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Abstract

Colonic epithelial cells are constantly insulted by luminal contents. The self-renewing, single
epithelial layer conserves its barrier function through Lgr5+ epithelial stem cells located at
the base of epithelial invaginations called crypts. Crypt stem cells first proliferate, then
differentiate (giving rise to enterocytes, goblet cells; enteroendocrine cells and Tuft cells)
and migrate along the crypt-axis where they are shed into the crypt lumen. Skoczek et al.
2014, previously showed that monocytes, (a macrophage precursor) induce colonic crypt
proliferation and regulate the number of Lgr5+ stem cells both in vivo and in vitro. During
health and inflammation, differential macrophage activity and functions have previously
been characterised in vivo and in vitro, however, the effect of macrophages on crypt
renewal and the cellular interactions at the crypt stem cell niche during homeostasis is yet

to be fully understood.

The aim of this study was to determine the effect of macrophages on colonic crypt renewal,
in particular, its influence on epithelial proliferation and differentiation using a 3D
macrophage-crypt co-culture model. This study demonstrates that colonic crypt
proliferation significantly increases in the presence of non-activated (Naive), pro-
inflammatory (M1) and anti-inflammatory macrophages (M2). Here, Naive and M2
macrophages require crypt-macrophage contact to trigger epithelial proliferation and pro-
inflammatory macrophages (M1) can induce crypt proliferation via a physical contact and
secretory factor-dependent pathway. Differentiated colonic crypt cell numbers of UEA-1+
goblet cells, DCAMKL1+ tuft cells, Cro-A+ enteroendocrine and Lgr5+ stem cell numbers
were maintained in the presence of anti-inflammatory (M2), however a decrease in UEA-1+
goblet cells and DCAMKL1+ tuft cells and an increase in Lgr5+ stem cell numbers was
observed in crypts cultured with pro-inflammatory (M1) macrophages that was dependent

on M1-crypt contact.

Taken together, this thesis demonstrates that differentially polarised macrophages (Naive,
M1 and M2) can regulate colonic crypt growth, differentiation and in particular suggest that
the epithelial stem cell fate is influenced by pro-inflammatory (M1) macrophages when in

contact with the colonic epithelium in vitro.
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Chapter 1: General Introduction

1.1 Gastrointestinal tract

The gastrointestinal tract (Gl) is part of the digestive system and aids in the digestion of
food, absorption of nutrients and defecation of waste. From the upper to the lower ends,
the Gl tract consists of the oral cavity, pharynx, esophagus, stomach, small intestine, large
intestine, rectum and anus. The wall of the Gl tract is composed of four distinctive layers,

the mucosa, the submucosa, the muscularis externa and the serosa (Liao et al., 2009).

The mucosa is the innermost layers of the gut wall and is comprised of the epithelium,
lamina propria and muscularis mucosa. The cellular structure of the mucosal epithelium
differs in each region of the Gl tract, where stratified squamous epithelial cells may be
found in the mouth, esophagus and anal canal and simple columnar or glandular epithelia
can be in the stomach, small intestine, and colon (Reed K. and Wickham R., 2009) (Figure
1.1). The lamina propria, consists of connective tissue, blood and lymphatic vessels, with a
myriad of responsibilities. Most notably, it is home to a collection of lymphocytes and lymph
nodes, known as the gut-associated lymphoid tissue (GALT), which protects the Gl tract
infiltration from bacteria and pathogens. The thinner, underlying layer of the muscularis
mucosa consists smooth muscle aiding in gastrointestinal motility (Reed K., Wickham R.,
2009). Interestingly, within the gastrointestinal tract the small and large intestine showcase

the highest epithelial turnover rate in the human body (Williams et al., 2015).
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The large intestine

The large intestine’s gross anatomy is composed of the cecum, appendix, colon, rectum and
anal canal. Processed foods pass from the small intestine into the cecum and subsequently
into the colon. The colon is sectioned into four parts: ascending, transverse, descending and

sigmoid colons (Serafini N.Di Santo J., 2016).

