie+CRC mice 

and C57BL/6+CRC (control) mice. Data represented as mean ± 

SEM, n=5 mice/group. 
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3.5.2.3 Immune Cell Populations in the Colon of Winnie Mice are Different to 

Control Mice in an Orthotopic Colorectal Cancer Model  

Analysis of the colon from Winnie mice with CRC showed significant differences 

between Winnie+CRC mice when compared to C57BL/6+CRC (control) mice. 

Pan leukocyte marker CD45 was used to define leukocytes in the colon and 

immune populations are stated as percentage of CD45+ cells. A significant 

increase of T cells was noted in Winnie+CRC mice (19.80 ± 1.95%) compared 

to the C57BL/6+CRC (control) mice (12.53 ± 0.39%, p<0.05) (Fig 3.17). Ly6C 

and Ly6G were used to enumerate neutrophils, which demonstrated that 

Winnie+CRC mice (3.50 ± 0.62%) tend to have increased percentage of 

neutrophils compared to C57BL/6+CRC mice (1.33 ± 1.33%) but this is not 

significant (Fig 3.18). This study also shows that in the colon of Winnie+CRC 

mice there is a higher percentage of CD11b+ cells in (34.10 ± 4.86%) compared 

to C57BL/6+CRC mice (24.60 ± 1.55%) but this is not significant (Fig 3.19A). 

However there are increased percentage of  M1 macrophages (61.23 ± 3.00% 

vs 46.47 ± 0.84%) and lower percentage of  M2 macrophages (35.67 ± 2.95% 

vs 50.23 ± 1.04%) in Winnie+CRC mice compared to C57BL/6+CRC mice 

(p<0.01) respectively (Figs 3.19 B, C). 
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Figure 3.17: Percentage of T cells in the Colon. 

Quantitative analysis of the percentage of T cells (TCRβ
+
 cells) in 

the colon of Winnie+CRC mice and C57BL/6+CRC (control) mice. 

Data represented as mean ± SEM and statistical significance is 

indicated by asterisk, *p<0.05, n=5 mice/group. 

Figure 3.18: Percentage of Neutrophils in the Colon. 

Quantitative analysis of the percentage of neutrophils 

(Ly6G
+
/Ly6C

+
 cells) in the colon of Winnie+CRC mice and 

C57BL/6+CRC (control) mice. Data represented as mean ± 

SEM, n=5 mice/group. 
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Figure 3.19: Percentage of CD11b
+
/CD45

+
 Cells, M1 and M2 

Macrophages in the Colon. 

Quantitative analysis of the percentage of CD11b
+
/CD45

+ 
cells 

(A), M1 (B) and M2 macrophages (C) in the colon of 

Winnie+CRC mice and C57BL/6+CRC (control) mice. Data 

represented as mean ± SEM and statistical significance is 

indicated by asterisk, **p<0.01, n=5 mice/group. 
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3.5.2.4 Immunohistochemical Analysis of PD-1 and PD-L1 in a Model of Cancer 

and Inflammation 

In inflammatory disorders it has been noted that the expression of PD-L1 is 

reduced, leading to the activation of T cells (CD8+), however in the tumour 

microenvironment the opposite is true. PD-L1 is expressed by tumour cells 

which upon binding of PD-1 expressed by activated T cells lead to inhibitory 

signals being triggered and a reduction in CD8+ T cells and apoptosis. 

Therefore, the PD-1/PD-L1 interaction is an important regulator of the immune 

system in cancer and IBD. Tumour and colon tissues from Winnie+CRC mice 

were labelled for PD-1 and PD-L1 to determine the overall expression 

compared to C57BL/6+CRC mice. The expression of PD-L1 in the tumours of 

Winnie+CRC mice is significantly increased compared to C57BL/6+CRC mice 

(Fig 3.20). In addition, the expression of PD-1 within the tumour is significantly 

increased in Winnie+CRC mice compared the C57BL/6+CRC mice (Fig 3.21) 

and PD-1 expression in the colon of Winnie+CRC mice is also significantly 

increased compared to C57BL/6+CRC mice (Fig 3.22) 
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Figure 3.20: Immunohistological labelling of PD-L1 in Tumour Cross Sections. 

Immunohistological labelling of PD-L1 (Green) and Ki67 (Red) in the tumour cross 

sections in the caecum and quantitative analysis of PD-L1 in tumour sections found in 

the caecum of mice with CRC, Data represented as mean ± SEM, n=5 mice/group. 

Scale bar is 50 µm. 
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Figure 3.21: Immunohistological labelling of PD-L1 are in Tumor Cross Sections. 

Immunohistological labelling of CD8 (Green) and PD-1 (Red) in the tumor cross sections and in 

the caecum and quantitative analysis of PD-1 in tumor sections found in thecaecum of mice with 

CRC, Data represented as mean ± SEM, n=5 mice/group. Scale bar is 50 µm  
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Figure 3.22: Immunohistological labelling of PD-1 in Colon Cross Sections. 

Immunohistological labelling of CD8 (Green) and PD-1 (Red) in the colon cross 

sections and quantitative analysis of PD-L1 in colon cross sections, Data 

represented as mean ± SEM and statistical significance is indicated by asterisk, 

**p<0.01, n=5 mice/group. Scale bar is 100 µm  
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Table 3.1: Summary of immune cell populations in Winnie compared to C57BL/6 mice with or without colorectal cancer 

 

 Winnie compared to 
C57BL/6 

Winnie+CRC 
compared to 

C57BL/6+CRC 

Published Results  Reference 

 Spleen Colon Spleen Colon Lamina propria 
mononuclear cells  

Proximal 
colon 

Distal 
colon 

Spleen Mesenteric 
lymph 
nodes 

 

T cells ↑ ↑ ↑ ↑ ↑ CD4/↓CD8   ↑ CD4 ↔ CD4 (Eri et al., 
2011) 

Neutrophils ↓ ↔ ↑ ↔       

CD11b+ cells ↔ ↓ ↔ ↔ ↔      (Eri et al., 
2011) 

M1 
macrophages 

↓ ↓ ↔ ↑       

M2 
macrophages 

↑ ↔ ↔ ↓       

PD-1    ↑ (colon & 
caecum) 

      

PD-L1    ↑ 
(caecum) 

      

B cells      ↑      (Eri et al., 
2011) 

CD11c= cells     ↑      (Eri et al., 
2011) 

Cytokines, 
chemokines 
and growth 

factors 

    ↑IL-6, ↑IL-
12/23p40, ↑MIP-1α, 

↑ RANTES 

↑ IL-1β, ↑ IL-
12p40, ↓ 

TSLP, ↑ IL-
17A, ↔ IL-

17F, ↑ 
Tgfb1, ↔ 

Ccr6 

↑ IL-1β, ↑ 
IL-12p40, 
↓ TSLP, ↑ 
IL-17A, ↑ 
IL-17F, ↑ 
Tgfb1, ↑ 

Ccr6  

 ↑TNFα. ↑IL-
13, ↑IFNγ,   

↑IL-17 

(Eri et al., 
2011, 

Hasnain et 
al., 2013) 

Table 3.1 legend - ↑ Increase, ↓ Decrease, ↔ No change. 
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3.6 Discussion 

This study investigated the immune cell populations in an animal model of 

spontaneous chronic colitis, closely related to human UC.  

IBD in humans is associated with defects in both innate and adaptive immunity 

(Brown and Mayer, 2007). In humans, IBD involves defects in the mucosal 

barrier, in some individuals the overt inflammatory response may be an 

appropriate immune response to an excessively permeable intestinal barrier 

(Brown and Mayer, 2007). This barrier defect may be inherent or induced by 

intercurrent infection or nonsteroidal anti-inflammatory drugs (Brown and Mayer, 

2007). Greater intestinal permeability has been reported in humans with IBD, 

this permeability is also seen in IL-10 deficient mice and in Winnie mice (Brown 

and Mayer, 2007, Eri et al., 2011). A number of T cell defects are associated 

with IBD. In fact, in IBD patients, excessive T helper (Th) 1 and Th17 responses 

are noted, in addition to defective T cell responses including faulty apoptosis, 

regulatory defects and function (Boirivant et al., 1999, Ina et al., 1999, Brown 

and Mayer, 2007). Similarly, Winnie mice have both excessive Th1 and Th17 

responses and deficient anti-inflammatory responses. Herein, it was shown that 

in both the spleen and colon there is a significant increase in the percentage of 

T cells compared to controls. 

The innate immune system is also part of the pathology of IBD. The importance 

of the innate immune system was highlighted by the role of the CARD15 gene, 

which is preferentially expressed by macrophages and dendritic cells (Brown 

and Mayer, 2007). Macrophages and dendritic cells play a major role in the 

development of Th-1 immune responses (Parronchi et al., 1997, Brown and 

Mayer, 2007). In addition, neutrophils play a role in IBD; they secrete 

nonspecific inflammatory mediators including reactive oxygen intermediates and 

neutrophil-mediated tissue damage also appears to be exacerbated in IBD 

(Nixon and Riddell, 1990, Carlson et al., 2002). Likewise, as shown in the 

spleen of Winnie mice the percentage neutrophils was decreased, however, 

there was an increase in the percentage of T cells. This shows a systemic 

response to the inflammatory status in the colon of these mice and indicates 

movement to the site of inflammation.  In Winnie mice there is an increase in 
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the proportion of CD11c+ cells, B cells and no change in CD4+ T cells, natural 

killer cells and natural killer T cells immune populations Winnie mice show a 

similar percentage of Ly6G+/Ly6C+ cells (neutrophils) in the colon when 

compared to controls, however further investigation is needed to identify the 

cytokines secreted by neutrophils in the colon from Winnie mice. 

Interestingly in Winnie mice there are fewer M1 macrophages but the 

percentage of M2 macrophages is similar to that of the C57BL/6 control mice. 

M1 macrophages participate in the inflammatory reaction by secreting pro-

inflammatory cytokines with multiple downstream targets and effects, such as 

IL-23 a cytokine that promotes the expansion/maintenance of Th17 cells and 

also reduces IL-10 production (Hue et al., 2006, Yen et al., 2006, Elson et al., 

2007, Zhu et al., 2014). M2 macrophages down regulate Th1 and Th17 

responses by increasing CD4+ Foxp3+ Tregs in inflamed tissue (Sica and 

Bronte, 2007, Zhu et al., 2014). Therefore an increase in M1 macrophages is 

consistent with previous findings that show Winnie mice have an increase in 

Th17 responses, these findings also show that the greatest activation of Th17 

responses was in the distal colon, where the maximal histological damage is 

seen  (Eri et al., 2011).  

It is well known that chronic inflammation such as that seen in IBD is a risk 

factor in developing colorectal cancer. Inflammation plays an important role in 

cancer progression; tumour cells can produce cytokines and growth factors to 

promote tumour growth (Coussens and Werb, 2002). The tumour 

microenvironment contains innate immune cells including macrophages, 

neutrophils, dendritic cells and adaptive immune cells including T and B cells 

(Mantovani et al., 2008, Grivennikov, 2013). These cells communicate with 

each other by means of direct contact or cytokine and chemokine secretion and 

act in an autocrine and paracrine manner to control tumour growth.  

Colitis associated tumours are infiltrated by an array of immune cells of both the 

innate (including macrophages, neutrophils, mast cells, myeloid-derived 

suppressor cells, dendritic cells, and natural killer cells) and adaptive immune 

systems (T and B cells)  (Sica et al., 2006). T cells for instance are required for 

inflammation, tumour progression, as well as, anticancer activity (Terzić et al., 
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2010). In colitis associated cancer, the immune system seems to have a mostly 

pro-tumourigenic role (Eiró and Vizoso, 2012, Grivennikov, 2013). In the 

orthoptopic colorectal cancer model induced in Winnie mice with chronic colitis 

the number of tumours and their volume is higher compared to C57BL/6 mice 

with colorectal cancer. This demonstrated that in an inflammatory milieu, such 

as spontaneous chronic colitis (Winnie mice) colorectal tumours grow more 

rapidly. An increase in macrophages and neutrophils is associated with poor 

prognosis in colorectal cancer (Terzić et al., 2010). Macrophages and 

neutrophils produce cytokines and growth factors that promote tumour growth 

and angiogenesis (Terzić et al., 2010). An increase in the percentage of M1 

macrophages  shows the immune system is reacting to the tumour growth as 

M1 macrophages have a Th1 phenotype and have an anti-tumour effect and the 

decrease in M2 macrophages also shows an anti-cancer effect as M2 

macrophages have a Th2 phenotype and can promote tumour growth (Sica et 

al., 2006). Furthermore, the ensuing immune populations show a pro-

inflammatory phenotype with increased T cells and neutrophils. This study also 

demonstrated an increase in T cells which can exert both tumour suppressive 

and tumour promoting properties as determined by their effector functions 

(Smyth et al., 2006, Langowski et al., 2007, DeNardo et al., 2009). Many T cell 

subsets found in solid tumours are involved in tumour promotion, progression, 

or metastasis by producing cytokines and growth factors in that help promote 

tumour growth.  

