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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 ydT 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 bothin vitro andin vivo; CD45* cells also expressed
TNFa, 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



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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Chapter One: Literature Review

Parts of the material presented in this chapter is published and has been reproduced

here with the permission of the publisher with minor alterations:

PRAKASH, M. D., MILLER, S., RANDALL-DEMLLO, S. & NURGALI, K. 2016.
Mesenchymal Stem Cell Treatment of Inflammation-Induced Cancer. Inflammatory
Bowel Diseases, 22, 2694-2703.
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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 (Gonzalez 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 20t
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)-uB, a transcription factor involved in cellular inflammatory responses and
macrophage apoptosis (Ogura et al., 2001, Satsangi et al., 2003). Activation of NF-
B 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 Immunorequlatory 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-uB 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
Thl 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-y, Tumour necrosis factor (TNF)-a, interleukin (IL)
- 1B, 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)-(3, 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-f 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 Thl 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 Thl 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-naive 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-o)
blocker (Targan et al., 1997). TNF-a is a cytokine primarily involved in inflammation
and if the receptor of TNF-a 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 Ilymphocyte proliferation, interferon-y 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, Togel 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 2x10’ or 4x10’MSCs/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 (Garcia-Olmo
et al., 2005, Garcia-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 | study of
autologous bone marrow derived MSCs were used to treat luminal refractory CD.
Patients were administered intravenously two doses of MSCs at 1-2x10° 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 I1BD
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-uB 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-uB 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 CD45RB" 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 CD45RB" 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 [L-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 DSS colitis
epithelial
integrity/

permeability

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 87
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

Mdr1a”- mice display spontaneous
bowel inflammation triggered by the
bacterial flora (Panwala et al., 1998)

IKK-y
(NEMO)/IKKa
B deficiency
in intestinal
epithelial

cells

Activation of the transcription factor
NFkB 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 Muc?2 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 NFkB activity.
A20 deficient mice develop
spontaneous inflammation (Lee et al.,
2000)

deficient mice

TNFAARE MIC | Over production of TNF leads to

E polyarthritis and chronic intestinal
inflammation (Kontoyiannis et al., 1999,
Wirtz and Neurath, 2007)

3. Defects in CD45RBH CD4*CD45RB"' T cells transferred to
cells of the transfer immunodeficient mice cause a wasting
adaptive model syndrome with transmural intestinal
immune inflammation primarily in the colon
system (Powrie et al., 1993, Powrie et al.,

1994, Leach et al., 1996, Read et al.,
2000)
STAT4 STATA4 is a regulatory transcription
transgenic factor specifically associated with IL-
mice 12/IL-23 receptor signalling. Over
expression of STAT4 leads to severe
transmural colitis (Wirtz and Neurath,
2007)
IL-10/CRF2-4 | Mice with IL-10 gene deletion

spontaneously develop chronic
enterocolitis with massive infiltration of
lymphocytes (Kiihn et al., 1993)

TCRa
chain™ mice

Mice deficient for the TCR-a chain
(TCR-a™") 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-kB 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-kB are rare in
human tumours it has been found that in 40% of CRC tissues, NF-kB 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
(Pagés 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-y 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 | 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-12'°%, |L-10"9" phenotype,
suppress the inflammatory responses and Thl 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 a-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
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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 Il (MHC-II), recognised by
CD4 T cells, occurs in a different intercellular compartment than the
loading of antigen in MHC-class | (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 gquiding 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

46



ILCs (ILC1s) comprise of NK cells and ILCs that produce type 1 cytokines,
notably IFNy and TNF-a. 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, | Possible role in fibrosis
and involved in the in patients with Crohn’s
Immune response to disease (Bailey et al.,
helminths.(Neill et al., 2012)
2010, Sawa et al., 2011,
Nussbaum et al., 2013)

ILC3 Involved in resistance to | Possible role in

mucosal infections,
epithelial integrity and
possible role in
antifungal immunity

(Satoh-Takayama et al.,

protection from
experimental colitis,
increased innate IL-17
production patients with
IBD (Geremia et al.,

2008, Reynders et al., 2011, Mielke et al.,
2011, Gladiator et al., 2013, Qiu et al., 2013)
2013, Diefenbach et al.,
2014)

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 |
molecules, the two main groups being killer 1g-like receptors (Bottino et al.,
2004), which bind HLA-ABC, and the heterodimeric receptors CDA49-
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 Thl 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 (Belizario, 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
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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
MTORCL1. 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
Go/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-y 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 mm? (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
e Co-injection of tumour cells with MSCs (Shinagawa et al.,
enhanced tumour growth 2010)
Vascular support
e MSCs can differentiate into pericytes and (Potapova et al.,
possibly endothelial cells 2007, Zhu et al.,

2009, Kang et al.,
2010a, Portalska et

55




e 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

e Tumour fibroblasts are derived from MSCs
and therefore may be recruited from

circulating populations

e 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

e 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

e MSC-mediated immunosuppression

promotes tumour growth

(Djouad et al., 2003,
Mele et al., 2014)
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e MSCs can directly impair immune cell
function, including T and B cells, dendritic
cells, natural killer cells and macrophages

e MSCs can supress T cell proliferation via
multiple mechanisms including upregulation

of B7-H1 and Stro-1+ expression

e 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
e MSCs secrete several factors that promote
metastasis e.g.CCL5/RANTES

(Karnoub et al., 2007)

Cytoprotection

e 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

e 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 G1l-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-B)-
dependent. It was not clear however, whether TGF- was MSC-derived,

although MSCs have been reported to produce and secrete TGF-3
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(Stavely et al., 2015). In the normal colon, TGF-B regulates the growth and
self-renewal of colonic epithelium along the crypt axis by opposing Wnt/B-
catenin signalling (Reynolds et al., 2014). TGF-B signalling inhibits
proliferation of epithelial cells, arresting cell cycle progression in G1
restitution (McKaig et al., 1999). Mutations in TGF-BRIl 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
e MSCs inhibit tumour initiation in a (Nasuno et al., 2014, Otsu et
TGF B-dependent manner al., 2009)

e MSCs induce apoptosis of tumour

cells

Immunomodulation

e MSCs express toll like receptors (Waterman et al., 2010)
which can switch MSCs from an
immunosuppressive to pro-

inflammatory phenotype
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Vascular Damage

e Under certain conditions MSCs can | (Otsu et al., 2009)
inhibit capillary growth by producing
reactive oxygen species and

causing endothelial apoptosis

Anti-proliferative

e MSCs secrete anti-proliferative (Zhu et al., 2009)

factors

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. & NURGALLI, 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. y&T 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.

Thl 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 Thl cytokines such as IL-2, tumour necrosis
factor (TNF)-a and interferon (IFN)-y 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 Thl 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 Thl 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% COz2 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 pg/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 ul. 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 (1x108 CT26 cells) in 25 ul 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 pl (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 JO73ES), rat anti-mouse la/le
conjugated to allophycocyanin (M5/114.15.2), rat anti-mouse F4/80
conjugated to R-phycoerythrin (clone BMS8), rat anti-mouse CD11c
conjugated to pacific blue (clone N418), rat anti-mouse CD49b conjugated
to FITC (clone DX5), rat anti-mouse TCRB conjugated allophycocyanin
(clone H57-597), rat anti-mouse CDloa Galcer loaded tetramer
conjugated to R-phycoerythrin, hamster anti-mouse ydTCR 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, lowa City, USA). Samples were
analysed using a BD LSRIl 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).
Thl 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), TGF (clone:
TW7-16B4) and TNFa (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 y6TCR
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 Imaqing

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 um (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 MLNSs.

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
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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 (yd) 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 yo 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 y&T Cells in the Colon and Tumour

Infiltrating Leukocytes in the Caecum.

(A) Immunohistological labelling of ydT 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, I1L-4, IL-10,
IFN-y, TNF-a 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-a (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 Ill 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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yoT 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). y&T 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 yOT 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, y&T 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
yoT 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 ydT 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
TNFa 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, lodoacetamide, 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*CD45RB"9" 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-y production
by the mucosal CD4* T lymphocytes and increased expression of Thl7
genes at the sites of histological inflammation. In addition, leukocytes from
the intestinal draining lymph nodes secrete multiple Thl, 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 CD11lc* 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, Eir6 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 pl. 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 x 10° cells) in 25 pl 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 pl), 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 TCRp (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 TNFa
(clone MP6- XT22) conjugated to brilliant violet 421, rat anti-mouse TGFf
(clone TW7-16B4) conjugated to brilliant violet 421 and rat anti-mouse
MHC Il (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 um (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 (TCRB*
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 ym? per animal at x 20 magpnification).
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-mm? 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 TCRB 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*/CDA45*/F4/80*/MHCII* cells.
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Figure 3.1: Gating Strategies used to Determine the Percentage of T cells
(TCR|3+ cells) in the Spleen.
Gate 1 — live cells based on FSC-SSC gating, Gate — 2 CD45" cells in the spleen and

Gate 3 — TCRB' cells in the spleen
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Figure 3.2: Gating Strategies used to Determine the Percentage of Neutrophils
(Ly6G+/LyGC+ 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 IMHC 11" cells and Gate 4 - CD11c /CD206" cells, of
gate 3 cells to distinguish M1 and M2 cells.
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Figure 3.4: Percentage of T cells in the Spleen.

Quantitative analysis of the percentage of T cells (TCRB" 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 3.5: 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.
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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,
***n<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 TCRp 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
(TCRB+ceIIs) in the Colon.
Gate 1 - live cells based on FSC-SSC gating, Gate — 2 CD45cells in the colon and Gate

3 — TCRB cells in the colon.
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Figure 3.8: Gating Strategy used to Determine the Percentage of Neutrophils

(Ly6G+/Ly6C+ceIIs) 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 (TCRB 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.
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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 (1x108 cells in 25 L 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+2.16mm?3) (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
(TCRB* cells) in Winnie+tCRC 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 (TCRp 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 3.15: Percentage of Neutrophils in the Spleen.