Physiologically the colon differs from the small intestine in several aspects, unlike its
adjoining counterpart the colon does not possess any protruding villi, instead a flat
epithelial surface with mucosal folds lead into invaginations commonly referred to as crypts.

The mouse intestine contains approximately 30 million of such crypts (Clevers., 2013).

Whereas digestion and nutrient absorption primarily occurs in the small intestine, the large
intestine functions as a fluid and electrolyte absorbent, where water is resorbed leaving
solid fecal matter to be defecated. (Pawel and Ghishan., 2016). The colon also hosts the
largest community of commensal bacteria in the intestine. Not only does the microbiota aid
the fermentation of complex carbohydrates, its communication network with the intestinal
epithelium and the GALT is critical in developing a healthy systemic and mucosal

immunoregulatory circuitry (Macdonald, 2005).
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Figure 1.1: Anatomy of the gastrointestinal tract

An animated visualisation of the lower gastrointestinal tract and the colonic gut wall. (A) Illustration of the lower gastrointestinal tract, digested materials
pass through the small intestine to the ascending colon via the ileocecal valve, through the transcending and descending colon, where it then reaches the
rectum and waste materials are discarded. (B) lllustrated cross-section of the colonic tissue revealing its structure and anatomy. The opening of the
intestinal gland lead to the invaginations called crypts consisting of simple columnar cells which are structurally supported by the underlying lamina propria.

A thin layer of smooth muscle cells, the muscularis mucosae and the muscalaris, located beneath the lamina propria allows the movement and folding of

the tissue to aid nutrient absorption (Adapted from Physiology Plus and Junqueria’s Basic Histology).
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However, due to the high abundance of commensal microbiota which exists within the
colon, it is of upmost importance that the intestinal epithelium maintains its barrier function

and integrity (Odenwald and Turner., 2017).

1.2 Intestinal stem cell-driven epithelial renewal

The intestinal epithelium and its colonic crypts are composed of intestinal epithelial cells,
form a single-cell thick, simple columnar monolayer, held in shape by tight junction and act
as a physical barrier which protects the sub-epithelium from any harmful toxins, antigens
and microorganism which may inhabit the lumen (Reed and Wickham., 2009). Due to the
continual assault originating from the lumen, the intestinal epithelial cells are continually

replaced every 4-5 days (Nibali et al., 2014).

While the epithelial barrier regulates the absorbance of nutrients, water, and the transport
of waste products, it must further mediate the crosstalk between luminal contents and the
proximal immune system in a non-inflammatory manner. Non-regulated transport or
leakage of pathological antigens through the barrier could lead to inadvertent inflammation
and escalate towards autoimmune diseases and/or inflammatory bowel disease (Shi and
Walker., 2015). The apical junctional complex (AJC) found within the large intestine
controlling permeability, consists of tight junctions, adherens junction and desmosomes
(Figure 1.2). Adherens junctions are often found on the lateral membrane where cadherin-
catenin interactions are most frequently encountered. These can influence cell polarity and
epithelial migration and the downregulation of E-cadherin has been linked with impeding
epithelial proliferation (Groschwitz and Hogan., 2009). Tight junctions such as Occludin,
Claudins and junctional adhesion molecules can be found on the apical end of the epithelial
cell, these mediate ion movement and impede the transport of luminal molecules (Lee et

al., 2018).

The lining of the intestine composed of mucin acts as a secondary defensive barrier. A thick
mucus layers lines the epithelia and functions as traps for water molecules. Within the large
intestine, two mucus coatings ensure protection from chyme and chemical degradation.
Furthermore, the second mucus layer is completely impermeable to bacterial penetration in
homeostasis (McGuckin et al., 2011; Johansson et al., 2008). Fascinatingly, to ensure
bacterial penetration is further minimised, the intestinal epithelium maintains the highest

turnover recorded in the human body (Rees et al., 2020)
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Figure 1.2: Colonic epithelial barrier function