Subtypes of T cells, cytotoxic CD8+ T cells express PD-1 receptors, which play 

a pivotal role in the ability of tumour cells to evade the host immune system. 

PD-L1 is increased in tumours which leads to the apoptosis of PD-1 (CD8+) T 

cells (Fife and Pauken, 2011, McDermott and Atkins, 2013). However in 

inflammatory environments this is reversed and PD-L1 is decreased which 

leads to an increase in PD-1, . Winnie mice have higher levels of PD-1 

expression in colonic tissue further suggestive of an inflammatory response. 

However in the tumour tissue an increase in both PD-L1 and PD-1 is seen in 

Winnie mice indicative of the tumour evading the host immune system but also 

an inflammatory response. 
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3.7 Conclusion  

This study shows that the Winnie mouse is a viable model of spontaneous 

inflammation similar to what is seen in human IBD. Winnie mice have increased 

percentage of T cells and decreased M1 macrophages in both spleen and 

colon; this is consistent with emerging findings that IBD has a Th17phenotype. 

Winnie mice injected with MC38 colorectal cancer cells showed an increase in 

the percentage of M1 macrophages and a decrease in the percentage of M2 

macrophages which shows an anti-cancer effect and furthermore, Winnie mice 

have an increase in the percentage of T cells, which can exert both an anti- and 

pro-tumourigenic effect. In fact, some T cell subsets isolated from solid tumours 

such as, colorectal cancer are involved in tumour promotion, progression, or 

metastasis by producing cytokines and growth factors that aid in tumour growth. 

This study shows that in Winnie mice the immune system promotes a response 

similar to what is noted in humans with IBD, and, Winnie mice with cancer show 

both pro- and anti-tumour effects in the immune system. 
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Chapter Four: Effect of Mesenchymal Stem 
Cells on the Immune System in Animal Models 
of Inflammatory Bowel Disease and Colorectal 

Cancer 
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4.1 Background 

Mesenchymal stem cells (MSCs) are multipotent stem cells that can be derived 

from many adult tissues including bone marrow and adipose tissue (Mosna et 

al., 2010). In recent years, MSCs have gained significant attention due to their 

therapeutic potential.  MSCs are currently being tested in human trials against 

numerous disorders including arthritis, multiple sclerosis and inflammatory 

bowel disease (IBD) (González et al., 2009, Duijvestein et al., 2010, Freedman 

et al., 2010, Ciccocioppo et al., 2011, Connick et al., 2012, Lee et al., 2013, 

Forbes et al., 2014).  

MSCs have unique biological characteristics that allow them to escape immune 

rejection and induce endogenous repair mechanisms (Uccelli et al., 2008). 

Indeed, in clinical trials administration of MSCs is safe and a feasible treatment 

option for complex perianal fistulas associated with Crohn’s disease (CD) 

(Duijvestein et al., 2010, Ciccocioppo et al., 2011). MSCs are thought to be 

derived from fibroblasts, which are important in wound healing, regeneration 

and involved in the pathophysiology of disease. MSCs play pivotal roles in not 

only maintenance but also regeneration and replacement of connective and 

damaged tissues following inflammation, injury and destruction (Liechty et al., 

2000, Burdon et al., 2010). These properties make MSCs a viable therapeutic 

option in managing IBD.  

MSCs have shown promise in both animal models of IBD and in human trials 

(Duijvestein et al., 2010, Ciccocioppo et al., 2011, Forbes et al., 2014, 

Gonzalez-Rey and Delgado, 2014, Robinson et al., 2014).   In a guinea-pig 

model of TNBS-induced colonic inflammation, human bone marrow MSCs 

applied locally to the site of inflammation persevered colonic architecture, 

reduced immune infiltrate in the colon, prevented neuronal loss and axonal 

damage in enteric neurons and alleviated inflammation-induced changes to 

gastrointestinal motility 7 days after treatment (Robinson et al., 2014). In a rat 

model of TNBS induced colonic inflammation, MSCs injected submucosally had 

reduced histopathological severity of colitis, increased the proliferation of 

colonic epithelium, decreased neutrophil infiltration in the colon and repaired 

colonic ulcers (Ando et al., 2008).  
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Similarly, Hayashi et al (2008) showed that submucosal injection of MSCs in a 

rat model of TNBS-induced colonic inflammation, lessened the clinical and 

histopathological severity of colitis, lowered the lesion size and expressed 

vascular endothelial growth factor and transforming growth factor-β1. Likewise, 

in a number of mouse models of TNBS-induced colonic inflammation, MSCs 

decrease the clinical and histopathological severity of colitis, inhibit neutrophil 

infiltration in the colon, decrease pro-inflammatory cytokines and Th17 marker 

RORyt (Chen et al., 2003, González et al., 2009, Liang et al., 2011, Anderson et 

al., 2012, Elinav et al., 2013, Kim et al., 2013). In the dextran sulfate sodium 

(DSS) mouse model of inflammation, MSCs decrease clinical and 

histopathological severity of the colitis and reduce pro-inflammatory cytokines 

and immune cells (González et al., 2009, Zhang et al., 2009, Anderson et al., 

2012, He et al., 2012, Li et al., 2013, Kim et al., 2013, Wang et al., 2014)  

MSCs are currently being tested in human trials and have shown varying levels 

of success in IBD patients.  Clinical trials using MSCs for the treatment of CD 

fistulae and luminal inflammation have demonstrated that MSC therapy in IBD is 

both efficacious and feasible (García-Olmo et al., 2005, Garcia-Olmo et al., 

2009a, Garcia-Olmo et al., 2009b, Cho et al., 2013, Lee et al., 2013). Most 

MSCs trials have focused on the treatment of fistulae caused by CD rather than 

CD manifestations as a whole. The use of MSCs in the treatment of IBD has 

resulted in the complete re-epithelisation of fistulae in the majority of subjects 

(Garcia-Olmo et al., 2009a, García-Olmo et al., 2010). One clinical trial 

demonstrated that in vitro expansion of MSCs is likely to be essential in 

harnessing the therapeutic potential of MSCs (Garcia-Olmo et al., 2009b). The 

therapeutic outcome of MSC therapy in fistulising CD may be dose dependent 

with greater efficacy achieved by doses of 2x107 or 4x107 MSC/ml compared to 

1x107 MSCs/ml (Garcia-Olmo et al., 2009b).  

Chronic inflammation is a known risk factor in cancer development and hence 

IBD patients have a higher risk of developing cancer. Over 150 years ago, it 

was noted that cancer often occurred at inflammatory sites (Virchow, 1863), 

and, since then, numerous studies have shown that chronic inflammation is a 

risk associated with cancer (Balkwill and Mantovani, 2001, Coussens and Werb, 
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2002, Philip et al., 2004, Lu et al., 2006). Inflammation occurs in response to 

tissue damage that can result from infection, chemical irritation or trauma. In the 

early stages, neutrophils migrate to the inflammatory site in response to 

chemical signals produced by resident macrophages and mast cells. Other 

immune cells are subsequently recruited by a complex network of signalling 

molecules including growth factors, cytokines and chemokines. Anti-

inflammatory molecules also exist to allow resolution of the inflammatory 

response, promoting tissue repair and the rapid programmed clearance of 

inflammatory cells via apoptosis and subsequent phagocytosis. However if this 

process is dysregulated, chronic inflammation can occur. IBD is characterised 

by immunoregulatory defects in the mucosa, which appears to be associated 

with microbial exposure. The relationship between commensal bacteria and the 

host is symbiotic and exposure to commensal bacteria in healthy individuals 

down regulate inflammatory genes and thus the immune response to microbes 

and food antigens is inhibited (Donnenberg, 2000, Neish et al., 2000, Abreu, 

2002, Sands, 2004). In IBD this tolerance is lost and constant exposure to 

microbes and food antigens now triggers an inflammatory response causing 

chronic inflammation (Rath et al., 2001, Hanauer, 2006). 

During chronic inflammation, inflammatory foci predominantly consist of 

lymphocytes, plasma cells and macrophages. Macrophages are largely 

responsible for generating growth factors, cytokines and reactive oxygen and 

nitrogen species (Macarthur et al., 2004). Under normal conditions, these 

factors drive the inflammatory response, but during prolonged inflammation may 

lead to continuous tissue damage, subsequent sustained cell proliferation and 

hence a predisposition to malignant transformation (Macarthur et al., 2004). 

Reactive oxygen and nitrogen species may also contribute to DNA damage that 

can result in neoplasia. Reactive oxygen and nitrogen species can be produced 

by immune cells to fight infections and are believed to possess mutagenic 

potential for tumour development (Coussens and Werb, 2002) 

Cancer development is a step-wise process whereby genetic changes confer a 

growth advantage, driving tumour development. Malignancy is characterised by 

several hallmarks: self-sufficiency of growth signals, resistance to anti-growth 
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signals, and escape from apoptosis, unregulated proliferation, enhanced 

angiogenesis and metastasis (Hanahan and Weinberg, 2000). 

To date, research into inflammation-induced cancer has largely focussed on 

chemokines, cytokines and their downstream targets (Elinav et al., 2013). 

These inflammatory mediators may promote tumour growth, invasion, and 

metastasis and may facilitate angiogenesis. (Elinav et al., 2013). MSCs have 

been reported to migrate to tumour sites and sites of injury to incorporate into 

tissue stroma (Klopp et al., 2011). The interaction between MSCs and tumour 

cells and the mechanisms underlying this interaction are unclear. Whether 

MSCs lead to tumour development or supress tumour development is still being 

debated (Lazennec and Jorgensen, 2008, Klopp et al., 2011). A number of 

studies indicate that MSCs have an anti-tumour effect (supress tumour growth) 

(Khakoo et al., 2006, Qiao et al., 2008b) whilst other studies report MSCs have 

a pro-tumour effect (promotes tumour growth) (Karnoub et al., 2007, Zhu et al., 

2009).  

 

4.2 The Gap  

The effects of MSCs in an orthotopic model of colon cancer are still unclear in 

the literature. It was previously shown that in an orthotopic model of colon 

cancer, injection of MSCs together with tumour cells promotes cancer growth 

and metastasis (Shinagawa et al., 2010). However, injection of MSCs after the 

tumour has developed in an orthotopic model of colorectal cancer (CRC) has 

not being studied. It is unclear whether MSCs promote tumour growth or 

supress tumour growth. There are no animal studies with orthotopic CRC 

induced in Winnie mice with spontaneous chronic colitis.  
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4.3 Aim 

To study the effects of MSCs on the immune response in spleen and colon in 

an animal model of spontaneous chronic colitis and an orthotropic model of 

colon cancer.   

4.4 Materials and Methods 

4.4.1 Animals 

C57BL/6 and Winnie mice aged 12-24 weeks (n = 10) were obtained from 

Monash Animal Services. Animals were kept on a 12-hour light and dark cycle 

at approximately 22 °C with free access to food and water. Mice were allowed 

to acclimatise for at least one week. This study was approved by Victoria 

University Animal Experimentation Ethics Committee and performed in 

accordance with the guidelines of the National Health and Medical Research 

Council Code of Practise for the Care and Use of Animals for Scientific 

Purposes. 