Quantitative analysis of the percentage of neutrophils
(Ly6G'/ILy6C" 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 (TCRB" 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.
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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 pm.
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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 pm
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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 um
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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 Winnie+CRC Published Results Reference
C57BL/6 compared to
C57BL/6+CRC
Spleen Colon Spleen Colon Lamina propria Proximal Distal Spleen | Mesenteric
mononuclear cells colon colon lymph
nodes
T cells 1 1 1 1 1 CD4/|,CD8 1 CD4 — CD4 (Eri et al.,
2011)
Neutrophils ! © 1 >
CD11b" cells > ! - - - (Eri et al.,
2011)
macrophages
M2 1 > > !
macrophages
PD-1 1 (colon &
caecum)
PD-L1 1
(caecum)
B cells 1 (Eri et al.,
2011)
CD11c” cells 1 (Eri et al.,
2011)
Cytokines, TL-6, TIL- TIL-1B, 1 IL- | 1 IL-1B, 1 1TNFa. 7IL- | (Erietal.,
chemokines 12/23p40, 1MIP-1q, 12p40, | IL-12p40, 13, 1IFNy, 2011,
and growth T RANTES TSLP, 1 IL- | | TSLP, 1 TIL-17 Hasnain et
factors 17A, « IL- | IL-17A, 1 al., 2013)
17F, 1 IL-17F, 1
Tgfb1, & Tgfb1, 1
Ccré Ccré
Table 3.1 legend - 1 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 1BD,
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 Thl 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 Th1l7 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 Thl and Thl7
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 (Erietal, 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 (Terzi¢ et al.,
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2010). In colitis associated cancer, the immune system seems to have a mostly
pro-tumourigenic role (Eir6 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 (Terzic et al., 2010). Macrophages and
neutrophils produce cytokines and growth factors that promote tumour growth
and angiogenesis (Terzi¢ 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 Thl 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 (Mosnha 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) (Gonzalez 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-B1. 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, Gonzalez 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 (Gonzalez 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 (Garcia-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, Garcia-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 4x10” 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/cm? and incubated in complete culture medium; minimum
essential medium (a-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
(a-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 %); 1x10%° human bone marrow

derived MSCs in 100 yL phosphate buffered solution were administered via
enema either before or after CRC induction. The sham group received 100 uL
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 pl. 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 x 108 cells) in 25 pl 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 pl), 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 5x10° 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 TCRp (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 TNFa (clone MP6- XT22) conjugated to brilliant violet 421, rat anti-
mouse TGFfB (clone TW7-16B4) conjugated to brilliant violet 421 and rat anti-
mouse MHC 1l (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 um (1600 x 1200 pixels).

4.4.10 Quantitative Analysis

FACS data presented as percentages, the percentages of T cells (TCRB™ 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 ym? per animal at x 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-Ll-immunoreactivity. In colon tissue PD-1-IR cells were
counted in cross sections within a 2-mm? 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+£2.17mm?) (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 Ilymphocytes 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 (TCRB™ 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 (TCRB+ceIIs)

in the Spleen.

Gate 1 — live cells based on FSC/SSC, Gate — 2 CD45' cells in the spleen, Gate 3 — TCRB"

cells in the spleen
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Figure 4.3: Gating Strategies used to determine the Percentage of Neutrophils

(Ly6G+/LyGC+ceIIs) 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°IMHC 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 (TCRB+
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.
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Figure 4.6: Percentage of Neutrophils in the Spleen from
C57BL/6 mice

Quantitative analysis of the percentage of neutrophils
(Ly6G'ILy6C" 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.
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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 (TCRB* 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

(TCRB+ceIIs) in the Colon.

Gate 1 - live cells, Gate — 2 CDA45 cells in the spleen and Gate 3 — TCRf 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°IMHC II cells, Gate 5 - CD11¢'/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 (TCRB" 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 4.12: 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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45.4 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 um.
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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 um.
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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 pm.
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Figure 4.17: Summary of MSC treatment after CRC induction in C57BL/6 mice
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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.
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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 (TCRB* 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 CD11lb* 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 (TCRf
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 4.20: 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.

153



15+

=
O
1

% CD11b*/CD45"
T

CRC MSC+CRC

80+

60

% CD206 cells

40

20+

*k*k%k

& CRC MSC+CRC
50-

40-

204

% CD206" cells

10+

CRC MSC+CRC

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.

154



45.7 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 (TCRB*
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 4.23: 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 um.
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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 pm.
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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 pm.
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Figure 4.28: Summary of MSC treatment before CRC induction in C57BL/6 mice
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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 (3.00t£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+1.05mm?3) compared to the CRC only mice (8.39£7.06mm?3) (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 (TCRB" 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 (TCRB+ 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 4.31: 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,
****n<(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 (TCRf
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 4.34: 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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45.12 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 um.
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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 um.
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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 um
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Figure 4.39: Summary of MSC treatment after CRC induction in Winnie mice
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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+0.49mm?3) compared to the CRC
only mice (8.39+7.06mm?), 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.
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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 (TCRB* 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 (TCRB" 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.
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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 (TCRB+ 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 4.45: Percentage of Neutrophils in the Colon from
Winnie mice

Quantitative analysis of the percentage of neutrophils
(Ly6GILy6C" 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 (26.75x1.68) 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 um, 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 um.

186



Winnie+CRC

Winnie+MSC
+CRC

80+

40 *kk

20+

Number of PD-1" cells

Winnie CRC Winnie MSC+CRC

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
pm.
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Figure 4.50: Summary of MSC treatment before CRC induction in Winnie mice
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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 (Pagés 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-y
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 Thl adaptive immunity
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(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

191



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.lIt 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 (Garcia-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 Thl and Th1l7 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 Thl and Th1l7 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 (Eir6 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

199



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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Abstract: Cancer development is often associated with chronic inflammstion. To date, research into inflammetion-induced cancer has lergely focused
on chetnokines, cytoldnes, end their downstream targets. These inflammatory mediators may promote umor growth, invasion, metastasiz, and facilitste
angingenssiz. However, the exact mechanizme by which inflamemstion promotes neoplzsia remain unclear. Inflammstory bowel disezse (IBD) is
chavacterized by recurent, idiopathic iestinsl inflammadon, the complications of whick are potentizlly fewl IBD incidence in Austrslia is 242 per
100,000 and iz pesk onset is i people aged 15 to 24 vears. Symptoms inclnde abdominal pain, cramps, bloody stool, and persistent dismhoea or
constipation and so seriously compromize quality of life. However, due to itz unknown etology, cuwment treatment strategies combat the symptoms rather
than the disease and zre limited by inefficacy, toxicity, and adverse side-effects. IBD is also associzted with an increased nisk of colorectal cancer, for
which weatment options are similarly limited. In recent years, there haz been much interest in the therapeutic potential of mesenchymsal stem cells
[MI=Cs). However, whether MSCs suppress or promote mmor development is stll contentions within the litersnwre. Many smdies indicate that MSCs
exert ana-tumor effects and suppress twmor growth, whereas other smdies report pro-mumor effects. Smdies wsing MSCs 25 meamment for IBD have showm
promising resulis in both animal models and buman trisls. However, as MS5C weamment is stll novel, the long-term risks remain unkmown This review
aims o summarize the current litersnre on MSC treatment of inflammation-induced cancer, with a focus of colorectal cancer resultng from IBD.

(Teflamm Bowel Dis 2016,00:1-10]
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ancer development is offen zesociated with chronde inflam-

mation. As ezrly as 1863, it was notesd that cancers often
oeearred 2t inflammatory sites.! Sinee that time, copious epide-
minlogical data heve been emerging to show that chronic inflam-
mation is fregquently associated with increased risk of cancer™™ It
was mifially believed that reactive cooyvgen and nitrogen species
produced by immmune cells to combat infecton may posses: the
mutagenic potential w form tumors.® However, more recently it
has becoms clear that the development of cancer from inflamma-
tion is a complex, mulifacorial process.”

Inflarmmatory bowel dizease (IBDY) 1= charscterized by
recurrent, idiopathic intestina]l inflammation, the complications
of which are potentially fatal IBD is believed to be of mulb-
gEnets ongin and o ocour 44 & result of an exsggerated response
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to gut bactesia® However, due to ite unlmewn etology, current
reatnent strategies cormbat the symptoms rather than the disease
and are limnited by inefficacy, toxicity, and adverse side-effects.
IBD is also associated with an inersased nsk of colorectal cancer
(CRC). for which treatment options are similarly mited.

In recent years, thers has been much imterest in the therapente
potental of mesenchymal stemn cells (M3Cs). MECs are rultipoten:
stemmn cells that can be denved fom many adols gespes, nclading
bene mmarow and sdipose tssue” MSCs are curently nsed to reat
mflammatory disesses soch as arthone, oolople sclerosis, and
B However, whether MSCs suppress or promote hmer
developrnent is sill contentions within the literanws *™** Mary goad-
ies mdicate that MECs exest antinonor effects and suppress camor
growth, = whereas other stodiss report pro-turnor effects == Stad-
ies using MECs as meamnent for IBD have shown promismg results
in both animal medels™ and homan dals 5 However, 2
MECs weatment is 50l novel the long-termn fsks remsn unkmoew

CHRONIC INFLAMMATION AND CANCER

Inflarrrmsdon oseurs in response to tisne demage that can
result from mfecdon, chemical irmtston, or Tauma. In the early
stages, neatrophils migrate to the inflammatory site in response o
chemical sigmals prodoced by resident meecrophages and mast
cells. Other immune cells sre subsequentdy recruited by 2 complex
network of sigmaling moleoles, including growth factors, oyto-
lanes, and chemoldnes. Ang-inflarmmetory molecules also exist o
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allow resolution of the inflammatery response, promotng tssoe
repair and the rapid programmed clearsnee of inflarmmatony cells
through apoptosis and subseduent phagocytosis. Howsever, of this
process 15 dysregulated, chronde inflammaton can ccour.

Chiring chronie inflammason, inflammatory focl predom-
mantly comsist of hanphoeytes, plasma cells, and macrophages.
Macrophagss ane largely responsible for penerating growth factors,
cytokines and reactive oxygen and nitrogen species. Under normal
conditions, these factor: dove the inflamgnatery mespomse, but
during prolonged mflammaton mey lead to confinmoous Hssue
damriage, subsequent sostemed cell proliferation and henee a pre-
disposition to malignent mnsformeton ™ Beactve ooygen and
mitrogen speciss may also conmbute to DNA damage that can
result in t{:ﬂp]a_‘-‘:ia.!