Diagram showing the three main tight junction barrier complexes identified in the intestine:
Desmosomes, adherent junctions and tight junctions which play an essential role in regulating

intestinal barrier function (Adapted from Groschwitz and Hogan., 2009)

1.2.1 Epithelial renewal

The intestinal epithelium acts as a physical barrier, where its role is to protect the
underlying tissue from commensal microbes and invading pathogens. To maintain a high
rate of epithelial turnover and to reduce barrier damage-induced inflammation, the
epithelial crypts shown in Figure 1.1 are renewed within 4-5 days in humans and mice

(Okamura and Takeda., 2017; Darwich et al, 2014).

Proliferation of such intestinal epithelial crypts, is driven by multipotent adult stem cell
population at the base of the crypt where cell division occurs at average of once per day,
producing highly proliferative transit-amplifying cells. While migrating upwards, these
transit-amplifying cells further differentiate into function-specific epithelial cells and are

shed into the lumen towards the end of their life span (Barker et al. 2007).



The crucial driver of epithelial renewal are the intestinal stem cells located at the base of
the crypt. With the assistance of electron microscopy, a “slender” cell type was identified by
Cheng and Leblond as early as 1974 and decades of further research have led to the
identification of two stem cell populations within the crypt: the crypt base columnar (CBC)
stem cells and the reserve stem cell population located in the +4 position of the crypt

(Figure 1.3) (Cheng and Leblond., 1974; Barker et al., 2007; Yan et al., 2012).

Figure 1.3: Crypt base columnar (CBC) stem cells

Scanning electron microscope image highlighting the presence of ‘slender’ stem cells (black arrows)
located between neighbouring Paneth cells (red arrows) at the base of the crypt by Leblond and

Cheng (Adapted from Barker et al., 2012).

1.2.2 Crypt base columnar (CBC) stem cells and +4 position stem cells

Based on the the findings in 1974, Cheng and Bjerkness found that CBC cells unlike their
reserve stem cell population, were actively proliferating and are susceptible to radiation
(Bjerkness and Cheng., 2002). Although a number of stem cell markers such as Asc/2, Olfm2
and Smoc2 among others have been identified, Lgr5 (leucine rich G-protein coupled

receptor), a Wnt target gene, is considered to be the most robust CBC stem cell marker as
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other markers are also prone to labelling early transit-amplifying cells. By insertion of a
CreERT2 fusion protein into the Lgr5 locus, the Wnt target gene was localised in fast-cycling

cells at the crypt’s base in both the small intestine and colon (Barker et al., 2007).

Lgr5+ CBC stem cells symmetrically divide every 24 hours at the base, generating clonal CBC
stem cell, one of which can be ‘pushed’ out of the stem cell niche in a process coined
‘neutral competition’, where they are then spurred on to differentiation (Snipper HJ, et al.,
2010). While only a fraction of Lgr5+ cells are capable of long-term self-renewal, a small
population of quiescent, slow-cycling and radiation resistant stem cells are retained at the
+4 position which do not express Lgr5. These +4 stem cells are often activated only
following epithelial damage at which point they clonally repopulate the crypt domains,
suggesting that they may not contribute to homeostatic renewal but are essential in
damaged-induced regeneration (Ritsma et al., 2014; Yan et al., 2012). Crucially, intestinal
homeostasis was maintained in the colon, despite the depletion of Lgr5+ stem cells in vivo,
where the stem cell niche was instead repopulated by Lgr5- reserve stem cells, thus

highlighting the high level of plasticity within the intestinal epithelium.

Where intestinal stem cells play a crucial role in the regulation of crypt growth, such cells
are incapable of executing physiological functions of the intestinal epithelium such as the
absorption of water, nutrients, and sustenance of the commensal microbiota, thus stem cell
differentiation is essential for maintenance of intestinal homeostasis (Birchenough et al.,

2015; Snoeck et al., 2005).
1.2.3 Stem cell differentiation

To fulfil the many functional roles of the colon, stem cells and their progenitors must
differentiate into fully functional cell types. Within the large intestine, non-committed cells
can be converted into secretory cells such as goblet, enteroendocrine or tuft cells and
absorptive enterocytes, depending on the biochemical influences of the mucosa (Figure 1.4)

(van Flier and Clevers., 2009).