 

 

4.4.2 MSC Culture  

Passage 4 human BM-MSC cell lines BM-7025 and BM-7081 (Tulane 

University) were characterised for their expression of surface antigens, 

differentiation potential, and colony forming ability as previously described 

(Robinson et al., 2014). All tests confirmed that MSCs used in this study met 

criteria for defining in vitro MSC cultures proposed by the International Society 

for Cellular Therapy (ISCT) (Dominici et al., 2006). Cells were plated at an initial 

density of 60 cells/cm2 and incubated in complete culture medium; minimum 

essential medium (α-MEM) supplemented with 16.5% MSC qualified foetal 

bovine serum (FBS) (validated by Life Technologies and is tested to 

successfully support the differentiation and culture of human MSCs according to 

ISCT guidelines), 100 U/mL penicillin/streptomycin, and 100X GlutaMAX (all 

purchased from GIBCO, Life Technologies) at 37 °C. Medium was replenished 

every 48–72 hours for 10–14 days until the cells were 70–85 % confluent 

(maximum). MSCs were rinsed in 5 mL sterile phosphate buffered solution 

(PBS) (1X) prior to incubation with 3 mL trypsin/ethylenediaminetetraacetic acid 
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(EDTA) solution (TrypLE Select; GIBCO, Life Technologies) for 3 minutes at 37 

°C to detach cells. Enzymatic activity was neutralized by 8mL of stop solution 

(α-MEM + 5 % FBS) and MSCs were collected and centrifuged at 450 g for 5 

minutes at room temperature. Cells were then re-suspended in fresh culture 

medium and counted using a light microscope.  

 

 

4.4.3 MSC Treatment 

Mice were anesthetised using isoflurane (4 %); 1x106 human bone marrow 

derived MSCs in 100 μL phosphate buffered solution were administered via 

enema either before or after CRC induction. The sham group received 100 μL 

of PBS via enema. Treatments were given twice a week for 2 weeks and then 

mice were killed 7 days after the last treatment to investigate the effects of 

MSCs.  

 

4.4.4 Orthotopic Model of Colorectal Cancer 

Orthotopic CRC induction was performed as described in Chapter 2. In this 

study we used C57BL/6 mice and therefore different a colorectal tumour cancer 

cell line (MC38). Prior to surgery, mice were anesthetised with an 

intraperitoneal injection of a mixture of ketamine (80 mg/kg) and xylazine (10 

mg/kg). The volume was calculated per animal body weight and the maximum 

volume did not exceed 200 µl. Viscotears™ was used to coat mouse eyes 

during surgery. The level of anaesthesia during surgery was monitored by the 

paw pinch response. The surgery was performed under aseptic conditions on a 

heat mat. Mice had their abdomen shaved and wiped with 70 % ethanol before 

being covered with sterile film. A small incision was made along the midline of 

the abdomen, and the caecum was exteriorised. Cell suspension of viable 

mouse colorectal tumour MC38 cells (1 × 106 cells) in 25 µl of the Matrigel™ 

was injected into the caecal wall. After surgery, the abdominal muscle wall was 

closed using polygalactin 5.0 gut sutures. Surgical silk suture was used to close 

the skin and the wound area was then sterilized with iodine. Mice received a 

subcutaneous injection of an analgesic buprenorphine (0.05 mg/kg the 
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maximum volume did not exceed 200 µl), and were placed in cages on heated 

mats to recover. Mice were closely monitored and regularly checked post-

surgery. Mice were killed by cervical dislocation 3 weeks post-surgery; spleen, 

colon, and caecum were collected for immunohistochemistry and fluorescence-

activated cell sorting (FACS) analysis. 

 

4.4.5 Single Cell Suspension  

Colon was dissected out and smooth muscle was removed leaving only the 

mucosa. The mucosa was cut into fine pieces and left in collagenase (0.1 

mg/10mL) for 2 hours at 37 °C. Every 30 minutes the mucosa and collagenase 

were mixed using a pipette, for 2 hours total after which the colon collagenase 

mixture was removed and filtered. Spleen was dissected out and made into a 

suspension using the glass slide method and red blood cells lysed. The 

samples were centrifuged (450 g for 5 minutes) and resuspended in 1 mL of 

FACS buffer (1xphosphate buffered solution, 1% foetal bovine serum and 0.02 

% sodium azide). The cell suspension was counted using a haemocytometer 

and viable cells were counted using trypan blue (dilution 1/1). The viability of 

cell suspensions used for experiments was between 65-75 % 

 

4.4.6 Cell Surface and Intracellular Labelling  

FACS analysis was used to enumerate and phenotype the different leukocyte 

subpopulations in the colon of both the Winnie and C57BL/6 mice. A minimum 

of 5x105 cells per sample were used for antibody staining. Cells were labelled 

with monoclonal primary antibodies at 4 °C for 20 minutes to label specific 

immune cell types. Cytofix/cytoperm kit was used for intracellular labelling 

following manufacturer’s instructions (BD Bioscience cat no. 554715). 

 

Antibodies used were divided into 2 different cocktails and run on the spleen 

and colon tissue.  Antibodies: rat anti-mouse Ly6G (clone 1A8) conjugated to 

FITC, rat anti-mouse Gr-1 (clone RB6-8C5) conjugated to FITC, rat anti-mouse 

CD206 (clone 17A2) conjugated to Alexa Fluor 488, rat anti-mouse F4/80 (clone 

BM8) conjugated to PE, rat anti-mouse Ly6C (clone HK1.4) conjugated to PE, 
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rat anti-mouse CD11b (clone M1/70) conjugated to PE/Cy7, rat anti-mouse 

CD11c (clone N418) conjugated to APC/Cy7, rat anti-mouse TCRβ (clone H57-

597) conjugated to APC, rat anti-mouse IL-6 (clone MP5-20F3) conjugated to 

APC, rat anti-mouse IL-10 (clone JES5-16E3) conjugated to APC, rat anti-

mouse TNFα (clone MP6- XT22) conjugated to brilliant violet 421, rat anti-

mouse TGFβ (clone TW7-16B4) conjugated to brilliant violet 421 and rat anti-

mouse MHC II (clone M5/114.15.2) conjugated to brilliant violet 510 (all 

antibodies from Biolegend, USA). To prevent non-specific Fc receptor binding 

cells were co-stained with rat anti-mouse CD16/CD32 hybridoma supernatant 

(2.4G2 clone, Developmental Studies Hybridoma Bank, USA). Samples were 

analysed using a BD Canto FACS analyser (BD Biosciences, USA). All data 

were compensated using BD FACSDIVA v6.0 and analysed in FACSDIVA. 

 

4.4.7 Immunohistochemistry 

Immunohistochemistry was performed in cross sections of the caecum and 

colon as described previously (Miller et al., 2016). Tissue sections were thawed 

and incubated for 1 hour at room temperature with 10 % normal donkey serum 

(Chemicon, USA) followed by an overnight incubation with a primary antibody. 

Primary antibodies used: rat anti-mouse PD-1 (dilution 1/500), rabbit anti-mouse 

and PD-L1 (dilution 1/500) (both from Abcam, Melbourne, Australia). Secondary 

antibody was added followed by incubation at room temperature for 2 hours. 

Secondary antibodies: donkey anti-rat Alexa Fluor 488 and anti-rabbit Alexa 

Fluor 488 (both from Jackson ImmunoResearch, Pennsylvania, USA) and slides 

were cover slipped with fluorescent mounting medium (DAKO, Australia).  

 

 

4.4.8 Morphometric Analysis of Tumours in the Caecum 

The caecum was dissected out and opened, the number of macroscopic 

tumours was counted and volumes were measured by callipers and an average 

was taken for each experimental group.  
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4.4.9 Imaging  

Three dimensional (z-series) images of colon and caecum cross sections were 

taken using a Nikon Eclipse Ti laser scanning microscope (Nikon, Japan). 

Fluorophores were visualised using excitation filters for Alexa 594 Red 

(excitation wavelength 559 nm), Alexa 488 (excitation wavelength 473 nm). Z-

series images were taken at step size of 1.75 µm (1600 x 1200 pixels). 

 

4.4.10 Quantitative Analysis 

FACS data presented as percentages, the percentages of T cells (TCRβ+ cells), 

neutrophils (Ly6G+/Ly6C+ cells) and CD11b+ cells were calculated from total 

number of viable cells in the colon or spleen suspension and M1 (CD206- cells) 

and M2 (CD206+ cells) macrophage percentages were calculated from the 

number of CD11b+/CD45+/F4/80+/MHCII+ cells.   FACS and morphometric 

analysis data were analysed using Student’s t-test. Analyses were performed 

using GraphPad Prism version 6.0 for Windows (GraphPad Software, San 

Diego, California USA). All data are presented as mean ± standard error of the 

mean (SEM). 

Images were analysed using Image J software (National Institute of Health, 

Bethesda, MD, USA). PD-1 and PD-L1 expression was assessed by 

measuring the density of PD-1 or PD-L1-immunoreactive (IR) cells per area 

(average of 8 areas of 500 μm2 per animal at × 20 magnification). Image J 

software was employed to adjust colour images from RGB to 8 bit, after which 

thresholding to a consistent value was applied to obtain the percentage area 

of PD-1 or PD-L1-immunoreactivity. In colon tissue PD-1-IR cells were 

counted in cross sections within a 2-mm2 area randomly capturing 8 images 

per slide. 
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4.5 Results  

PART A: MSC treatment after CRC induction in C57BL/6 mice 

 

4.5.1 Number and Volume of Tumours in the Caecum Following Orthoptopic 

Injection of MC38 Cells and MSC Treatment in C57BL/6 Mice 

C57BL/6 mice were injected with MC38 cells into the caecum in an orthotopic 

colorectal cancer model and then underwent MSC treatment 7 days post-

surgery (Fig 4.1A).  The number of tumours in the caecum of MSC-treated mice 

was significantly increased (2.4±0.24, p<0.05) compared to the CRC only mice 

(1±0) (Fig 4.1B). The volume of tumours also had a tendency to be higher in 

the MSC-treated mice (7.70±5.51mm3) compared to the CRC only mice 

(4.71±2.17mm3) (Fig 4.1B′).   
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Figure 4.1: Number and Volume of Tumours in the Caecum from C57BL/6 

mice  

Images of caecum post CRC induction and MSC treatment after CRC induction 

from C57BL/6 mice (A). Analysis of the number (B) and volume (B′) of tumours 

post CRC induction and MSC treatment after CRC induction in C57BL/6 mice. 

Data represented as mean ± SEM and statistical significance is indicated by 

asterisk,*p<0.05, n=5 mice/group. 
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4.5.2 Immune cell Infiltrates in the Spleen of C57BL/6 Mice are Different 

Following MSC Treatment after CRC Induction 

The immune system has a primary role in the prevention of tumours, it can do 

this in 3 different ways: 1) protection from virus-induced tumours by eliminating 

or suppressing viral infections, 2) elimination of pathogens and prompt 

resolution of inflammation to prevent an inflammatory environment conducive to 

tumourigenesis and 3) specifically identify and eliminate tumour cells on the 

basis of their expression of tumour-specific antigens.  A number of immune cells 

contribute to this reaction including macrophages, T lymphocytes and 

neutrophils.  

Flow cytometry was used to analyse the immune cells in the spleen and 

representative gating strategies are shown in Figs 4.2-4.4.  MSCs were 

administered to mice after CRC induction and pan leukocyte marker CD45 was 

used to define leukocyte population in the spleen; all results are stated as 

percentage of CD45+ cells. Analysis of spleens from mice with MSC treatment 

after CRC induction revealed T cells (TCRβ+ cells) are significantly increased in 

the MSC-treated mice (25.95±0.35%) when compared to the CRC only mice 

(11.47±1.99%, p<0.05) (Fig 4.5). Ly6C and Ly6G was used to determine the 

percentage of neutrophils in the spleen; MSC-treated mice (2.60±0.60%) have 

more neutrophils when compared to the CRC only mice (1.40±0.06%) (Fig 4.6), 

although not significant. In addition, the percentage of CD11b+ cells in MSC-

treated mice (8.43±1.13%) was similar to the CRC only mice (8.13±0.44) (Fig 

4.7A). The percentage of M1/M2 macrophages are presented as a percentage 

of CD11b+/CD45+/F4/80+/MHCII+ cells. The percentage of M1 macrophages 

(CD206- cells) in MSC-treated mice (56.83±5.09%) was comparable to the CRC 

only mice (63.27±4.38%) (Fig 4.7B). The percentage of M2 macrophages 

(CD206+ cells) in the MSC-treated mice (34.87±4.59%) was similar to that 

shown in the CRC only mice (34.40±4.56%) (Fig 4.7C). 
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Figure 4.2: Gating Strategies used to determine the Percentage of T cells (TCRβ
+
cells) 

in the Spleen.  