Caneer development 15 2 step-wite process whereby genetic
changes confer a growth advantage, doiving tomor development.
Malignaney is characterized by several hallmarks: self-sufficiency
of growth signals, resist@ancs to antigrowth signals, escape from
apeptosis, unregulated proliferston, enheneed angogenesis, and
metastasis.”

To date, research into milarrmadon-nduoced cancer has
largely focused on chemolones, cyiolanes, and their downstream
targess. These mflarrenstory mediaters maw promote  Samor
growth, invasion, metastasis, and facilitste anmogeness.

INFLAMMATORY BOWEL DISEASE (IBD)

IBD incidence in Austalis is 24.2 per 100,000 and its peak
cnget is in peepls aged 15 o 24 wears™ Symptoms include
sbdeminal pain, cramps, bloody stool, and persistent diarthosa
or consdpation and so sedonsly compromise gqualine of Life
Potential complications soch as perforation, excessive bleeding,
bowel obstruction, and intestinal scarming can lead to fatality. IBD
comiprise: 2 main pathologes: Crobn’s disease (CD) and ulcera-
tive colids (UC) UC gensrally manifests in the rectum but may
spread to part of or sl of the colon in an unintermopted  pattern.
The milammaton observed is typically confined to the muocosa
However, CD can affect any region of the intestne, though most
commonly affects the ileum and colon, often discontinuoushy.
Inflarmmaton observed in CD is often tansmural; ecourning
across the entre intestinal wall. CD is also associated with inte:-
Hral gramoloma soichres, snd fismlas, however, these sre not
mssocisted with UC. Though the underlying eause of IBD is
unkmown, mumerous predisposing genes have been identified
and —30% of loci are overlapping for both CDF and TTC, sugmest-
myg smular etology.

Aceummlatimg evidenes soggests that [BD resnlts from an
mapproprists mflammmatory response to ntesdnal microorganisms
in a genetically susceptible host?” The intestinal et is 2 complex
ergan that has evolved in cooperaten beoween the host and ite
mierebiome. Its primery fimeton it to provide mittients and energye
for survival and reproduction. A secondary funcdon 15 to defend the
host from potentially harmful ingested food antigens, bacteria, para-
sites, or toxins. The intestnal epithelium is e interface betasen

2 | wowwibdjounalorg

the intestins] microbiome and the rest of the body. As only 2 single
layer of epithelial cells separates the two, the gut has also evolved
to be the largest immrme organ of the body. The intestms] miero-
biotz playe a cridcal role in shaping the intestinal imrmme syveten ™
Alterations in microbiots have been observed in both animal mod-
els of IBD and human IBD patients ® IBD is also associated with
dysregulstion of pro-nflammmetory eyvtoldnes  msrferon-gamma
(TE-y), tumor necrosis factor-alpha, interleulans (I0) -6, -8, -17,
and -23.

The intestinal barmer is mamtamed by mterepithelial adhe-
sive complexes kmoan s Hght junedons, seeresed mmens, and
mmrrpane cells. Imtestinal permesbiliny is the property that allows
fluid 2nd selute exchange between the lumen and the st of the
bodv thromgh the bloodstream. Increased intestinal permeabilite
refers to the nonmediated diffnsion of large, nermelly resmictsd
molecales from the intestinal lumen across the intestinal barmer to
the blood and ocours during bamer dysfmcton. This may be
through direct epithelial demage or the falure of tght junctons.
Tight junctions are formed through imtesacten of specialized
proteins on adjacent epithelial cells These protwens include
clanding, occludin, and Z0 farmily prowins, Tight juncdon protein
expression and locahmton can be regulated by mnmrome cytokones
gnch as [FN-y, formor necrosis factor-alpha, and IL-1[. -6, -10, and
-17. Intestinsl permesbiline is also affected by sxogenoms factors or
chemges in the immmune environment. In IBD, the paracellular space
has mersssed permeability and regulaton of tight juncHons s
defertyve 230

CR.C development in the chromically mnflamed colon has been
described as a2 coligs—dysplasis—carcinoma sequence ™ Stepwise
acqusidon of key mutstons produces hyperproliferatve lesions,
or dysplasiz which may eventuslby seouire the imvasive properte:
of carcmoms. Although coliis-associated CRC exhabits sirmilar
moleculsr events to sporadic CRCs, the tming of these events 12
mrizrkedly different, paricularly in the early stages of tomorgensss,
For example, sporadically occorning colorectal dysplasis often dis-
plays motetien of the adencmatous polyposis coli/f-catenin path-
way, typically resnldng in a polvpeid outgrowth of the glandular
epithelnon (adenorna) readily detected endoscopreally. Mumtons in
adenomatons polyposts coli are rare in the nflamed, nondvsplastce
mcosa, and uncommnen in low-grade dysplasia or carcinoma **
Conversely, mutstions of the TP33 gene in padents with UC are
frequent in flamed but nendyveplaste mueosa 3534955 Although the
conmection between mflammadon and cardnogenesis are well
Imown, the mechanizms by which mflammeason promete: neoplasia
remen unelear.

Dre to the idiopathie natre of IBD, cwrrent treasnents
focus on sympromatic relief rather than the cause of the disease.
Biological trezonents are largely mmunosuppressive and so are
associated with their own side effects. They are predomimant]y
cytokineTeceptor blockers, though there are also reports of
reamnent through blockade of lenkocyte adhesion and costdmu-
latory molecules to inbobot leukocyte wafficlkdnge and activation,
respectvely. Imvestigation into colids-associated CRC has also
focused stention on the pro-inflamematery leukooytes thar rmigrate
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to the milsmed mueosa, and the inflammstery mediators they
produce.

MESENCHYMAL STEM CELLS

Mesenchynasl stem cells (WM3Cxs) are an emerging therapy
for IBD. Though many reports thow effectve treatmment of IBD,
as MSCs are a novel treatment the long-term side effects of their
uwie are stll unlmeowsn Furthermors, despite extetsrve nesearch,
the impact of wnmnodified 2M5Cs on tumer progression remains
unclear. Many stadies have shown MSC: promote tumor pro-
gression and metastasis, whersas other studies report that MSCs
suppress tumor growth.*® Thers are many potental reasens for
these discrepancies, incloding differences m tumor models, het-
erogeneity of MSCs, the dose or tming of M5Cs imjected, the
amimal mode] used, ete.

MECs can be derived from many adult tizsues, incloding
adipese and bone marrow and have the capacity to differentate
mte osteoblasts,  chendrocytes, adipocytes, opoblasts, and
neuronal-like cells. Charscterized by their in vite propertes,
the International Society for Cellulsr Therapy has delined specilic
critera to classify a stern cell as a MSC: (1) MSCs mmst be
plastc-adherent when menmined under stsndsrd enlture con-
ditions nsmg gssoe cultore flasks; (2) =95% of the MSC popu-
lation most express CD103, CD73, and CDP0 as measured by
flow cytomemy and lack the expression (=2% positve) of CD45,
CD34, CDH4 or CD11b, CD7%: or CD1 Y, and HLA class IT; (3)
Cells mmst possess multipotent differsntiation potential e be
able 1o differentiste into osteoblasts, adipocytes, and chondrocytes
under standard in vico differentiating conditons

Human MSCs are poorly imrrnmegenie, 0 esoipe imrimme
recogmiden snd do not mduce in immune response when
addministered into other species® Mouse MSCs:, however, do
elicit zn immone response. This s due to the low levels of the
major histocompatibility complex elass I (MHC-I) expressed on
the surface of mouss M5Ce. MHC molecules mediane interactions
betareen immune cells and are categonized into 3 subgroups: clas-
ses I 1T, and IIT. Both MHC-T snd MHC-IT enable diseriminastion
between self- and nen—selfantigens *” Human MSCs express low
level: of MHC-I and alzo do not express any MHC-II molecules
or costirmmlatory molecnle: such s CD40 & CDE0. These cos-
trnulatory melecules are essendal for T-cell actvaton; therefore
MBECs have a very low incidence of immune rejection and are this
tolerated well, maldng them an ideal celluler thetapy 37

MSCs also extibit mopism for sites of nflarrmaton and e
bmner microenvironment many of the smne  nflawenastery
mediators are found at both sites snd are though: to be myvelved
n attrscgng MECs MSC migration is dependent on a multimde
of signals, mchding growth factors, chemelones, and eytolanes
amd 1% similar to migraten of imeoune cells that respond to injury
and sites of milarrmsdon. MESCs™ response to tommers gives them
the umgue ability to function as cellular delivery vehicles for
antitmmer agents. MSCs are corently being used to deliver a vast
array of antitimer agents, inclading mterferon-§ (TFN-[), tumor

necrosis factor-relawed apoptosis indocing ligand, ortosme deam-
imase, and oncolytic virnses. These approaches are being explored
and producing potent antimmar effects.