Gate 1 – live cells based on FSC/SSC, Gate – 2 CD45
+ 

cells in the spleen, Gate 3 – TCRβ
+ 

cells in the spleen 
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Figure 4.3: Gating Strategies used to determine the Percentage of Neutrophils 

(Ly6G
+
/Ly6C

+
cells) in the Spleen.  

Gate 1 – live cells based on FSC/SSC, Gate – 2 CD45
+ 

cells in the spleen, Gate 3 - 

Ly6G
+
/Ly6C

+
 cells (granulocytes).  
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Figure 4.4: Gating Strategy used to Determine CD11b
+
/CD45

+
 cells, M1 and M2 

Macrophages in the Spleen. 

Gate 1 – live cells based on FSC/SSC, Gate 2 – CD11b
+
/CD45

+ 
cells, Gate 3 – 

CD11b
+
/CD45

+
/F4/80

+
/MHC II

+ 
cells, Gate 4 - CD11c

+
/CD206

+/- 
cells, of gate 3 cells to 

distinguish M1 and M2 cells.  
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Figure 4.5:  Percentage of T cells in the Spleen from 

C57BL/6 mice 

Quantitative analysis of the percentage of T cells (TCRβ
+
 

cells) in the spleen of mice treated with MSCs post CRC 

induction and CRC only mice. Data represented as mean ± 

SEM and statistical significance is indicated by asterisk, 

*p<0.05, n=5 mice/group. 

Figure 4.6: Percentage of Neutrophils in the Spleen from 

C57BL/6 mice 

Quantitative analysis of the percentage of neutrophils 

(Ly6G
+
/Ly6C

+ 
cells) in the spleen of mice treated with MSCs 

post CRC induction and CRC only mice. Data represented 

as mean ± SEM, n=5 mice/group. 
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Figure 4.7: Percentage of CD11b
+
/CD45

+ 
Cells, M1 and M2 

Macrophages in the Spleen from C57BL/6 mice 

Quantitative analysis of the percentage of CD11b
+
/CD45

+ 
cells 

(A), M1 (B) and M2 macrophages (C) in the spleen of mice 

treated with MSCs post CRC induction and CRC only mice. 

Data represented as mean ± SEM, n=5 mice/group. 



139 
 

4.5.3 Immune Infiltrates in the Colon of C57BL/6 Mice with Colorectal Cancer 

are Different after MSC Treatment  

Analysis of immune cells in the colon using flow cytometry showed significant 

differences between C57BL/6 control mice and Winnie mice injected with MC38 

colorectal cancer cells and then underwent MSC treatments. Representative 

gating is shown in Figs 4.8-4.10. Pan leukocyte marker CD45 was used to 

show total immune cell infiltration in the colon and all results are stated as a 

percentage of CD45+ cells. The percentage of T cells (TCRβ+ cells) are 

increased in MSC-treated mice (16.87±2.58%) when compared to CRC only 

mice (12.53±0.39%), although not significant (Fig 4.11). Neutrophils were 

identified as positive for Ly6G and Ly6C, the percentage of neutrophils in MSC-

treated mice (2.27±0.27%) is similar to CRC only mice (1.33±1.33%) (Fig 4.12). 

Furthermore, within the colon a significant decrease in CD11b+ cells in MSC-

treated mice (17.90±0.40%) compared CRC only mice (24.60±1.55%) were 

noted (Fig 4.13A). However, no changes in the percentage of M1 macrophages 

(40.95±8.15% vs 46.47±0.84%) (Fig 4.13B) and M2 macrophages 

(59.00±8.10% vs 50.23±1.04%) (Fig 4.13C) were found in MSC-treated mice 

compared to the CRC only mice. 
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Figure 4.8: Gating Strategies used to determine the Percentage of T cells 

(TCRβ
+
cells) in the Colon.  

Gate 1 – live cells, Gate – 2 CD45
 
cells in the spleen and Gate 3 – TCRβ

 
cells in the 

colon 
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Figure 4.9: Gating Strategies used to determine the Percentage of 

Neutrophils (Ly6G/Ly6Ccells) in the Colon.  

Gate 1 – live cells based on FSC/SSC, Gate – 2 CD45
 
cells in the colon, Gate 3 

- Ly6G/Ly6C cells (granulocytes).  
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Figure 4.10: Gating Strategy used to Determine CD11b
+
/CD45

+ 
cells and M1/M2 

Macrophages in the Colon. 

Gate 1 – CD45
+
cells based on FSC/SSC, Gate 2 – live cells, Gate 3 – 

CD11b
+
/CD45

+
cells, Gate 4 – F4/80

+
/MHC II

+
 cells, Gate 5 - CD11c

+
/CD206

+/-
 cells.  
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Figure 4.11: Percentage of T cells in the Colon from 

C57BL/6 mice 

Quantitative analysis of the percentage of T cells (TCRβ
+
 cells) 

in the colon of mice with CRC only and mice treated with MSCs 

after CRC induction. Data represented as mean ± SEM, n=5 

mice/group. 

Figure 4.12: Percentage of Neutrophils in the Colon from 

C57BL/6 mice 

Quantitative analysis of the percentage of neutrophils 

(Ly6G
+
/Ly6C

+ 
cells) in the colon of mice with CRC only and 

mice treated with MSCs after CRC induction. Data represented 

as mean ± SEM, n=5 mice/group. 
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Figure 4.13: Percentage of CD11b
+
/CD45

+ 
Cells, M1 and M2 

Macrophages in the Colon from C57BL/6 mice 

Quantitative analysis of the percentage of CD11b
+
/CD45

+ 
cells (A), 

M1 (B) and M2 macrophages (C) in the colon of  mice with CRC only 

and mice treated with MSCs after CRC induction. Data represented 

as mean ± SEM and statistical significance is indicated by asterisk, 

*p<0.05, n=5 mice/group. 
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4.5.4 PD-1 and PD-L1 Expression in Mice with Colorectal Cancer and MSC 

Treatment 

In the tumour microenvironment PD-L1 is expressed by tumour cells which 

upon binding of PD-1 expressed by activated T cells lead to inhibitory signals 

being triggered and a reduction in CD8+ T cells and apoptosis. Therefore, the 

PD-1/PD-L1 interaction is an important regulator of the immune system in 

cancer and IBD. Tumour tissue from the caecum and colon tissues from MSC-

treated mice were labelled for PD-1 and PD-L1 to determine the overall 

expression compared to untreated CRC only mice. The expression of PD-L1 in 

the tumours of MSC-treated (4.56±0.89%) mice had a tendency to be increased 

compared to the CRC only mice (3.88±0.39%) (Fig 4.14); PD-1 expression in 

the tumour tissue also appeared to be higher in MSC-treated mice 

(0.79±0.09%) compared to CRC only mice (0.54±0.08%) (Fig 4.15). PD-1 

expression in the colon was similar in the MSC-treated mice (29.75±2.69) 

compared to CRC only mice (29±1.58) (Fig 4.16). The images also show the 

co-localisation of PD-1 and CD8 and PD-L1 and Ki67 was observed. The effect 

of MSC treatment on the immune responses in the spleen and colon is 

summarised on Fig 4.17.  
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Figure 4.14: Immunohistological Labelling of PD-L1 in Tumour Cross Sections 

from C57BL/6 mice 

Immunohistological labelling of PD-L1 (Green) and Ki67 (Red) and quantitative 

analysis of cells expressing PD-L1 in tumour sections found in the caecum of mice 

with MSC treatment after CRC induction. Data represented as mean ± SEM, n=5 

mice/group. Scale bar is 50 µm. 
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Figure 4.15: Immunohistological Labelling of PD-1 in Tumour Cross Sections 

from C57BL/6 mice 

Immunohistological labelling of CD8 (Green) and PD-1 (Red) and quantitative 

analysis of CD8+ cells expressing PD-1 in tumour cross sections found in the caecum 

of mice with CRC and MSC treatment after CRC induction. Data represented as 

mean ± SEM, n=5 mice/group. Scale bar is 50 µm. 
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Figure 4.16: Immunohistological Labelling of PD-1 in Colon Cross Sections 

from C57BL/6 mice 

Immunohistological labelling of CD8 (Green) and PD-1 (Red) and quantitative 

analysis of  CD8+ cells expressing  PD-1 in colon cross sections from mice with MSC 

treatment after CRC induction. Data represented as mean ± SEM, n=5 mice/group. 

Scale bar is 100 µm. 
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Figure 4.17: Summary of MSC treatment after CRC induction in C57BL/6 mice 

MSC treatment after 
CRC induction in 

C57BL/6 mice  

↑ Number of 
tumours 

↑ Volume of 
tumours 

Spleen  
↑ T cells  
Colon 

↓ Macrophages 

Tendency to see 
increase in PD-1 and 
PD-L1 at the site of 

tumour induction 

Pro-tumour environment 



150 
 

 

PART B: MSC treatment before CRC induction in C57BL/6 mice 

 

4.5.5 Number and Volume of Tumours in the Caecum of C57BL/6 Mice Treated 

with MSCs before Orthotopic Injection of MC38 Colorectal Cancer Cells  

C57BL/6 mice were treated with MSCs before being injected with MC38 cells 

into the caecum in an orthotopic colorectal cancer model.  The number of 

tumours in the caecum was similar in the MSC-treated mice (1.0±0.0) to the 

number of tumours in the CRC only mice (1.0±0.0) (Fig 4.18). The volume of 

tumours had a tendency to be lower in the MSC-treated mice (1.7±0.22mm3) 

compared to the CRC only mice (4.71±2.17mm3). 
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Figure 4.18: Number and Volume of Tumours in the Caecum from 

C57BL/6 mice  

Images (A) and analysis of the number (B) and volume (B′) of tumours in the 

caecum of C57BL/6 mice at 3 weeks post implantation of MC38 colorectal 

tumour cells with MSC treatment before CRC induction.  Data represented as 

mean ± SEM, n=5 mice/group. 



152 
 

4.5.6 MSC Treatment Prior to CRC Induction Reduces the Number of CD206- 

cells but not Other Cell Populations in the Spleen of C57BL/6 Mice  

Flow cytometry analysis of the spleen showed minor differences between CRC 

only mice and mice treated with MSCs before orthotopic injection of MC38 

CRC. Pan leukocyte marker CD45 was used to identify total immune cell 

infiltration in the spleen and all results are stated as a percentage of CD45+ 

cells. The percentage of T cells (TCRβ+ cells) tend to increase in the spleen of 

MSC-treated mice (16.95±2.15%) compared to CRC only mice (11.47±1.99%)  

(Fig 4.19). Neutrophils were identified using Ly6G and Ly6C, the percentage of 

neutrophils tended to be increased in MSC-treated mice (3.56±1.06%) 

compared to CRC only mice (1.40±0.06%) (Fig 4.20), however, this difference 

was not significant. In addition, MSC-treated mice (9.40±0.96%) showed no 

change in the percentage of CD11b+ cells compared to CRC only mice 

(8.13±0.44%) (Fig 4.21A). M1/M2 macrophages were defined as 

CD45+CD11b+F4/80+MHC-II+CD11c+CD206+/- ; interestingly, the percentage of 

M1 macrophages in MSC-treated mice (9.40±0.96%) are significantly 

decreased compared to CRC only mice (63.26±4.38%, p<0.05) (Fig 4.21B) and 

the percentage of M2 macrophages showed a decreased trend in MSC-treated 

mice (27.27±3.90%) compared to CRC only mice (34.40±4.56%) (Fig 4.21C).  
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Figure 4.19: Percentage of T cells in the Spleen from 

C57BL/6 mice 

Quantitative analysis of the percentage of T cells (TCRβ 

cells) in the spleen of mice with CRC only and mice treated 

with MSCs prior to CRC induction. Data represented as mean 

± SEM and n=5 mice/group. 

Figure 4.20: Percentage of Neutrophils in the Spleen from 

C57BL/6 mice 

Quantitative analysis of the percentage of neutrophils 

(Ly6G/Ly6C
 
cells) in the spleen of mice with CRC only and 

mice treated with MSCs prior to CRC induction. Data 

represented as mean ± SEM and n=5 mice/group. 
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Figure 4.21: Percentage of CD11b
+
/CD45

+ 
Cells, M1 and M2 

Macrophages in the Spleen from C57BL/6 mice 

Quantitative analysis of the percentage of CD11b
+
/CD45

+ 
cells (A), M1 

(B) and M2 macrophages (C) in the spleen of mice with CRC only and 

mice treated with MSCs prior to CRC induction. Data represented as 

mean ± SEM and statistical significance is indicated by asterisk, 

****p<0.0001, n=5 mice/group. 
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4.5.7 MSC Treatment before Cancer Induction has No Significant Effect on 

Immune Cell Populations in the Colon of C57BL/6 Mice Compared to Controls 

Analysis of the colon by flow cytometry showed no differences between CRC 

only mice and mice treated with MSCs before orthotopic injection of MC38 

colorectal cancer cells. Pan leukocyte marker CD45 was used to show total 

immune cell infiltration within the colon and all data are stated as a percentage 

of CD45+ cells. The percentage of T cells (TCR+ cells) in MSC-treated mice 

(11.43±2.49%) was similar to that of CRC only group (12.53±0.39%) (Fig 4.22). 

Ly6G and Ly6C were used to enumerate neutrophils; MSC-treated mice had a 

lower percentage of neutrophils (0.70±0.20%) compared to the CRC only mice 

(1.33±1.33%) but this was not significant (Fig 4.23). The percentage of CD11b+ 

cells in the colon of MSC-treated mice (23.28±1.00%) was similar to that of the 

CRC only mice (24.60±1.55%) (Fig 4.24A). No significant differences were 

noted in the percentage of M1 and M2 macrophages in MSC-treated mice 

(53.07±4.17% and 44.70±3.94%) compared to CRC only mice (46.47±0.84% 

and 50.23±1.04%) (Fig 4.24B&C). 
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Figure 4.22: Percentage of T cells in the Colon from 

C57BL/6 mice 

Quantitative analysis of the percentage of T cells (TCRβ+ 

cells) in the colon of mice with CRC only and mice treated 

with MSCs prior to CRC induction. Data represented as mean 

± SEM, n=5 mice/group. 

Figure 4.23: Percentage of Neutrophils in the Colon from 

C57BL/6 mice 

Quantitative analysis of the percentage of neutrophils 

(Ly6G+/Ly6C+ 
cells) in the colon of mice with CRC only and 

mice treated with MSCs prior to CRC induction. Data 

represented as mean ± SEM, n=5 mice/group. 
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Figure 4.24: Percentage of CD11b
+
/CD45

+ 
Cells, M1 and M2 

Macrophages in the Colon from C57BL/6 mice 

Quantitative analysis of the percentage of CD11b
+
/CD45

+ 
cells (A), M1 

(B) and M2 macrophages (C) in the colon of mice with CRC only and 

mice treated with MSCs prior to CRC induction. Data represented as 

mean ± SEM and statistical significance is indicated by asterisk, n=5 

mice/group. 
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4.5.8 Immunohistochemical Analysis of PD-1 and PD-L1 in C57BL/6 Mice 

Treated with MSCs before Colorectal Cancer Induction  

In the tumour microenvironment PD-L1 expression on tumour cells binding to 

PD-1 expressed on activated T cells leading to inhibitory signals being triggered 

and reduction in CD8+ T cells and apoptosis. Therefore, the PD-1/PD-L1 

interaction is an important regulator of the immune system in cancer and IBD. 

Tumour and colon tissues from MSC-treated mice were labelled for PD-1 and 

PD-L1 to determine the overall expression compared to CRC only mice. The 

expression of PD-L1 in the tumours of MSC-treated mice (4.97±0.93%) had a 

tendency to be increased compared to the CRC only mice (3.88±0.39%) (Fig 

4.25), PD-1 expression in the tumour also showed a tendency to be higher in 

MSC-treated mice (0.63±0.12%) compared the CRC only mice (0.54±0.08%) 

(Fig 4.26) and PD-1 expression in the colon of MSC-treated mice (38.5±7.4) 

showed a trend to be higher compared to CRC only mice (29±1.58) (Fig 4.27). 

The effect of MSC treatment after CRC induction on the immune system is 

summarised in Fig 4.28. 
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Figure 4.25: Immunohistological labelling of PD-L1 in Tumour Cross Sections 

from C57BL/6 mice 

Immunohistological labelling of PD-L1 (Green) and Ki67 (Red) and quantitative 

analysis of Ki67+ PD-L1+ cells in tumour sections found in the caecum of mice with 

MSC treatment before CRC induction. Data represented as mean ± SEM, n=5 

mice/group. Scale bar is 50 µm. 
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Figure 4.26: Immunohistological labelling of PD-1 in Tumour Cross Sections 

from C57BL/6 mice 

Immunohistological labelling of CD8 (Green) and PD-1 (Red) quantitative analysis of 

CD8+ PD-1+ cells in tumour cross sections found in the caecum of mice with MSC 

treatment and CRC. Data represented as mean ± SEM, n=5 mice/group. Scale bar is 

50 µm. 
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Figure 4.27: Immunohistological labelling of PD-1 in Colon Cross Sections 

from C57BL/6 mice  

Immunohistological labelling of CD8 (Green) and PD-1 (Red) and quantitative 

analysis of CD8+ PD-1+ cells in colon cross sections of mice with MSC treatment 

before CRC induction. Data represented as mean ± SEM, n=5 mice/group. Scale bar 

is 100 µm. 



162 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28: Summary of MSC treatment before CRC induction in C57BL/6 mice 

MSC treatment before 
CRC induction in C57BL/6 

mice  

↔ Number of 
tumours 

↓ Volume of 
tumours 

Spleen  
↓ M1 macrophages 

No change in PD-L1 
and PD-1 in tumour 

and colon tissue  

Anti-tumour response  
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PART C: MSC treatment after CRC induction in Winnie mice 

 

4.5.9 Number and Volume of Tumours in Winnie Mice Treated With MSCs after 

CRC Induction 

Winnie mice were treated with MSCs after being injected with MC38 cells into 

the caecum in an orthotopic colorectal cancer model (Fig 4.29A).  The number 

of tumours in the caecum was similar in the MSC-treated mice (3.00±1.14) 

compared to the number of tumours in the CRC only mice (3.00±0.57) (Fig 

4.29B). The volume of tumours had a tendency to be lower in the MSC-treated 

mice (2.87±1.05mm3) compared to the CRC only mice (8.39±7.06mm3) (Fig 

4.29B′). 
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Figure 4.29: Number and Volume of Tumours in the Caecum from Winnie 

mice 

Images (A) and analysis of the number (B) and volume (B′) of tumours in the 

caecum of Winnie mice at 3 weeks post implantation of MC38 colorectal 

tumour cells and with MSC treatment after CRC induction.  Data represented 

as mean ± SEM, n=5 mice/group. 
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4.5.10 Immune Cell Infiltrate in the Spleen of Winnie mice treated with MSCs 

after CRC induction are Different compared to Controls 

Flow cytometry analysis of the spleen showed significant differences between 

CRC only mice and the mice treated with MSCs after orthotopic injection of 

MC38 CRC. Pan leukocyte marker CD45 was used to identify total immune cell 

infiltration in the spleen and all results are stated as a percentage of CD45+ 

cells. The percentage of T cells (TCRβ+ cells) shown an increased trend in the 

spleen of MSC-treated mice (30.57±2.57%) compared to CRC only mice 

(25.33±3.44%) although not significant (Fig 4.30). The percentage of 

neutrophils (defined as, Ly6G+ and Ly6C+ cells) also shown an increased trend 

in MSC-treated mice (3.76±0.52%) compared to CRC only mice (2.67±0.41%) 

(Fig 4.31). Interestingly, MSC-treated mice (12.37±0.70%) have a significantly 

higher percentage of CD11b+ cells compared to CRC only mice (2.67±0.41%, 

p<0.0001) (Fig 4.32A). Further analysis of M1/M2 macrophages defined as 

CD45+CD11b+F4/80+MHC-II+CD11c+CD206+/- showed the percentage of M1 

macrophages in MSC-treated mice (73.77±0.74%) to be significantly higher 

compared to CRC only mice (53.36±2.45%, p<0.0001) (Fig 4.32B) and the 

percentage of M2 macrophages to be significantly decreased in MSC-treated 

mice (23.33±0.78%) compared to CRC only mice (46.60±2.31%, p<0.0001) (Fig 

4.32C).  
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Figure 4.30:  Percentage of T cells in the Spleen from 

Winnie mice 

Quantitative analysis of the percentage of T cells (TCRβ
+
 cells) 

in the spleen of Winnie mice with CRC only and mice treated 

with MSCs after CRC induction. Data represented as mean ± 

SEM, n=5 mice/group. 

Figure 4.31: Percentage of Neutrophils in the Spleen from 

Winnie mice 

Quantitative analysis of the percentage of neutrophils 

(Ly6G/Ly6C
 
cells) in the spleen of Winnie mice with CRC only 

and mice treated with MSCs after CRC induction. Data 

represented as mean ± SEM, n=5 mice/group. 
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Figure 4.32: Percentage of CD11b
+
/CD45

+ 
Cells, M1 and M2 

Macrophages in the Spleen from Winnie mice 

Quantitative analysis of the percentage of CD11b
+
/CD45

+ 
cells (A), M1 

(B) and M2 macrophages (C) in the spleen of Winnie mice with CRC 

only and mice treated with MSCs after CRC induction. Data represented 

as mean ± SEM and statistical significance is indicated by asterisk, 

****p<0.0001, n=5 mice/group. 
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4.5.11 Immune Cell Infiltrate in the Colon of Winnie mice with MSC treatment 

after CRC induction are No different to Controls  

Flow cytometry analysis of the colon showed no differences in immune cell 

populations between CRC only mice and mice treated with MSCs following an 

orthotopic injection of MC38 colorectal cancer cells. Pan leukocyte marker 

CD45 was used to show total immune cell infiltration in the colon and all results 

are stated as a percentage of CD45+ cells. The percentage of T cells (TCR+ 

cells) in the MSC-treated mice (6.83±0.29%) tended to be lower compared to 

the CRC only group (11.41±10.68%), although not significant (Fig 4.33). Ly6G 

and Ly6C were used to enumerate neutrophils; MSC-treated mice had similar 

percentage of neutrophils (3.90±0.57%) compared to the CRC only mice 

(3.50±0.62%) (Fig 4.34). The percentage of CD11b+ cells in the colon of MSC-

treated mice (26.20±2.64%) show a lower trend compared to that of the CRC 

only mice (31.40±4.86%), although no significant (Fig 4.35A). No significant 

differences were noted in the percentage of M1 and M2 macrophages in MSC-

treated mice (61.90±2.04% and 35.90±1.86%) compared to CRC only mice 

(61.23±3.00% and 35.67±2.95%) (Fig 4.35B&C). 
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Figure 4.33: Percentage of T cells in the Colon from 

Winnie mice 

Quantitative analysis of the percentage of T cells (TCRβ 

cells) in the colon of Winnie mice with CRC only and mice 

treated with MSCs after CRC induction. Data represented as 

mean ± SEM, n=5 mice/group. 