MSC THERAPY FOR IBD AND CANCER

MECs have immmmosuppressive propertes that sre largely
asributed to the momber of antimflammatory cytokmes  they
produce ** Emerging research has provided evidence that 3M3Cs
also have the sbabity to suppmess CDE ovtotoxie T eell (CTL)
and CD4™ T helper cell activation and proliferation * Cenversely,
M5C: can inerease the munber of T regulstory cells, which are
responsible for modulating the inflammatory response snd presery-
ing tolerance to selfantgene ¥ I0-10 i essential for this fimeton,
as deletion of IL-10 mn T regulatory eells results m the spontanesn:
development of 2 chrond colitis ¥ Furthermors, single nucleotds
polyvinorpiosms in IL10FA and ILIOREB, the genss encoding the 2
IL-10 recepror suburits, have been linked to pediasic IBD. TL-10
sigmaling in maerophages results ina STAT 3-dependent reduction
n promflarenessery cytoldnes IL-6 and tummor necrosis factor-
alpha 42

MECe are alio neuroprotsctive. Stodies nsing experi-
mentz] models of mulbdple selerosis have shown thar MSC
treatment decreases axons] damage and neuronal death by
relesse of soluble facters #4445 These studies demonstrate that
in the correct micro-environment MEC: can stop and prevent
forther neuwronal damage and in some cases indues axonsl
re_g:nr:atim:.“

To dawe, smdies applving the sng-inflammmstory and neuro-
protectve properties of MSCs as a therapr for IBD are lirmted. In rats,
MECe reduced mpessns] moeosal barzer destroction, Z0-1 dows-
regulation, and tght meson disnmben frough a THEa-mediatsd

Immunomodulatony [ Cytoprotectiva
- IL-Z GONF
« IL=3 - AXL
[ - 111 | - Frizzied-1
[ Anb-nflammaiany [ Pro-inammatory
MIP-1b « IL-1a
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- TGFb CILA
Anti-prolitarative L-SOF-1n
MIP-1a Praliferatiees
SPARC - BOMF
- Icligon actin - HGF
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LN - IGF-1
Anli-metastatic Grgamibin-1
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FIGURE 1. Factors secreted by M5Cs that impact cancer development
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TABLE 1. Effects of M5Cs on Inflammation-Induced Cancer

Eey Observations

Feferences

Tomor promoting
Proliferation
Tumor cells coinjected with MS5Cs show enhanced tumor growth
Metastazis

MECs secrete seversl factors that promote metastasis eg, CCLIFANTES

Immunosuppression
AMEC-medisted frumunosuppression promotes Nunor growi
MEC: can directly impair immuone cell finction, inchiding T and B
cells, dendritic cells, natural killer cells, and macrophages
MSECz can supress T-cell proliferation through muoltiple mechanizms,
including upregnlarion of B7-HI1 and Stro-1+ expression
MECs have been shown to switch macrophages Fom an M1 w M2
phenotype
Paracrine factors
MECs: secrete factors that induce tumor proliferstion, migration, and
angiogenssis. MSCs have slso been shown to secrete exosomes and
microparticles that contain proteins or BNA that regulate
intracellnlar signaling in adjacent cells
Cytoprotection
MECz have been shown to protect mumor cells from chemotherapeutic
weamment; interactions with M5Cs in the bone marrow can promote
the survival of acute and chronic myeloid leuksemia
MSECz produce high levels of leptin, which has antiapoptotic properties
Wascular Support
MEC: can differentizte into pericytes and endothelial cells
MECs secrete factors thet support vascular growth including VEGE,
FGF, PINGF, SDF-1, hepatocyte growth factor, insilin-like growth
factor 1, BMCP-2, MCP-3, and IL-2.
Fibroblast growth
MSC-derived mrmar fibroblzsts may be recruited from circularing
populatons
MEC: scquire twmor-associzted fibroblast antigens on tumor
exposure which promote tomorigenesis
Tumor suppressive
Cytotoxicioy
MECz inhibit mmor initiation in a TGFf-dependent manner
MECs induce apoptosis of numor cells
Antiproliferative
MECs secrete antiproliferative factors
Immunomodulation
MECs express wll like receptors which can switch MSCs from
a imrmmosuppressive (M) o 2 pro-inflamemetory (M1 phenotype
Vascular damags
MSCz can inhibit capillary growth by producing resctive oxygen
species that cause endothelisl apoptosis

Shinagewa gt al*®
Kamous et el Shinagawsa et al*

Dijonad et a*; hele 21 al®™; Li et al™; Di Nicola et 2175
Krampers et 2l "% Phemas et 21°*; Zappis et 21°°; Corcione
et al*%; Baella et al°"; Sodropoulon et 21'%; Sheng et al%%;
Masef g1 al®™

Potapovs et sl Salazar et 21%%; Seib et a1%; Park et al™; Lozit
end Tuan®™; Chen et a1

Konopleva et al%"; Lin and Hwang™®

Keng et 21'"; Poralska et a°%; Nakagski et al™; Eamihats
2t al™; Chen et &l™; Kimnaird et 2™ Magave et 21™; Tang
et al™®; Powmpova et al®; Wang et 2177

Mishra et 217; Spaeth et al™; Mishrs et al”; Spasth et 2l

MWammo et a1¥; Oi=u et 2%

Zhu et &l

Warenmsn et al®

Ot=u et 2152

mecharism ¥ In bumens, Ciccocoppo et al repored in 2011 thas of
10 patismts with fistulising Crohn's disease that were adrminsered
MECe, 7 achieved cormplete fistala closure and 3 incomplete closme
with an ineregse o mectal mocosa healing. But together, the poorly
OTITINOEEIE, STony imrrmmosuppressive,  ant-inflammmeteny, and
4

waibdjoumal org

neuroprotective properties of M3Cs are promising for the devel-
opment of new cell-based therspies (Figure 1), However, it re-
mams o be seen whether ME3Cs can also promote tumoer growth
and metastssis, which is vital to ensure the safety of their ther-
apeutic applications.

Copyright & 2016 Crohn's & Colltls Foundatlon of Amerlca, Inc. Unauthorized reproductlon of thls artlcle ls prohiblied.
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TABLE 2. Key Findings From Studies Using MSC to Treat Inflammation-Induced Cancer

MEC
Smdy Species Tissue Origin MIodel Eev Findings
Tumor promoting
Li et al®t Himan Adipose In vitro proliferation sssay MSC-conditioned media stimulated the proliferation of
heman LoVie CRC cells, and the replicatve senescent
(P30) MS5Cs had more obvious effects in comparizon
with that of early passage (F3) M5Cs.

Wang et 217 Human Bone marrow  Suobeutanscus xenograft = Tumors formed from CRE cells coinjected with MSCs

comnjected KISC were substantzlly larger than those formed from CRC
cells alone.
IL-8 secreted by MSCs is an important conributor to numar
groath.

Widder et al® Human Bone marrow  Suobeutanscus xenograft = MEC promoted growth of numors derived from HCTE,
comjected KISC but not DD cells when compared with nonmal

fitroblasts.

Mele ez 2™ Himan Bone marrow Subeoutanecus xenograf = MSC miggered epithelial to mesenchymsl transiion (EMT)
comjected MSC or with tmor in tumor cells in vitre, mediated by surface-bound
cells cocultured with MEC TGE-f newly expressed on MEC on coculmre with

torner cells.

In vivo tumor masses formmed by MSC-conditioned CRC
cells were larger, more vascular, and cells displayed
increaszed invazivensss in vioe and enhanced capaciy w
imvade pertpheral tissues in vivo.

MISC did not affect mmor initiation but only numor growth,

De Boeck et 2™ Human Bone marrow  Suobeutanscus xenograft = MSC or MEC-conditioned mediuvm boosted tomor
comnjected KISC imitiation end growth of CRC cells

Huzng et 21** Himan Mot specified  Subcutaneous xenograf = Colorectal cancer cells, when mixed with otherwise
comjected MISC nontwrnorigenic MECs, increase the mamor growth rate

and angiogenesis more then that when mixved with
carcinomsa-associated libroblasts or nommal colonic
fibroblasts.

Lin ez a1¥” Mousze Bone marrow  Suobeutanscus xenograft = Relative to C26 colorectal cancer cells alone, C26 cells
colnjected BISC coinjected with BI5Cs resuled in enhanced numaor

growth.

Tsai et al™ Hirman Bone marrow Subeoutanecus xenograf = MISC-derived IL-& signals through STATS o increase
comjected MISC the numbers of colorectzl mumor-mitatng cells and

promote tmor formation.

Shinagaws et al** Human Bone marmrow  Orthotopic colon cancer = Crthotopic transplantation of E2 125k homen numor cells
colnjected BISC mixed with M3Cs resulted in larger twmors than

transplantstion of EMI125M cells alone

Liver metzstasiz was seen only in coinjected mice.

Sveternically injected BISCs mugrated to the sooma of
arthotopic colon tumors and metsstatc liver tmaors.

Tomor promoting and
suppressive
Wakagaki et al™ Rt Bone marrow Subcutanscus xenograf = Differentsl tumor growth in response to MSC meamment

coinjectzd MSC

was obzerved for each cell ling examined. Cell-line
specific responses could not be explained by host
immnne competency.

MECs mjected with COLO 320 cells differentiated o
pericyies that enhanced angiogenesis.

MSCs mjected with HT-29 cells conferred an
antiproliferative property on HT-29 cells
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TABLE 2 (Continued)

MEC

Smdy Species Tizsue Origin

Model

Eevy Findings

Flvu et gl* Human Adipose

Tumor Suppressive

Chen et al®* Mouze Bong marrow

Tang et al'™ Human

Nesmo et al™ Rt

Ohlszon 21 al* Rat Bone marrow

Subcutaneons xenograft =
inrammaoral MSC

CAC model = MEC

Cord blocd CAC modsl = MEC

Bone marrow CAC mode]l = MSC

Subcutaneous allograft = MSC

The growth of the A54%9 mmors was inhibited by
RATMECs, wet thar of the HT-I% nimors was
significantly promaoted by RATMSCs in the in vivo
xenograft models.

Significant mumbers of genes involved in biological
processes were alered in the hATMEC-meated AS49
twnors, whereas no biologicel process was regulated by
treamment with hATMSCs in the HT-29 tumors,
reflecting the different effects of RATMSCs in the
different ypes of cancer.

MECs ameliorsted the severity of colitis-associated
tonorigenesis compared with conrols, with attermstead
weight loss, longer colons and smaller spleens. Tumor
rrmber and tumor load were significentiy less in the
WMEC-meated group whereas numor size remainsd
comparzhle.

Histological sssessment indicated that MSCs reduced colon
darnags.

Drecreased expression of pro-inflammetory cytokines
(TMF-x, I-1 and IL-6), and down-regulation of
ETATS phosphorvlation in colon tissue were found after
WMEC meamment.

MECs migrated from the vasculanire o colon and
suppressed colitis-related neoplazsm.

MSCs sllevizted the pathology of mnflammaton in the
colitis stage of CAC model and inhibited inflammstory
cytokine production both in colon and sermm.

MECs inhibited AOM-induced twmor initiation but not
0T promotion.

MSCs broadly affected the twmor cell-cycle machinery,
potentizlly leading to 31 srrest in vive

LSCs mhibited the outgrowih of the rat colon carcinoms;
completz inhibition was s=en if the nmomber of MSCz
were at lesst equal to the number of mmor cells.

Tumor cells coimplanted with MECs induced greater
monocyte and granulocyte infilraton than nemor cells
or MECs slone.