Figure 4.34: Percentage of Neutrophils in the Colon from 

Winnie mice 

Quantitative analysis of the percentage of neutrophils 

(Ly6G+/Ly6C+ 
cells) in the colon of Winnie mice with CRC only 

and mice treated with MSCs after CRC induction. Data 

represented as mean ± SEM, n=5 mice/group. 
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Figure 4.35: Percentage of CD11b
+
/CD45

+ 
Cells, M1 and M2 

Macrophages in the Colon from Winnie mice 

Quantitative analysis of the percentage of CD11b
+
/CD45

+ 
cells (A), M1 

(B) and M2 macrophages (C) in the colon of Winnie mice with CRC 

only and mice treated with MSCs after CRC induction. Data 

represented as mean ± SEM, n=5 mice/group. 
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4.5.12 PD-L1 and PD-1 Expression in Tumour and Colon Tissue of MSC-

treated Mice after CRC Induction in Winnie Mice 

The expression of PD-L1 in inflammatory disorders has been shown to be 

reduced, which leads to the activation of T cells (CD8+). In the tumour 

microenvironment however the opposite is true with PD-L1 expression on 

tumour cells binding to PD-1 expressed on activated T cells leading to inhibitory 

signals being triggered and reduction in CD8+ T cells and apoptosis. Therefore, 

the PD-1/PD-L1 interaction is an important regulator of the immune system in 

cancer and IBD. Tumour and colon tissues from MSC-treated mice were 

labelled for PD-1 and PD-L1 to determine the overall expression compared to 

CRC only mice. The expression of PD-L1 in the tumours of MSC-treated mice 

(4.30±0.6%) had a tendency to be decreased compared to the CRC only mice 

(6.32±2.03%) (Fig 4.36), PD-1 expression in the tumour showed a tendency to 

be higher in MSC-treated mice (0.94±0.24%) compared the CRC only mice 

(0.74±0.17%) (Fig 4.37) and PD-1 expression in the colon of MSC-treated mice 

(35.5±3.74%) was significantly lower compared to CRC only mice (56.5±4.57%) 

(Fig 4.38). The effect of MSC-treatment after CRC induction on the immune 

response in the spleen and colon of Winnie mice is summarised in Fig 4.39. 
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Figure 4.36: Immunohistological labelling of PD-L1 in Tumour Cross Sections 

from Winnie mice 

Immunohistological labelling of PD-L1 (Green) and Ki67 (Red) and quantitative 

analysis of Ki67+ PD-L1+ cells in tumour sections found in the caecum of mice with 

CRC and MSC treatment after CRC induction, Data represented as mean ± SEM, 

n=5 mice/group. Scale bar is 50 µm. 
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Figure 4.37: Immunohistological labelling of PD-1 in Tumour Cross Sections 

from Winnie mice 

Immunohistological labelling of CD8 (Green) and PD-1 (Red) and quantitative 

analysis of  CD8+ PD-1+ cells in tumour cross sections found in the caecum of mice 

with CRC and  MSC treatment after CRC induction, data represented as mean ± 

SEM, n=5 mice/group. Scale bar is 50 µm. 
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Figure 4.38: Immunohistological labelling of PD-1 in Colon Cross Sections 

from Winnie mice 

Immunohistological labelling of CD8 (Green) and PD-1 (Red) and quantitative 

analysis of CD8+ PD-1+ cells in colon cross sections, Data represented as mean 

± SEM and statistical significance is indicated by asterisk, *p<0.05, n=5 

mice/group. Scale bar is 100 µm  
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Figure 4.39: Summary of MSC treatment after CRC induction in Winnie mice 

Spleen  
↑ Macrophages 

↑ M1 macrophages 

↓ M2 macrophages 

Decrease in PD-1 in 
the colon 

MSC treatment after CRC 
induction in Winnie mice  

↔ Number of 
tumours 

↓ Volume of 
tumours 

Pro-inflammatory 
environment 
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PART D: MSC treatment prior to CRC induction in Winnie mice 

 

4.5.13 Number and Volume of Tumours in Winnie mice with MSC Treatment 

before CRC Induction  

Winnie mice were treated with MSCs before being injected with MC38 cells into 

the caecum in an orthotopic colorectal cancer model (Fig 4.40A).  The number 

of tumours in the caecum was tend to be lower in the MSC-treated mice 

(2.40±0.24) compared to the number of tumours in the CRC only mice but not 

significant (3.00±0.57) (Fig 4.40B). The volume of tumours also had a tendency 

to be lower in the MSC-treated mice (2.26±0.49mm3) compared to the CRC 

only mice (8.39±7.06mm3), but not significant (Fig 4.40B′). 
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Figure 4.40: Number and Volume of Tumours in the Caecum from Winnie 

mice 

Images (A) and analysis of the number (B) and volume (B′) of tumours in the 

caecum of Winnie mice at 3 weeks post implantation of MC38 colorectal 

tumour cells and with MSC treatment before CRC induction.  Data represented 

as mean ± SEM, n=5 mice/group. 



178 
 

 

4.5.14 Immune Infiltrates in the Spleen of Winnie Mice with MSC Treatment 

before CRC Induction is Different Compared to Untreated Mice with CRC  

Flow cytometry analysis of the spleen showed significant differences between 

CRC only mice and the mice treated with MSCs before orthotopic injection of 

MC38 CRC. Pan leukocyte marker CD45 was used to identify total immune cell 

infiltration in the spleen and all results are stated as a percentage of CD45+ 

cells. The percentage of T cells (TCRβ+ cells) was significantly higher in the 

spleen of MSC-treated mice (35.30±2.10%) compared to CRC only mice 

(25.33±3.44%, p<0.05) (Fig 4.41). The percentage of neutrophils (Ly6G+ and 

Ly6C+ cells) in MSC-treated mice (2.45±0.05%) is similar compared to CRC 

only mice (2.67±0.41%) (Fig 4.42). Moreover MSC-treated mice (31.50±1.70%) 

have a significantly higher percentage of CD11b+ cells compared to CRC only 

mice (8.13±0.44%, p<0.05) (Fig 4.43A). Further analysis showed no difference 

in the percentage of M1 macrophages in MSC-treated mice (62.03±6.40%) 

compared to CRC only mice (53.36±2.24%) (Fig 4.43B) and the percentage of 

M2 macrophages is similar in MSC-treated mice (38.05±11.15%) compared to 

CRC only mice (46.60±2.31%) (Fig 4.43C).  
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Figure 4.41:  Percentage of T cells in the Spleen from 

Winnie mice 

Quantitative analysis of the percentage of T cells (TCRβ
+
 cells) 

in the spleen of Winnie mice with CRC only and mice treated 

with MSCs prior to CRC induction. Data represented as mean 

± SEM and statistical significance is indicated by asterisk, 

*p<0.05, n=5 mice/group. 

Figure 4.42: Percentage of Neutrophils in the Spleen from 

Winnie mice 

Quantitative analysis of the percentage of neutrophils 

(Ly6G
+
/Ly6C

+ 
cells) in the spleen of Winnie mice with CRC 

only and mice treated with MSCs prior to CRC induction. Data 

represented as mean ± SEM, n=5 mice/group. 
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Figure 4.43: Percentage of CD11b
+
/CD45

+ 
Cells, M1 and M2 

Macrophages in the Spleen from Winnie mice 

Quantitative analysis of the percentage of CD11b
+
/CD45

+ 
cells (A), M1 

(B) and M2 macrophages (C) in the spleen of Winnie mice with CRC 

only and mice treated with MSCs prior to CRC induction. Data 

represented as mean ± SEM and statistical significance is indicated by 

asterisk, ****p<0.0001, n=5 mice/group. 
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4.5.15 Immune Cell Infiltrates (M1/M2 macrophages) in the Colon of Winnie 

mice Treated with MSCs before CRC Induction are Different to Controls  

Analysis of the colon using flow cytometry showed differences between the 

CRC only mice and mice treated with MSCs before orthotopic injection of MC38 

colorectal cancer cells in particular M1/M2 macrophages defined as 

CD45+CD11b+F4/80+MHC-II+CD11c+CD206+/-. Pan leukocyte marker CD45 was 

used to show total immune cell infiltration in the colon and all results are stated 

as a percentage of CD45+ cells. The percentage of T cells (TCR+ cells) in the 

MSC-treated mice (10.40±1.30%) was similar to the CRC only group 

(11.41±10.68%) (Fig 4.44). Ly6G and Ly6C were used to enumerate 

neutrophils; MSC-treated mice had a lower percentage of neutrophils 

(2.05±0.75%) compared to the CRC only mice (3.50±0.62%), but not significant 

(Fig 4.45). The percentage of CD11b+ cells in the colon of MSC-treated mice 

(23.81±1.07%) was lower to that of the CRC only mice (31.40±4.86%), although 

not significant (Fig 4.46A). However, there was a significant decrease in the 

percentage of M1 macrophages in MSC-treated mice (43.25±2.35%) compared 

to the CRC only mice (61.23±3.00%) (Fig 4.46B). The percentage of M2 

macrophages was significantly increased in MSC-treated mice (55.00±2.60%) 

compared the CRC only group (35.67±2.95%) (Fig 4.46C). 
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Figure 4.44:  Percentage of T cells in the Colon from 

Winnie mice 

Quantitative analysis of the percentage of T cells (TCRβ
+
 cells) 

in the colon of Winnie mice with CRC only and mice treated 

with MSCs prior to CRC induction. Data represented as mean 

± SEM, n=5 mice/group. 

Figure 4.45: Percentage of Neutrophils in the Colon from 

Winnie mice 

Quantitative analysis of the percentage of neutrophils 

(Ly6G
+
/Ly6C

+ 
cells) in the colon of Winnie mice with CRC only 

and mice treated with MSCs prior to CRC induction. Data 

represented as mean ± SEM, n=5 mice/group. 
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Figure 4.46: Percentage of CD11b
+
/CD45

+ 
Cells, M1 and M2 

Macrophages in the Colon from Winnie mice 

Quantitative analysis of the percentage of CD11b
+
/CD45

+ 
cells (A), M1 

(B) and M2 macrophages (C) in the colon of Winnie mice with CRC 

only and mice treated with MSCs prior to CRC induction. Data 

represented as mean ± SEM and statistical significance is indicated by 

asterisk, **p<0.01, n=5 mice/group. 
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4.5.16 Expression of PD-L1 and PD-1 in the Tumour and Colon of Winnie Mice 

Treated With MSCs before CRC Induction 

PD-L1 is expressed by tumour cells and upon binding to PD-1 (expressed on 

activated T cells) leads to inhibitory signals being triggered and a down 

regulation of CD8+ T cells. Therefore, the PD-1/PD-L1 interaction is an 

important regulator of the immune system in cancer and IBD. Tumour tissue 

from the caecum and colon tissues from MSC-treated mice were labelled for 

PD-1 and PD-L1 to determine the overall expression compared to CRC only 

mice. The expression of PD-L1 in the tumours of MSC-treated Winnie mice 

(4.81±0.89%) had a tendency to be decreased compared to the CRC only mice 

(6.32±2.03%) (Fig 4.47). PD-1 expression in the tumour tissue also showed a 

tendency to be higher in MSC-treated mice (1±0.15%) compared to CRC only 

mice (0.74±0.17%) (Fig 4.48). PD-1 expression in the colon was significantly 

lower in the MSC-treated mice (26.75±1.68) compared to CRC only mice 

(56.5±4.57, p<0.05) (Fig 4.49). The images also show the co-localisation of PD-

1 and CD8 and also PD-L1 and Ki67. The effect of MSC treatment after CRC 

induction on the immune response in the spleen and colon is summarised in Fig 

4.50.  
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Figure 4.47: Immunohistological labelling of PD-L1 in Tumour Cross Sections 

from Winnie mice 

Immunohistological labelling of PD-L1 (Green) and Ki67 (Red) and quantitative 

analysis of Ki67+ PD-L1+cells  in tumour sections found in the caecum of mice with 

MSC treatment before CRC only induction. Data represented as mean ± SEM, n=5 

mice/group. Scale bar is 50 µm, IR - immunreactive. 
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Figure 4.48: Immunohistological labelling of PD-1 in Tumour Cross Sections 

from Winnie mice 

Immunohistological labelling of CD8 (Green) and PD-1 (Red) and quantitative 

analysis of  CD8+ PD-1+ cells in tumour cross sections found in the caecum of mice 

with CRC only and MSC treatment before CRC induction. Data represented as mean 

± SEM, n=5 mice/group. Scale bar is 50 µm. 
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Figure 4.49: Immunohistological labelling of PD-1 in Colon Cross Sections 

from Winnie mice  

Immunohistological labelling of CD8 (Green) and PD-1 (Red) and quantitative 

analysis of CD8+ PD-1+ cells in colon cross sections of mice with CRC only and MSC 

treatment before CRC induction. Data represented as mean ± SEM and statistical 

significance is indicated by asterisk, ***p<0.001, n=5 mice/group, Scale bar is 100 