M5C PRO-TUMORIGENIC PROPERTIES

MEC: are reported to promote tumor proliferstion,
fibroblast growth, angiogenesis, and metastssis by providing
Imrrnmosupprestion, cytoprotection, and vascular support largelv
by the production of paracmine factors, as summanzed in Table 1.

Bone marrow-denved MECe (BM-MSC) have been shown
to promote the mn vive growth of colon cancer, lymphoms, and
melanems ** Table 7 sommarizes the ey findings of stdies s
date that have ased MECs o oear inflarmmmaton-induced cancers,
particularky CRC.

Foetal or aduls MSCe commjectad subentaneensly with funor
cells faver tmor growth snd metas@ss o immunocompromised

6 | wwwibdjownal org

mioe; 0 e s accompanded by extensive necrosis and
angiogenssis when compared with mice injscted with fumor eells
alone ” When melsnoma cells were subenmneouely injected ins
an allogensic recipient, melanoma cells only formed umors o the
presence of MSCs* Interestingly, this ocourred whether MSCs
wers coimgected at the tumor site or mjected at a distance. Inoan
orthotopie made]l of CREC, coinjection of LSCs resulted in
mereased tomor size and lver metsstasis that was oot observed
in mice mjected with cancer cell alone *® 25Cs can slso promote
tamor growth within the bone; mulbple moveloma malignaney
leads to the formadon of osteolvtie lesion: m the bone and thie
is enheneed by interzction with MSCs
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A few stodies have now mied to identify the molecules
produced by MSCs that enhanee the growth of tomers. Coculture
or indirect interacton of MESCs with breast cancer and melanoma
cells enbanees mmor growth, indicasng that soluble factors are
involved 4 ASC: have been shown to produce IL-6, which
promotes proliferation of mmltple moeloma eells and CRC tumor
formation T Activation of the IL-6 pathway typically involves
sigmal transduction through STATS, which is frequently muotated
n sporadic colorects] cancers. Dhysregulaton of 3TATS activation
prometes colorectal tumor progression through  transcriptional
alteration of cell-oyele control genes cyelin D, o-blye, and met-
abolic remlstor mTORCL. Signaling thromgh STAT3, IL-6 1s also
capable of suppressing pro-apoptotic sigmsls through the indoe-
ton of Bel2, Bel-3; | and survivin

Immrnmosuppression could explain the enhancement of
tomor growth by MSCs. M5Cs can modulate major immuone cell
populatons when stmulated with a mitegenic sigmal and suppress
bymphocyte proliferation to both allogenic and xenogendic ansk-
gene® The inhibitory effects of MSCs on B eell proliferation
oceurs throngh cell epcle arrest at the Gyh, phase and oot
through apoptosis a5 previensly teaght € MSCs are also resis-
tant to CTL-medizted lysis and are able to inhibit CTL cytotox-
ity m a dess-dependent manner when exposed at CTL
priming ** Although originally believed to directly inhibit natral
ldller (NED) cell scdvation and proliferaton, MSCs have been
shown to imfubit the production of TFN-v by natural Jaller cells ¥

MECs have zlo been shown to eeerste factors mvalved in
angmogenesis. Thinng tomor progression, anmogenssis is an essental
feature of cancer pathology, 23 without 2n adequate blood supply,
& tunor cammot grow beyond 2 to 3 men® ™ In vitro experiments have
sherwm that MSC-condiboned medmm sopports sorvival of cardiac
myocytes and strmlated proliferston and migstion of endothelial
cells. ™ Secretion of specific angiogenic factors vascalar endothe-
lial growth facter, basic fibroblast growth factor, hepatocvte growth
factor, insulin-lies growth facter 1, moneoe hemoatractans protein
MCF)-2, MCP-3, FDNGE, SDF-1, and IL-8 have also besn demon-
smated 77 In vive, subcutmecus tunots coinjectsd with MSC
descnbed above with moreased tumor growth and mesastasis hawve
aleey exhibited increased vasealerite in tome cages F

M5C ANTITUMORIGENIC PROPERTIES

In additon to the smdies deserbed above, there ame
mmeros studies that deseribe either mixed or antitmmor effects
of MSCs in znimal models. Mzestoni snd colleagnes firs
obierved tomor suppression by MSC: in models of Lewis lung
carcinoms and B16 melanama, showing that coinjection of umor
cells znd MSCs inhibited primmary tomor growth * The antiumor
effects of MSCs have also been demonstrated in a medel of colon
carcinoma in tars.® MSCs inhibited the growth of rat colon car-
cinoma when coimplanted with tomer cells. Inereased macro-
phage =md gramnlocyte nfildation was noted i homors
coijected with MSCs, compared with no MSC control turmors,
suggestng & pro-inflasmenatory effset. In faet, MESCs zlone

increased the sngrafiment of monocytes and grammlocytes; howe-
ever, this may have been due to the mrmomegenicty of MEC:
transplanted across different rat strains.

Human foetsl shon-depved MSCs can alse imbobit the
growth of human Lver cancer eell lmes. The cancer cells
cocultured with MSCs showed reduced proliferation, coleny
formation, and oncogens expression; the same effects were shown
when MSCs wers coinjected with the cancer cell lines in vivo.™
These same MSCs slso mbibited the growrth of breast cancer cells
in vitre and treagnent with MEC-condidoned medinm alse re-
sulted in inhibiten of cell growth 20

%I5Cs have been shown to inhibit cancer growth by altering
the eell eyele ™ MSC cocultare in vio with panereatic tumer
cells showed an increase in Gl-phase srrest in the tamor cells "™
In vive myecton of adiposs-derived MSCs mto an established
pancreatic cancer xenograft also inhibited tomor growth. Ina sm-
ilar approach, bene marow-derved M5Cs were imjected nto an
established model of suboutaneons melanoma resulting in apo-
prosie and sbrogsten of tuner growsh ® However, when MSCe
were placed o 2 Mamigel insert so that thew were exposed o the
soluble factors but no cell to cell contact, they sesmed o have no
cytotoxde effects® This is in contradicdon to the experiments
previously reported by Qias and colleagnes ™ and may refleet
multiple mechanisms by which M3Cs exert ther snttumor
effects.

A shown in Table 2. 3 recent shadies have shown in colids-
associared CRC models that M5Cs inhibited trnor midaton and
ameliorared inflammeton, reducing damage to the colon ¥!8%
MWasime et al reported that the decreased tmer mitston was tans-
forming growth factor beta (TGE-J)-dependent. They did not spee-
ify whether the TGE-f wae MSC-derived, however, MSCs have
been reported to produces amd semets TGE-f. In the normel colon,
TGF-J regulates the growsh and selfrenewsl of colonic epithelinm
glomg the coypt axis by opposing Wotf-cawenin signaling *®
TGE-[i signaling irkibite proliferadon of epithelial cells, armesting
cell cyele progression in Gl restimdon '™ Mutstions in TGE-FRI
are commnon in sporadic CRC (139" Only one group has re-
ported anfitvmor effects of MSCs wsing a subentsnsons tumor
modsl * whersas nomeroie smdies in suboumnems fomer models
heve repored pro-tomongenic effects. In addidon, m 2 soodies
differemtial turnor growth in response to MEC oeamnent was
eheerved for different CROC cell lines 7085 These cell line-specifie
responses could not be explained by host imrmme competency.

vu et al® observed that while expression of several genes were
aliered in ME3C-meated AS4Y tumors, no menes were aliered by
MEC-treatrnent of HT-29 tumors. These sonflicdng stodies reflecs
the different effects of JMESCe in different types of cancer and in
different models snd mmest be carefully considered when drawme
conchisions.

CONCLUDING REMARKS
Current weamnent strategizs for IBD and CRC largelv
cornbat the sympterns rather than the dissase and are loncted by

wenediourmalerg | 7



Prakoch of al

Inflarmm Bowel Dis * Volume 00, Number 00, Mondh 2016

mefficacy, toodcity, ind adverse side-effects. In recent years, there
has been much interest in the therapente potential of mesenchymal
stern cells (MSCs), however, it s still conentons whether they ane
respensible for harm or good. Many stdie: mdicate thar 3SCs
exert antitomnor effects and suppress tumer growth, whersas other
studies report pro-tumor tomor effects, Yet, stodies nang MECs ag
reament for IBD hawve shown prommosing results in both animal
modsls and homen trisls. MSCs sesmn to behave differently in
different types of cancer and m different models and this most be
carefully considered is esch case.
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Abstract

Colorectal cancer (CRCY iz a major health problem worldwide. It is often diagnosad late due 1o its
asymptomatic nature. Az with all cancers, an immune reaction is invelved: however, in CRC, itis un-
knowm if this immune rasponse is favorable or unfavorable for disease progression. In thiz study, the
immuna responsa in mesenteric ymph nodes (MLNS) and Peyer's patches was invastigated during
development of CRC in an orthotopic meouze model. CRC was induced by injecting CT26 cells into the
cecum wall of BALB/e mice. Flow cytomatry was used to analyze leukocyte populations involved in
tumcr immunity in MLMNs and Peyer's patches. Cryostat sections for immunohistochemistiny ware
prepared from the caecum and colon from CRC-inducad and sham-operated animals. Cytokines
produced by mouse CT2E cell line were measured in wiro and in vivo, Significant increases in the
number of COBYTCRY and CO48b™~TCR™ (natural killer] cells wera found in MLNs and Payer's patches
inthe CRC group. In addition, v3T cells ware prezent in the lamina propria of the colan tizsues from
sham-opetatad mice, but absant in the colon tissues from mice with CRC. Immunohiztochemical
analysis of tumorous tissues showed eosinophil, CDE9* T cell, and CD11b™ cell infiltration. Both
i wvitre and in vivo CT26 tumor cells were interleukin (IL)-6 positive. In addition, tumar-infiltrating
CD4E™ cells were also IL-6 positive. In summary, the kingtics of the immune response to CRC and
the key effector lymphocytes that are implicated in tumor immunity are demonstrated. Furthermore,
IL-8 iz & key cytokineg present within the tumor micreenvironmeant.