µm. 
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Figure 4.50: Summary of MSC treatment before CRC induction in Winnie mice 

MSC treatment before 
CRC induction in Winnie 

mice  

↓ Number of 
tumours 

↓ Volume of 
tumours 

Anti-inflammatory 
environment 

Spleen  
↑ T cells  

↑ Macrophages 

Colon 

↓ M1 macrophages 

↑ M2 macrophages    

Decrease in PD-1 in 
the colon 
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4.6 Discussion  

Inflammation occurs in response to tissue damage that can result from infection, 

chemical irritation and trauma. In the early stages of inflammation, neutrophils 

migrate to the inflammatory site in response to chemical signals produced by 

resident macrophages and mast cells (Coussens and Werb, 2002). Other 

immune cells are then recruited by a complex network of signalling molecules 

including growth factors, cytokines and chemokines. Anti-inflammatory 

molecules also exist to allow resolution of inflammatory response, promoting 

tissue repair and the rapid programmed clearance of inflammatory cells via 

apoptosis and subsequent phagocytosis. When this process is dysregulated, 

chronic inflammation can occur. Lymphocytes and macrophages are the main 

immune cells in chronic inflammation. Macrophages are especially important in 

chronic inflammation as they are largely responsible for secreting growth 

factors, cytokines and reactive oxygen and nitrogen species, which during 

prolonged inflammation can lead to continuous tissue damage, subsequent 

sustained cell proliferation and hence the predisposition to tumour formation 

(Macarthur et al., 2004). 

MSCs are an emerging therapy for IBD, they are derived from adult tissues 

including adipose and bone marrow and have the capacity to differentiate into 

osteoblasts, chondrocytes, adipocytes, myoblasts and neuronal like cells (Noort 

et al., 2002, Dalal et al., 2012).  MSCs have immunosuppressive properties that 

are largely attributed to the number of anti-inflammatory cytokines they produce 

(Bartholomew et al., 2002, Di Nicola et al., 2002, Le Blanc et al., 2003, Dalal et 

al., 2012). MSCs have been reported to both promote tumour progression and 

tumour suppression. MSCs have been noted to promote tumour proliferation, 

fibroblast growth, angiogenesis and metastasis by providing immune 

suppression, cytoprotection, and vascular support largely by the production of 

paracrine factors and shown to promote the in vivo growth of colon cancer, 

lymphoma and melanoma (Klopp et al., 2011). MSCs have also been shown to 

promote anti-tumour effects; this has been noted in lung cancer, melanoma, 

colon carcinoma and human liver cancer cell lines (Maestroni et al., 1999). In 

this study when C57BL/6 mice were given MSC treatment after CRC induction 
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the number and volume of tumours was increased, however in the Winnie mice 

the number of tumours was very similar to what is seen in the control CRC only 

mice.  MSC treatment before CRC induction resulted in a decrease in the 

number and volume of tumours in Winnie mice. In C57BL/6 mice MSC 

treatment before CRC induction showed no change in the number or volume of 

tumours. This suggests that MSCs provide a pro-tumourigenic environment 

when given after CRC induction that allows the tumour to grow, and when MSC 

treatment is given before CRC induction an anti-tumourigenic environment is 

seen with decreased tumour number and volume. 

The immune system plays a vital role in tumour growth and suppression, hence 

having the ability to control the immune system is a major advantage for 

tumours. Tumours have been shown to have some immunosuppressive 

properties; numerous studies into cancer prognosis have been linked to the 

presence of immune cells (Pagès et al., 2005, Galon et al., 2006, Galon et al., 

2007, Whiteside, 2008). MSCs have also been shown to have 

immunosuppressive properties; they have been shown to supress cytotoxic T 

cells (CD8) and T helper cells (CD4). Herein, MSC treatment after CRC 

induction showed in the Winnie mice a decrease in T cells, T cell suppression 

by MSCs has also been noted by Djouad et al (2012),  where MSCs supressed 

T cells in a tumour environment.  Both C57BL/6 and Winnie mice showed an 

increase in T cells with MSC treatment before CRC induction, which is 

indicative of an anti-tumour response.  

Macrophages also play an important role in tumour growth or suppression; they 

are recruited to tumours by cytokines belonging to different classes including 

colony stimulating factor-1, vascular endothelial growth factor and chemokines 

(Mantovani, 1999, Biswas et al., 2006). In the tumour microenvironment mature 

macrophages express distinct functional properties, known as M1 and M2 

macrophages. Classically, M1 macrophages are activated and induced by IFN-γ 

alone or in concert with microbial stimuli or cytokines, alternatively M2 

macrophages are activated by IL-4, IL-13, IL-1 or IL-10 cytokines. M1 

macrophages are cytotoxic towards tumour cells and M2 macrophages have 

the ability to supress inflammatory responses and Th1 adaptive immunity 



191 
 

(Mantovani et al., 2008). MSC treatment after CRC induction showed decrease 

in M1 macrophages in both the spleen and colon of C57BL/6 mice, however in 

the Winnie mice a significant increase in M1 macrophages was shown in the 

spleen. This indicates that, in a non-inflammatory environment like in the 

C57BL/6 mice, a decrease in M1 macrophages shows a pro-tumourigenic 

response, in an inflammatory environment such as that in Winnie mice, MSCs 

are promoting inflammation and the M1 macrophages do not appear to be 

having a cytotoxic effect towards tumour cells. As stated above, M2 

macrophages have an anti-inflammatory phenotype, however tumour-

associated macrophages also have an M2 phenotype and have been shown to 

promote tumour growth (Mantovani et al., 2002). MSC treatment after CRC 

induction in the C57BL/6 mice showed an increase in M2 macrophages in the 

colon; however in the Winnie mice a significant decrease in M2 macrophages 

was observed. In a non-inflammatory environment, such as the C57BL/6 mice, 

the increase in M2 macrophages is expected as they have been shown to 

promote tumour growth and progression. In an inflammatory environment such 

as the Winnie mice, M2 macrophages were significantly decreased, indicating 

that MSCs are supressing M2 macrophages and adapting to their environment, 

thus, MSCs appear to be promoting inflammation. 

MSC treatment before CRC induction showed a significant decrease in 

percentage of M1 macrophages in the spleen of C57BL/6 mice. The decrease 

of M1 macrophages in the spleen could be indicative of a systemic response to 

the tumour. In the colon of C57BL/6 mice there is a trend of M1 macrophages 

increasing showing an anti-tumour response. In Winnie mice a significant 

decrease in M1 macrophages was found in the colon. In Winnie mice the 

significant decrease is more likely due to an anti-inflammatory response than an 

anti-tumour response; however decreasing the inflammatory environment can 

also affect tumour growth.  

Neutrophils are also important in tumour development; similarly to macrophages 

neutrophils have both pro and anti-tumour roles (Treffers et al., 2016).  

Neutrophil-derived cytokines and proteins stored within granules may also play 

a dual role in tumour progression. Neutrophil elastase has been shown to be 
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taken up by epithelial lung cancer and favoured tumour proliferation (Sato et al., 

2006). In our study a MSC treatment after CRC induction observed a trend 

where an increase in neutrophils was found in the spleen of both C57BL/6 and 

Winnie mice this could show an anti-tumour response, however as stated above 

neutrophils can have both pro and anti-tumuorigenic properties, this also shows 

that an inflammatory environment does not affect how neutrophils interact with 

tumour cells. MSC treatment before CRC induction showed a tendency for the 

percentage of neutrophils to decrease in the colon of both C57BL/6 and Winnie 

mice. The decrease of neutrophils could show an anti-tumour response as 

neutrophils and neutrophil granules can promote tumour growth.  

Cytotoxic CD8 T cells express PD-1 receptors; these PD-1 receptors play a 

crucial role in the ability of tumour cells to evade the host immune system. PD-

L1 (the ligand for PD-1) is found on tumour cells (Fife and Pauken, 2011, 

McDermott and Atkins, 2013). The interaction between PD-1 and PD-L1 plays 

an important role in the tumours ability to evade the immune system. If PD-L1 is 

increased this leads to a decrease in PD-1 and therefore a decrease in 

cytotoxic T cells. So therefore, in the cancer environment, where PD-L1 is 

increased cytotoxic T cells are decreased however, in the inflammatory 

environment this is reversed where PD-L1 is decreased and PD-1 is increased; 

this was shown is Chapter 3 in the Winnie mouse. MSC treatment before CRC 

induction showed a significant decrease in PD-1 in the colon in Winnie mice, 

this indicates a down-regulation of PD-1 in the colon and is consistent with the 

reduction of CD8 T cells in colon, however in tumour tissue in Winnie mice a 

decrease in PD-L1 and increase in PD-1 is shown, which indicates more CD8 T 

cells at the tumour site.  

 

 

 

4.7 Conclusion  

In conclusion this study demonstrated that MSC treatment after CRC induction 

displayed an increase in tumour number and volume in C57BL/6 mice and an 
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increase in tumour volume in Winnie mice. MSC treatment before CRC 

induction showed a no change in number of tumours and tumour volume in both 

C57BL/6 mice and Winnie mice. These results indicate that MSC treatment 

given after CRC induction leads to a pro-tumourigenic environment and MSC 

treatment given before CRC induction leads to an anti-tumourigenic 

environment. In terms of clinical applications, the use of MSCs to target cancer 

cells is not new, but this area is still inconclusive regarding MSCs therapeutic 

potential. The effect of MSCs appears to be mediated by the tumour 

microenvironment as shown above, which means the timing of MSC treatment 

and disease severity is very important to the clinical outcome. If MSCs are put 

into the tumour microenvironment they can have anti-cancer properties (Khakoo 

et al., 2006). Moreover, other studies have shown MSCs have the potential for 

use as an anti-cancer vehicle by exploiting their ability to migrate and proliferate 

at the tumour site (Serakinci et al., 2011). Although most studies have yielded 

positive results, the timing of MSC treatment when given to patients needs to be 

considered carefully. The results of my study show that the timing of the 

treatment is just as important as the treatment itself.  
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Chapter Five: Conclusion and Future 
Directions 
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5.1 Conclusion  

IBD incidence in Australia is 24.2 per 100, 000 people and peak onset is 20 – 

40 years of age (CCA, 2013, Studd et al., 2016). IBD is an idiopathic disease 

characterised by intestinal inflammation with potentially fatal complications.It is 

believed to be of multigenic origin and to occur as a result of an exaggerated 

immune response to gut bacteria (Becker et al., 2015). However, due to its 

unknown aetiology, current treatment strategies target the symptoms rather 

than the disease and are limited by factors including toxicity, inefficacy and 

adverse side-effects.  

Cancer is often associated with chronic inflammation, as early in 1863, it was 

noticed the cancer often develops at inflammatory sites (Virchow, 1863). During 

chronic inflammation, macrophages are largely responsible for generating 

growth factors, cytokines and reactive oxygen and nitrogen species (Coussens 

and Werb, 2002). During prolonged inflammation these factors may lead to 

continuous tissue damage and subsequent sustained cell proliferation and 

hence the predisposition to cancer. 

Mesenchymal stem cells are a new emerging therapy for IBD, current trials 

using MSCs have demonstrated that MSC therapy in IBD is both efficacious 

and feasible (García-Olmo et al., 2005, Garcia-Olmo et al., 2009a, Garcia-Olmo 

et al., 2009b, Cho et al., 2013, Lee et al., 2013). However, clinical trials have 

been focusing on the MSC treatment of fistulae caused by Crohn’s disease 

(CD) rather than disease manifestations as a whole. The long term side-effects 

of MSC treatment use are still unknown. Many studies have shown that MSCs 

promote tumour progression but also can prevent tumour growth (Klopp et al., 

2011).  