Key words: colarectal cancer, immune systam, mesanteric kmph nodas, Payar's petchas, IL-6

Introduction

Cancer of the colon and rectum is the third most common type of The immunc systom has many m:ﬁ;li.ﬂ:ﬂ cclls that arc mvobred in

cancer in the world. Chronic inflammatory discascs such as Crohn's
dizcase and wlocrative colitis lead to 2 high risk of develeping colo-
roctal cancer (CR.C) [1-3). Other nisk facvors for the dovelopment of
CR.C include an unhealthy dict, smoking, analgesics and gemetic fac-
tors [4,5]). Duc to the asymptomatc natore of CRC, it 15 often diag-
noszcd at the late steges when cancer has spread to other parts of the
bedy [6,7].

the detccmen and dimization of tumess. Dendotss cclls and maoo-
phages can detect tumor antigens and arc imvohed o activating
T ecll=. Mabaral killer (NE] lrmphocytes and noutzophils, part of in-
natc mmmmunity, also play a role in the climination of tumeor oclls and
activation of T oclls. 48T cclls (lughly abundant in gut mucosa) and
WET cclls (share propertics of both T oclls and MK oclls and rocognine
lipads and glycolipids m complex wath CDd malocules)| bridge mnax

L Thie Suthar 2016 Published by ABES Editarial Office in associxtion with Dedford Unaversity Press on behalf of the Insttute of Biochemistry and Cell Biology, Shanghai Instutes

far @iclogical Scigncas, Chiness Academy of Sciknces.
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and adaptrre responscs, in that thoy can climinate tomaor oclls wathout
poor scnsitratnon [8]. The immunc system plays a vital role m the poe-
wention of tumor growth mcluding response to tumor-specific and
tumer-assocated ansgens; however, the leukooyte-deiven inflamma-
tory sospomscs cam al=a p|.=_t' 2 role m the imtizhon of CRC [9,1':':. In-
flammatory cosponses arc lasgehy driven by CD4 ™ T helpes ccll subscts
incloding the canoniczl ‘pro-inflammatory” Thl responscs: cytotoxc
T lymphocytes (CTLs), WK and M1 macrophages; and/or the canon-
ical “antr-inflammatory’ Th responscs: M2 macrophages, cominophils
and activated B cclls such as IgF-scorrtng plasma oclls.

Th1 responscs anc grncrally assocated with mduemg ccllular tosx-
icity to tumor cells. Indeed, cohaneed CTL sesponscs arc gencrally as-
soctated with 2 good prognosis for cancor patcnts [11]. Likewise, WE
cclls mediate q‘h:ltr.:\cici:}' in many types of tamors [11:: and macro-
phages (M1) have Fc recoptors for opsoninng antibodics and can
clear tumar cells and tomor antigens [13]. Pro-inflammarary Thl oy-
tokincs such 2= intezlonkin (IL}-2, tumor nocross factor (T2Fl-2 and
interferon (IFI)-y have boen showm to lead to 2 botior prognestic out-
come m many canccrs [14]. In some cascs, IL-2 therapy 1s boing uscd
to trcat cancers [15].

Th2 responscs arc generally linked to poor prognosis; cxcessive
anti-inflammatory rosponscs contribute to discasc dovclopment and
have been associated wath tumar pathophy=iclogy. The tumor micre-
covironment consists largely of tumer-associmted macrophages (prc-
dominantly M? macrophages) commonly found in tumor biopsics
which typically sccrcte IL-10 [16] which aids in the diversion of Thi
cytotoxic rosponscs to Thl responscs. In additon, IL-6 has boon
and IL-4 has beon linked to
colon cancer stom eclls that clude ool death [18]. Understanding the

linked to poor tumor outcomes [17)

tumer microcnvironment allesws the prodiction of immuone responsc
outcomos and the desizgn of treatments that will stimulate Thl cyto-
toxic responscs and subvest tumor growth and metastasis. The im-
munc system has spocishzed organs to hdp combat gastrointestnal
cancers induding Poyer's patches and mesootenc ymph nodes (ML)
Lymph nodes provide 2 gatoway for CRC motastasis. Poyer's patches
ar lymphoid argans that arc irrcgularly distributed along the anome-
senteric side of the small intestine. In the distzl idleum, Poyer's patches
arc numerons and form 2 lymphod ring. Poyer's patches scove as
:l.—.a.j:l: sitcs for the g::t:::.E:l:l. of j:n.—.mnit}' to mntcstinal antigcns.
Their unigue micro-organiration = crucal for the geocreton of an
immune respomse.

Ammal models of human CRC can provide inmght mto the me-
chanisms that underlic the dovclopment and pathogencsis of CRC.
The ideal ammal model should, thercfore, roplicate all aspocts of
tumor development, including the soguircment of geoctic altcrabons
with conscqguent changes in cell behavior and charactesistic sensitavity
to therapoutics [19]. The tumor medel should also be rehakble, i.c.
tumer take should be predictable and constant, with a2 hugh mmadenee

of affocted amimals in 2 narrow tme freme. Currently,

t are scveral
modecls for mplantng tumor cclls into an animal. The casicst and
maost frequently used model 15 the suboutancons injoctonimplant-

ation model. The accessibility of subontancous tumors is ootremecly ad-

wvantagoous when monttoring tomor growth. Howover, 2 major
dimadvantagre is that the suboutancous microcnvironment greatly dif-
fors from that of the colon er other organs. Intcraction between the

host covironment and tomor graft detcrmines tumor ocll ecpression

peofiles, & cls of growth factors and nutricnts, as well a5 tumer
angiogeness and moestatic behavior [19].

Altcrnatrvely, the orthotropic injection model, in which the tuomar
cclls arc injected into the cocal wall, descly mimics buman CRE. Thas

modcl has many advantages, including the microcovironment in

which the tumor grows and metastasizes to ocarbhy arcas of the
colon and lymph nodes similar to that secn in humans. An obvious
disadvantage of this model s technical side, since the procedure 15
far mere difficelt than suboutancoes injection. It roquires mere toch-

nical =kills and = morc time co '_'r.r:ng. In .:r_'d.it:i::: cod p:hi:r.t: for

detcrmining the offocts of therapy arc more complex than normal

tumer measurcment in suboutancous models [20].

In thi= regard, we characterired an orthotropic medel of tumer
growth and presented the effccts of CRC development in MLNs
and Peoyer's patches’ leukocyte populations. In addibon, cytokines

within the tumear mictoonvizonment were also analyzed.

Materials and Methods

Animal model

Mzle BALRc mice aged 5—8 wrocks (m = 30) worc purchased from the
Animal Resources Centre (Canning Vale, Australiz) and housed in

groups of throe, Animals were kept on 2 12-h hight and dark opcc at
~22°C wath free scocss to food and water. The mics wess allowed to
acclimatize for at least 1 weck before undorgoing surgery. This study
was approved by the Victoria University Animal Experimentation
E'I‘]'.:.:: Cm._.ﬂ'.itt:c i.'r.d. ;‘u:‘-:lrﬂ'.:d. LT. ;:Cn:l:d;:l:: '\'.th :h: 3_':.:]d'.l:|c:
of the Watenal Health and Medical Rescarch Councl Code of Prac-
tice for the Care and Use of Anmals for Scicntific Purposcs.

CT26 CRC cell culture

CT1& munoc CRE colls wore cultured st 37°C m 5% €03 m tissuc
cultare flasks in RPMI 1640 medivm supplemented with 10% fctal
calf serom, 200 mM L-ghitemine, 1 M HEPES, 10,000 Uiml poascillim,
10 mg/ml streptomyom, 100 mM sodm pyruvats, and 25 pg'ml
amphotericin B. All those reagonts wore from Sigma-Aldrnch (Castle
Hill, Anstraliz ). Cells were passaged when thoy reached 70322092 con-
flummicy by treating with 1 ml of srypsinftthylencdiaminctotraacstic a=d
[EDTA) (1.5 g trypsun and .2 g EDTA) (Sigma-Aldnch) far 3-5 min
folloered by imactvating the trypsm by addmg complete media. CT2E
crlls were prepared for injecoon m Matmige!™ (BD Bicscicnoes, Bedford,

T5A) at a concontration of 4 x 1:|'7 eclleiml.

Orthotropic injection of CT26 cells

e were assigned to cther CRCAnduerd group ar sham-operated
group. Prior to surgery, mice were ancsthetired with an intrapentoncal
injoction comprising a mixture of ketamine (30 mz'kg) and xylazoe

(10 mg'kg), the volume was caloulared por animal body weight, and

the maximum volume did not cocoed 200 pl. Mice had their cyes

coated with Viscotrars, and during surgery, the level of ancsthesia
was monitorcd by the paw pmch response. The surgery was porfommcd
under ascptic conditions on 2 heat mat. The mice had their abdomen
shaved and wiped with 70% cthanaol beforc bong covercd with stenile
hlm. A =mall incrion was made along the midline of the abdomen, and
the cocum was exteriorized. Cell suspension of viable tumar eclls
(13 10% CT2E zclle) in 25 pl of the Mamigcl™ was injocted into the

coeal wal

ham-operated micc underwent the same surgery under
thr samr conditions as the CRC-induced mice group; howover, instcad
of an injoction of CT2E oclls, the sham-operated growp had the tipofa
27-gauge nocdle inscried to the cocum wall. After surgery, the abdom-
inal musce w=ll was closcd wsing polygalactonc 5.0 gus suseres. Sur-
gacal =k sutire was wsed to closc the skn and the wound ares wes then
sterilized with iodine. Micr reoved a suboutancous injection of an an-
algesc buprenoophane (0,05 mg'ks) calonlated por anmal body woght,
tht maxcimum volume did not coooed 200 pl (Sigma-Aldrich), and wore
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pleced in cagres on hested mats o roeover. Mice were dioscly momtored
and regulardy chederd postsurgery. Mice were killed by corvacal disloca-
tion st three tume points postsurgery (3, 7, and 14 days); the cocum,
colon, Poyor's patches, and MLMNs wore collocted for mmmunohisto-
d::m:_'.'L-}' and floarsscmoc-activated ol 5:lrti.|:|.g I::F:"-.CS:I =.r.|.:.'|_1-'s:i_-p.

Cell surface labeling
FACS analysis was uscd to cmumerate and phonotype the difforon:

lcukooyte subpopulations in the MLINs and Poyes's patches. A minimom

incubated with the monoclonzl antibodies 2t 4°C for 20 mun to Label
spoafic typos of immune cclls. Antbedics used wore as follews: et ann-
mousc (Gr-1 conjuzstrd to fluoocsccin sothiocpanate (FITC; clonc
RE&-3C5), mt anti-mouse CO11b compugated to B-phyoocrython and op-

aninc (clons M170

|, rat ant-mouss CD1%3 conjugated to Alom Fluor

E3), et antr-mowsc Il conjugated to alophyeocyamin

5.1), rat ant-mowsc F4/30 conjugated to B-phycocrython
[done BME), r=t ans-monsc CD11c conjugsted to pacific bbac (clone
14138}, rat ans-mouse CD45b conjugated to FITC (done DX5), mat ant:-
mousc TCRP conjugsted allephycooyanin (donc HE7-357), mt ant-
mouse CD150 Galeer loaded totramer :mju.g;.tcd =] R-'p]'.'_.'\cnu-_.-t':l.r.in,
hamster anti-mousc (TR conjugsted to B-phycocrythnin and oyanine
[clonc GL3), raz
53-8.7), and rat anti-mousc CTM” conjugated to pacific orang: (donc
GE1.5). All thesc antbodics weore fom Biclcgomd (San Dhogo, USA)L

Ta provent .—.:I:L:pl:n:H"-: Fc moocphor I:Ln.-:'i:.g, cells wore also cost-

mousc CDE™ conjugated to padfic bluc (donc

mincd with rat anti-mouse CON&CDA2 hybndoma supormatant
: Diovclopmental Studics Hybnidoma Bank, Iowa City,
rd using = BD» LSRT FACS analyzer (BD
Bioscicnecs). All dam were compensated wsing BD FACSDIVA 6.0
and cither analyred in FACSDIVA or cxposted as FCS3.0 fil: formas
for data analy=is in Flow]o (Ashland, TI5A}.

. Samgples were an

Cytokine analysis

Cytokines of o vifro cultured CT2E and SW4ED cclls wers analyzcd
by FACS using the oytomcte bead array (CBA) kot (BD Bioscicnoss)
[:'.1] .:ac:l:d.in.g to the manufacturcr's instruchions. The n_'bcrk:i.ul: con-
cootration (pg'ml} was detcrmined with cabbration corves scparatcly
crtablshed wsing the CBA analysis sofowanc (BD Bioscicnccs). Thi
and Thl cytokines were measured in the supernatant of CT2E and
EW4E0 cell caltures wiath the CBA mousc and human kits. Farther-
maorc, tumaor eells were 1solated from the coocom at d.:w_.': 7 and 1-1-:
and made into =ngle ool susprosion using collagrmasc (0201 mg'ml).
Cells wesz labelzd with susface marker CD45 (clone 30-F11) and fixed
using BD cytofixicytoperm kit sccording to the manufactueer’s
instructions. CO457 and CD45™ (CT26]) colls were stained for the
i:w.j:l:::::.:ln.s of mtracellular cyto kmes IL-& (clone }-ES-JCF3.: -1
[dlonc JES5-13E3), TGFp (donc TW7-16B4), and TINFo (cdonc
MPE-XT22).

Immunahistochamistry

Immunchistochemistry was podformed in cross scooons of the cooum
and colon as described provicusly [22]. Tissuc scctions wrre thawed
and inmbated for 1 h st room temperature with 10% normal donbooy
scrum (Chomicon, Tomeooala, USA) followed by an overmight incoba-
tion with a primary antbody at 4°C. The sccondary antibody was
added and thon incubated at room temperature for 2 b Primary anti-
bedics used were as follows: hamster anti-monse yWiT'CR. monoclonal
antibody (done GL3) conjugated to FITC (Biolcgend], rat anti-mousc
CD11b monodonz! antbody (Biclegend), rat anti-mousc CDES

monoclonzal antibody (BioLcgond), and rabbit anti-monsc cosmophil-
demived noarotoxan (EDMN) antibody (MWovos Biologicals, Littleton,
USA). Sccondary antibodics used wrere as follows: denkey anti-rat
Alczea Fluor 554 and anti-rabbit Alexa Fluor 524 (Jadkson Immuno-
Frescarch, West Grove, USA ] The samec conjugats was weed since only
one antbody was employed for ach sample at any onc time. Shides
wrro coverslipped with fluoroscont mounting medinm (DAKO,
Worth Sydocy, Australia),

Imaging

After immnnohistnchomistry trestmont, the three-dimensional (z-serves )
images of soctons wore taken and anzlyred wiing an Olympus Floo-
Vicer FV1000 confocal lascr scannmg microscope (Olympus, Tokyo,
Japan}. Fluorophores were visualized nsing cxotation filters for Aloa
594 (oootation wavcloength 539 nm) or FITC (cootation wevwelength
473 om). r-scrics images wore taken at 2 stop size of 1.75 pm (1600«
1200 pincels) using the confoml microenope.

Statistical analysis

FACS data wer analyzred using 2 two-way anzlysis of vanance folleacd
by Bonfrrroni post koc tost for mubtiple group comparsons. Analy=cs
wrro porformed wsing GraphPad Prism version 6.0 for Windows
[GraphPad Softemrc, San Dicge, TUSA )L All data wor proseted as mean
+ SEM. Dhfferenees wre comsidorned stetisticelly sigmficant st P < 0.05.

Results

The effect of CRC on immunez cell counts in MLMNs

and Feyar's patchas

Thex was no sigmificant diffrrenee botwoo the sham and CRC groups
at any tme point (days 3, 7, and 14, = Sfgmup'ame paint) in cither
MINs or Poyer®s patches. Heoraover, the MLMNs in mice wath CRC
had higher zbsolutc ool coonts at all days comparcd wath the
sham-opemted mice [data not shown). Converscly, ther was an oppos-
ing trond m the Poyer's patches whiore the absolute counts in sham maoc
WTIc h.'lshﬂ -_-.i.n __.-.i.: j:l. ﬂ'_il:: \\-.it.:l. ::E.C. Th_" .::.E:l:...'_u' -\:E'J!-; bt &=
counted for by diffacnecs in tumer load and, therefore, oell desth in
the Poyor's patches; thus, any morcasc in oell subpopulatons o the

Poyer's patches 15 likcly o result from nowly activated hrmphocytes
grncrated m MM

For accurate coumerstion of WE oclls, the prescnce of the pao-IWE
ccll marker CD45E and the abzones of TCR wers used for their iden-
tificztion. TCR. = required to cxclude CDE9E" NET cells frem owr
analysis. Prios to analy=is, doukblets -wrerc gated out based on their for-
ward scatter (FSC) properocs (FSC-heoighs vs. FSC-wadth). WE oclls
WCIC Sitcﬂ on I‘thr pro=coco QE Cj41:|:| ln.l-_. .il:lsl::l'.:c -\:l.: T:R
[Fiz. 1A.C). No significant difcrence in the number of NK cells was
socn at any time point in the Poyer's patches (Fir 1B). Howover, in
the ML M=, the mumber of NE cclls m the CRC group was significantly
increascd from 3 to 7 days with no diffcronec o the sham group
[Fiz. 1D). In addition, on day 7, a sigmificant increase in the oumber
of WK cclls (P« 0.05) in the CRC group comparcd with the sham
group was noted (Fig. 100,

Thr cocpressions of CDE and TCR wrerc used bo conmeraee CDET
lymphocytes (Fie. 24 C). A sigmificant incressc in the number of COET
lymphocytes can be soon between the CRC and sham groups in Poyer's
patches at days 3 and 7 (Fig. 2B, F < 0.05 for both). INo significant
change was cvident in the CDE* T ocll oomber of ML= (Fig. 2D

One of the concrrns with this study w=s the vanability in our ML
sizc and immune ocll composition. In an sttempt to minimare this
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Figure 1. Effect of CRC on NK cells in Peyer's patches and MLNs  FACS plots of NK cells at cay 7 in (A Peyer’s patches ard [2) MLNs from sham surgery anc
CRC-induced mica. Numbar of CD482*TCR™ cells in {C) Peysr’s paichas and (D) MLNs ‘rom sham-oparatec and CRC-inzucad groups at cays 2, 7, and 14, (C]
Tumcor size at days 7 ang 14, A significant increase (P«<0.05) in the number of CO43b TCR" calls is sean at cay 7 in MLNs. Data are reprasentec as the
mgan = SEM and statistical significancs is indicatec by astenisks, *P«< 0.05.
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Figure 2. Effect of CRC on CD&" T cells in Peyer’s patches and MLNs  FACS plots of CO8* T zzlis a: Day 7 in (A) Peyer’s patches and (2] MLNs from sham surgeryanc
CRC-induced mics. Numbar of CD2°TCR™ cells in (C) Peyar's patches and (D) MUNs from sham-operated and CRC-induced proups at Days 3,7, and 14 gost surgary.
{C) Tumor sizz at Days 7 anc 14, Data arz reprasantac as the maan = SEM and statistizal significancs is indicates by astarisks, *P«<0.05.