The aims of this thesis were to investigate the effect of CT26 cells in an 

orthotopic model of CRC on immune cells in Peyer’s patches and MLN and to 

identify cytokines produced by CT26 cells in vitro and in vivo; to determine 

specific immune cell populations in Winnie mice with spontaneous chronic 

colitis and to study the effects of CRC in the Winnie mice and lastly, to 

determine the effects of MSC treatment given before or after cancer induction in 

control and Winnie mice  
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5.1.1 Cytokines and immune populations in an orthotopic model of colorectal 

cancer  

Chapter 2 of this thesis discussed the immune populations and cytokines in an 

orthotopic model of colorectal cancer and demonstrated an increase in IL-6 both 

in vitro and in vivo. IL-6 acts as both an anti-inflammatory and pro-inflammatory 

cytokine and in cancer patients elevated IL-6 leads to a poorer prognosis 

(Bellone et al., 2006). IL-6 is abundant in the tumour microenvironment where it 

plays a role in cancer metastasis via down regulation of E-cadherin and has 

also been shown to activate CD8+ T cells to the tumour site (Fisher et al., 2011, 

Miao et al., 2014). It is likely that the IL-6 produced by CT26 cells in our studies 

contributed to its metastatic ability from the caecum to nearby colon. It has also 

been recently demonstrated that cancer cells and immune cells communicate 

via the presence of IL-6 in the tumour microenvironment which is secreted by 

both cancer cells and immune cells (Patel and Gooderham, 2015) and could 

explain the increase in immune cells noted in the mesenteric lymph nodes and 

Peyer’s patches found in this study.  

 

5.1.2 Immune populations in the Winnie mice with and without cancer   

The Winnie mouse model of spontaneous chronic inflammation has a missense 

mutation in the Muc2 gene which leads to an intestinal barrier defect in these 

mice. A number of T cell defects are associated with IBD. In fact, in IBD patients 

excessive Th1 and Th17 responses are noted, as well as defective T cell 

responses (Boirivant et al., 1999, Ina et al., 1999, Brown and Mayer, 2007). 

Similarly, the results presented in Chapter 3 demonstrated that Winnie mice 

have both excessive Th1 and Th17 responses as shown by an increase in M1 

macrophages.. Herein, it was shown that in both the spleen and colon there is a 

significant increase in the percentage of T cells compared to controls. 

It is well known that chronic inflammation such as that seen in IBD is a risk 

factor in developing colorectal cancer. Inflammation also can play an important 

role in cancer progression which was explored in Chapter 3. by inducing cancer 

in Winnie mice. Colitis-associated cancers are generally infiltrated by an array 
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of immune cells from both the innate and adaptive systems. In colitis-associated 

cancer, the immune system seems to play a pro-tumourigenic role (Eiró and 

Vizoso, 2012, Grivennikov, 2013). However, in the Winnie mice with CRC an 

increase in M1 macrophages and a decrease in M2 macrophages in the colon 

was noted, indicating an anti-tumour response as M1 macropahge encourage 

tumour supression and M2 macrophages can promote tumour growth. This 

study also demonstrated an increase in T cells in the spleen and colon which 

can exert both tumour suppressive and tumour promoting properties as 

determined by their effector functions (Smyth et al., 2006, Langowski et al., 

2007, DeNardo et al., 2009). Overal results in this thesis have demonstrated 

that CRC induction in Winnie mice is associated with an anti-tumour immune 

response. However, even though the immune system is trying to eliminate 

tumour cells, the environment was still conducive to tumour growth. 

 

5.1.3 Effect of MSC treatment in orthotopic model of colorectal cancer in the 

Winnie mouse  

MSCs have been shown to adapt to the environment in which they are placed, 

however the effect of MSC treatment on the tumour microenvironment is still 

contentious within the literature, with numerous studies pointing towards an 

anti-cancer effect and others leaning towards pro-tumuorigenic effect (Khakoo 

et al., 2006, Karnoub et al., 2007, Lazennec and Jorgensen, 2008, Qiao et al., 

2008b, Zhu et al., 2009, Klopp et al., 2011). In Chapter 4 the effects of MSC 

treatment on immune populations in the cancer microenvironment in 

inflammatory (Winnie mice) and non-inflammatory conditions (C57BL/6 mice) 

were determined. MSC treatment after CRC induction revealed an increase in 

tumour number and volume in C57BL/6 mice. MSC treatment before CRC 

induction showed the tumour number and volume are similar in Winnie and 

C57BL/6 mice. Indicating that MSC treatment given after CRC induction leads 

to a pro-tumuorigenic environment and MSC treatment given before CRC 

induction leads to an anti-tumourigenic environment. 

The tumour microenvironment can determine tumour progression and the 

immune system plays a vital role in this. MSC treatment after CRC induction 
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showed a decrease in M1 macrophages and increase in M2 macrophages in 

C57BL/6 and Winnie mice suggesting a pro-tumourigenic environment. Overall 

MSC treatment after CRC nduction in both C57BL/6 and Winnie mice promotes 

tumour growth and progression. 

MSC treatment before CRC induction in C57BL/6 mice results in an increase in 

T cells and M1 macrophages indicating an anti-tumourigenic environment. In 

Winnie mice an increase in T cells and M2 macrophages and a decrease in M1 

macrophages was found indicating an anti-inflammatory response, This 

suggests that overall MSC treatment given before CRC induction in both 

C57BL/6 and Winnie mice leads to an immune response that promotes an anti-

tumour environment. This shows MSCs ability to adapt to the environment in 

which they are placed in is crucial in cancer development and if using MSCs to 

treat patients with chronic inflammation (such as IBD), timing of treatment and 

disease severity need to considered.  

 

5.2 Future directions  

To extend on the observations contained within this thesis, it is suggested that 

the following work in this area should be conducted: 

5.2.1 The Winnie mouse as a model of IBD  

The Winnie mouse model of spontaneous chronic inflammation is still quite a 

new animal model of IBD. The cause of IBD is still unknown, however 

accumulating evidence suggests that IBD results from an inappropriate 

inflammatory response to intestinal microbes in a genetically susceptible host 

(Abraham and Cho, 2009). Studies by Eri et al (2011) have shown that the 

Winnie mice also have an abnormal mucosal barrier which causes spontaneous 

chronic inflammation making the Winnie mouse an optimal model of IBD. 

Further investigation into how IBD affects other systems and new treatments for 

IBD should be tested in Winnie mice as it is an optimal animal model of IBD. 

 

5.2.2 Mesenchymal stem cells  
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The use of MSCs as a treatment for IBD is still quite a new therapy with 

promising effects being seen in human trials and animal models. This thesis has 

shown that MSCs have immunomodulatory effects and are able to change the 

immune environment in a therapeutic way which is consistent with other studies 

(Robinson et al., 2014).  

Studies on the effect of MSCs over different time periods are very limited. It has 

been suggested that multiple MSC injections are necessary for an effect, but 

the duration of this effect can vary. Some trials reported that 88-100 % patients 

seeing effects 12 months post treatment but only 58 % patients reporting effects 

3 years post treatment, suggesting that repeated treatment is required to 

maintain a therapeutic effect (Garcia-Olmo et al., 2009b, Lee et al., 2013). 

Although results presented in Chapter 4 demostrated that mutilple MSCs 

injections were effective, however results were obtained only  from a short time 

period post treatment and further investigation into the  long-term effects of 

MSC treatment is warranted. 

MSCs have primarily been administered by local injection directly into the 

damaged or surrounding tissue. Systemic administration of MSCs has also 

been used in clinical trials treating luminal CD (Duijvestein et al., 2010, Forbes 

et al., 2014) and is the preferred route in studies of experimental colitis. 

Systemic administration may be the leading choice for MSC application as it is 

relatively non-invasive; however it may result in inefficient targeting of the 

pathological site of IBD. Even though MSCs have been shown to migrate to the 

site of inflammation, some studies in experimental colitis models have reported 

that systemically injected MSCs can accumulate in the lungs and other filtering 

organs (Hayashi et al., 2008, Liang et al., 2011). The efficacy of systemic 

treatment and its side-effects has not been studied in animal models of chronic 

colitis like Winnie mice. 

As stated above MSCs have been shown to have immunomodulatory effects. 

As demonstrated in this thesis and many other studies, MSCs have a direct 

effect on cells in the immune system including T cells, macrophages, and 

neutrophils.  MSCs have also been shown to secrete different factors, including 

cytokines, growth factors and chemokines. Our current understanding of the 
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interaction between immune cells and MSCs is that MSCs secrete factors 

activating immune cells and causing the immunodulatory effects seen after 

MSC treatment. However, whether this is the same in chronic inflammatory 

conditions still needs to be further determined.  

5.2.3 Mesenchymal stem cells and cancer 

As stated in this thesis, the effects of MSCs treatment in a tumour environment 

are still highly contentious in the literature. MSCs have been reported to migrate 

to tumour sites and sites of injury to incorporate into tissue stroma (Klopp et al., 

2011). The interaction between MSCs and tumour cells and the mechanisms 

underlying this interaction are unclear. Whether MSCs lead to tumour 

development or supress it is still being debated (Lazennec and Jorgensen, 

2008, Klopp et al., 2011). Many studies indicate that MSCs have an anti-tumour 

effect and supress tumour growth (Khakoo et al., 2006, Qiao et al., 2008b) while 

other studies report that MSCs have a pro-tumourigenic effect (Karnoub et al., 

2007, Zhu et al., 2009). Chronic inflammation is a risk factor strongly linked to 

cancer (Coussens and Werb, 2002). MSCs have also been shown to secrete a 

variety of factors that are influenced by their environment (Bai et al., 2012).  

Further studies into the mechanisms of MSC interaction in a cancer 

environment with or without inflammation is needed. Future studies should 

include using a higher dose of MSCs and replicate the experiments in Chapter 4 

to see if the effects are different or heightened. Furthermore, longer time 

periods should also be investigated to see if the MSCs lose their effect in the 

cancer environment over time. MSCs should also be tested in different cancers 

not just colorectal cancer as they have been shown previously and in this thesis 

to adapt to their environment and may have different effects on different 

cancers.  

 

5.3 General Conclusions  

In conclusion the data presented in this thesis demonstrated that a chronic 

inflammatory environment such as that in IBD is a risk factor in the development 

of cancer shown in Chapter 3 when Winnie mice injected with CRC cells had 
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significantly increased number of tumours compared to the group without 

inflammation.  As mentioned above MSCs adapt to the environment they are 

placed in and can secrete different factors. In an inflammatory environment 

MSCs have been shown to have an anti-inflammatory effect, however in a 

tumour microenvironment the role MSCs is contentious with many studies 

showing MSCs have an anti-tumour effect and others showing a pro-tumour 

effect (Karnoub et al., 2007, Otsu et al., 2009, Dasari et al., 2010). However, 

this thesis revealed that MSC treatment given after CRC induction, in both 

inflammatory and non-inflammatory environments stimulates the immune 

response promoting tumour growth. In contrary, when MSC treatment is given 

before CRC induction in both inflammatory and non-inflammatory environments 

the immune system suppresses tumour growth. Overall, the studies in this 

thesis show that while MSCs are effective at neutralising inflammation, other 

factors such as the timing of treatment and cancer risk factors need to be 

considered before the use of MSCs as a therapy for IBD. 
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Appendix A: Specificity for M1/M2 cells 
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Figure S.1: Specificity for M1/M2 Macrophages in the Spleen. 

Gate 1 – live cells based on FSC-SSC gating, Gate 2 – CD11b
-
/CD45

+ 
cells, Gate 
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+
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cells, of gate 3 cells 

to demostrate specificity of M1/M2 cells.  
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Figure S.2: Specificity for M1/M2 Macrophages in the Colon. 

Gate 1 – live cells based on FSC-SSC gating, Gate 2 – CD45
+
cells, Gate 3 – 

CD11b
-
/CD45

+
cells, Gate 4 – F4/80

+
 cells and Gate 5 - CD11c

+
/CD206

-  

cells, of gate 3 cells to demostrate specificity of M1/M2 cells. 
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Appendix B: Publications Arising From This 
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