9107, ‘87 2qumRaoy o Grssaare) vueiy @ Ao speamolpioyxo'sqqe,/ ARy s POPrO[EMac]



338

Lsukocytss and IL-6 in colorectal cancar

rariaticn, five lymph nedss were peoled from cach mouss. However,
as lymph nodes vary dramatically in size, we found it Quite difficult to
milar sizc, whick resultcd in high standa-d

obtain lymph nodcs of simil

crrors (Figs. 1 and 2.

in the colon

:ntcstinal tract, which arc

The effect of CRC on immune cells
¥8T cclis
kncwn as mntracpithclal lymphocytes and

= rezident cells within the gas

play an important zclc in

antitumor immunity [23]. Immunchistochemscal studics of the colea

cross scctions demonstrated that 48T cclls that normally arc abundant
in the cpithclial layers of the gastromntestinal tract were abseat in the

coloa scetions from mic

h CRC (Fig. 3A). Immunchistochemical

cticns (sitc of tumoer induction ) demonstrated
ated CDE9* T cclls, and CD115" cclls inhilerated
the tumor tissuc {Fig. 3B).

st 4 U:- cocum ros:

that cosinophils, acav

Cytokine profile of the murine CT28 CRC czll line

in vitro and in vivo

revealed that CT26 cclls were ncgasve for IL-2,
A , and IL-172 sc
eclls :c::::cd high level of IL-6 (61.76 pg/ml),
SW430 cell line
(Fig. 4A). Likewisc, flow

Cytckinc analys:

crction. However, CT26
while the heman
sccrcted high level of IL-10 (164.57 pg/ml

ytomeery analysis of tumor cclls from
micc with CRC demonstrated the expression of IL-8 by CT26 <clls

‘F;g. 4BB'C..

intcoest, tumors th

All other cytokines tested were negative 'F'.g. 4C). Of
at wnfiltrated CD45~
TNFu (Fig. 4C'"} within the tumor microcavironment.

cclls alsc expresscd IL-£ and

Discussion

CRC pathcphyziclogy has been descnibed as asymptomatic and can,
thercfore, go undiagnoscd until a sufficicnt tumor mass has been cs-
tablished. In this study, we uscd an animal mode! of orthotopic
CRC devclopment

IL-6 acts both as a pre-inflammatory and an ant-inflammatory

cytckine. In cancer patieats, IL-6 is highly clevated leading to poor

progacsis [24], and is abundant at thc tumor microcavironment

Sham

Figure 3. The effect of CRC on 44T czlls in the colon and tumor-infiltrating Ieuko:yt:s in the cecum (A} immunohisiological labzling of 16T =

mmunohistochamical lateling of tumor-infiltrating laukocytas (red). CD88™ Tea

=

where it plays a zolc in cancer mctastasis via downregulation of
E-cadherin [25]. In mice, CT26 cclls
activitics by ac

ls that cxpress IL-§ cxert sumor-
promcting ting growth and survival [26]. Howeves,
IL-6 tumor microcnvironment 1[:0 activates CD8* T cclls to the tumor
sitc [26]. It = Lkely that IL-6 produccd by CT26 cclls in our studics
contributed to its mctastatic ability &om :h: cccum to the ncarby
colon. Converscly, human SW480 CRC ccll linc produced high
amount of IL-10. IL-10, 2 T helper type 2 oytokinc, i known to pos-
sc3s many immunosuppressive activitics including the inhibition of T
lymphecyte prolifcraticn and Thi type cytokinc production, :mpair-
mcnt of antigen-prescnting ccl IA.PCS-. and blunting of cytotoxac re-
sponscs. Many studics have demonstrazed that IL-10 := a prognost
indicator in CRC [27]. It is clcar that thc murine CRC

linc produccs

T26 ccll

tumors via an IL-10-indcpendent manner.
The immunc responsc to slow-forming cancers is complex bocause
ing partcalacly by the APCs as
nknown. APC: must tzavel from the
sitc of the tumor growth to cither the MLN: or Poyer's pasches; a pro-
avated T cclls
could take scveral days to travel to the tumor site [28]. Indeed, we de-
monstrated 2 detectable increase in the aumber of CDE® lymphocytes in
Poyer’s patches inthe CRC group as carly as day 5 and an incscascin the
number of.\.\ J. in .\IL\' at day 7 pest CRC _..:luc'u:.. Omnez

the kincses of tumor aatigen proc:

well as the T-ccll activation 1=

ccss that can tzke a significant amount of amc bocause ac

largcly i:lt:uc:‘

Incrcascs in CD8° T ccll numbezs

:d ':j.' the tumor microcnvircament.

cbzcrved in cur study w

rere spe-

cific to tumor develepment; this was cvidenced by the fact thatall o
perimental mice have only orthotopic cancer devclepment znd no
other comerbiditics (c.g. inflammation) which could stimulate CD3*

T ccll activation. Likewis

cing MUC2 Zem CT26 ccll-promoted tumor growth by incrcasing

it was shown in another study that =

ellon-

IL-8 sccrction was followed by an increasc of CD8* T cclls in the peni-
toncal cavity speafic to CT26 cclls [29]. In cancer, CD3" T cclls arc
activated to kill tumor cells and thar prescace sesults in better survival
[30]. In the orthotropic CT2€ ccll injection medcl used in our :’.‘.L'.‘ijl':
an increasc in CD37 T cclls and NK cclls was noted as carly a= days 3
and 7, which corrclates with the pro-inflammatory cytokine IL-6

D11b” calis, and sosinophils (EDN) were ‘ound within tha tumars (graan 'mne

cacum. Cross sections of cecum tissua without tumor cells (sham) wars also i—nr-\un.ﬁ stochemically labslad to show normal level of immuna cells.
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Leukocytes and IL-5 in coloractal cancer

A
CT26 SW4g0 CT26 (IL-6) SW480 (IL-10)
Cra— —
- IL-6 = g o s
T . -~ i IL-10 is {
& S o g 2 i
gl [= = § |
[ H
§ u“ i T ) T . 260
PE = —— Concenlralion (pgiml) ————————
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IL-& IL-10 TGFB THFa

IL-6 IL-10 TGFp TNFa

Figurz 4. Cytokine profile of the murine CT28 and hurmnan S\W480 CRC c2ll line i witroand inwivo  |A) Cytaking FACS plats af muring CT2E and hurran EW4LED colorn

cancar calls and concentration graphs for both CT36 and SWAA0 cell lines. Analysis of intracallular cytokines of in wio CT2-induced twmors: (8] CO4E vs_ forward

soattar (FEC-A] plot used for gating; (8, Ieft panel) Intracellular IL-# axpressed by CT28 cells im wivo; (B, ight panel) Intracellvlar IL-6 expressad by tumor-infilzrating

COEE® calls. iC) Duantitative ana ysis of imracellular cytokines @opressed by CT28 calls in wivo at day 7 (black bar) and day 14 {gray bar). {C'] Ouantitative anabysis of
miracallular oytokings axprassed by CO45™ wmor-infitrating cells it wiao at day 7 {black barl and cay 14 {gray bar).

produced by these oclls. Aninczcasc in COE* T cells and NE odls leads
to better progonosis. In ot we dononstrated an mverse corrclanon be-
twren increased number of CDE™ T oclls and MWK cclls and decreased
tumar g;n:r;\.{'l. i the CT26 ch.|-:infcn:t|:|:|. Eroups. When the tumor load
was high, there weoe less CDE™ T cclls and NEK cclls. In addition, wo
have alvo domonstrated that thore was an mverse corrclation betacen
CTL procursor frequency and sumor sioc in other tumor models [31,32].

Furthermerr, the progonostic sigrificance of NK cclls in CRC was
domeonstrated in CRC paticnts, where paticnts wath betle NE ocll mhl-
tration had = significantly shorter survival rmic than those who had oe-
tensove infilation [33]. In addinon, paticnts with Grade IT CR.C had
significantly longer survival rates with lugh WK ool infltration com-
parcd with those wath lew NK ccll mfiltzation [33].

rﬁT oclls arc resident Eastl:n:.nl'uti:u] lj.—.np]:ncy—r_: and arc vital o
gastrointestinal immunity, as thoy reoognine tumor-copeessed ligands
that other T lymphecytes cannot recognize [34]. ¢bT cclls arc sumilar
to MNET cclls in that they shame featuses of both the innatc and adapone
lymphocytes doc to their ccpression of invanant TCR=. Activated 36T
cclls can have strong oytobooic cffocts viz both the death mecptor and
drath ligand pathrersys and the optolytic granuke pathways [35]. In add-
iion, yH1 cclls ochibit bytic activity agminst cancer cclls moan

MHC-unrestricted manoer e vifro, suggesting thoir pobontial as

anticancer therapy [36.37). Bascd on the IL-& data (Fig. 3D, wo hav
clearly shoam that the mochanism in our monne model of CRC 15 dif-
forent from human CRC (IL-10-dependent). The mechanism of how
IL-& :i._a;'.:J:in;:._- inflecness 'r’-fll— ocll \':.1|:|:.|.i‘l'_r or mohilization s unclear.
Further studics 2rc nceded to addocss this mechanism by using the nou-
tralirtng anti-IL-& roccptor monodonal antibody [Toalimmab) [38].
Immunc ccll infiltration within the tumor in the cocom demon-
strated that CD11b" eclls, CDES™ T colls, and cosinophils wors prc-
scnt. Eosinephils have becn found 1o 2 mumber of tumers; hoacver,
thrir rolc 1= stall being debated [39]. In CRC, howover, theoir prosence
ha= been associated wath & fevorable prognosis [40]. CDES” oclls ac
indicative of an activamed T-ocll statc. Asthere was an increase in CDET
T Dcu:,it was oot 'ml:t_p:n_—.\cﬂ to detect T eclls within tumos :iI:l:]::, and
in &ct, T cclls wrre presont in their actreated state (CDE57). This 1s in
accozd to the pro-inflammatosy state of the CT28 tumor microcnvic-
onment. Morcover, CDN1b" cclls were also found within the tumeor

CICCAYIIORIMEnt.

Conclusion

In this study, wr imvestigated the cfcct of the munne orthotropic
CTE‘E CRC I:l:".'.n‘;l:] on I:I.'IJTLLI:U: C:].IS ;rbd :t\"::JCnﬂ si.g'.i.ﬁr.:.n: 'i;.ng':ﬁﬂ
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in the mumber of WE cclls in MIN= at :];'_.' 7 and :i.gli.‘F:.;n: d:l;:l._z;cs in
the number of CDE™ T lymphocytes at days 3 and 7 in Poyer's patches.

¢ alvo demonstrated that ',lE.T cclls vz ni:;]l:h::] m the colon m mice

with CRC and ommmune cclls [cosmephls, COES T eolls, and CON 1"
cclls] mfiltrated into the tumer site. The oytokinc analysis rovealed thar
CT2& crlls sccrcted IL-6 oytobanc both m vifro and e vivo, which s in
accord to the immunc activation state noted. Boccntly, it was demon-

strated that cancer oells and immuome cells communicate via the pres-

coce of IL-6 1 the tumor microcovirenment which i secrceed by

beth cancer cells and immone oclls [41]. Likewisce, m the arthotopic
CRC model prescoted here, both tumar cclls and mbhloetmg CI 5
crlls oxpressed IL-4; CD457 colls also ooprossed TINFo, whuch further

contributed to 2 pro-inflammatory tumar microecnvirenment. Further-

maorc, it would be of interest to study the immunc sesponsc to this

arthotopic cancer ocll meddl o mnflammation-indeced czncer, which

is morc represcotattve of human conditton.
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