Interestingly, Toth et al., have identified that colonic crypts undergo “early commitment”
differentiation where the cell’s fate is determined prior to entering the transit-amplifying
phase, essentially allowing the colonic cells to mature earlier compared to their small

intestinal counterpart, where “late commitment” is preferred. This is important as unlike
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epithelial cells in the small intestine where differentiated cells can remain within the crypt-

villus formation for a longer time, the lack of villi forces early maturation (Toth et al., 2017).
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Figure 1.4: Colonic crypt renewal

Diagram highlighting the cycle of epithelial renewal. Lgr5+ cells at the base of the crypt divide and migrate upwards, progenitor cells proliferate in the
transit-amplifying zone and differentiate to give rise to enterocyte, tuft, enteroendocrine or goblet cells. At the end of their life-cycle the cells are then shed
into the crypt lumen and the cycle of renewal is repeated. A two-layered mucus coating acts as a semi-permeable membrane restricting commensal

microbiota to the outer mucosal layer, thereby preventing microbiome-epithelial contact in homeostasis (Created on Biorender.com, 2021).
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Enterocytes:

Enterocytes are columnar epithelial cells containing microvilli on their apical surface, this
cell line is the most commonly encountered cell type within the colon, where their prime
functions are to absorb nutrients and water. (Cheng and Leblond., 1974; Egberts et al.,
1984). However, overtime it was found that enterocytes may also play other roles in
intestinal homeostasis. As luminal nutrients are absorbed, enterocytes will inadvertently
ingest and degrade luminal epitopes which could potentially cause an unwarranted immune

response (Miron and Cristea., 2012).

Enterocytes can also act as a mediator between luminal antigens and dendritic cells in the
lamina propria as they also possess MHC1/2(major histocompatibility complex) (Chen et al.,
2011). Entercoytes’ metabolism can also shape the microbiota in vivo where the high
epithelial oxygen consumption, leads to mucosal hypoxia only allowing anaerobic bacteria
to survive, thus allowing the conversion fibres into beneficial fermented compounds (Litvak
et a., 2018). Notably, enterocytes precursor cells also seem to able to dedifferentiate to
replace previously ablated Lgr5+ stem cell in the small intestine, however whether a similar
phenomenon can be observed in the colon is yet to be determined. (Tetteh et al., 2016). As
is the case with many epithelial cells within the crypt domain, the differentiation of stem
cells towards the absorptive enterocytes cell lineage relies on the Notch signalling pathway,
where the balance between the repression of Math1 and Hes1 can decide between the
absorptive and secretory cell fate. The deletion of Math1, a downstream Notch
transcription factor, led to a change of fate within the intestine prompting cells to
differentiate into absorptive enterocytes (Shroyer et al., 2007). Furthermore, increased
expression of HES1 can also directly repress Math1 expression and subsequently incite

enterocyte differentiation (Jensen et al., 2000; Zheng et al., 2011).
Goblet cells:

In the large intestine, mucus production plays a vital role in acting as a semi-physical barrier
which ensures luminal microbes remain out of touching distance to the underlying
epithelium. To fulfil this function, goblet cells within the epithelium ensure sufficient mucus

is generated (Birchenough et al., 2015). The mucus of the intestinal epithelium is largely

28



composed of a variety of mucin proteins. Mucins are glycoproteins with a high number of O-
linked oligosaccharides. The gel-forming mucin subtypes have been identified as
MUC2/5/5B/6 where MUC2 is the most commonly encountered mucin within the intestine

(Andrianifahanana et al., 2006).

Uniquely, a two layered mucus structure (illustrated in Figure 1.4) can be observed in the
colon compared to the small intestine. The mucus was shown to gradually thicken from the
duodenum towards the rectum (Matsuo et al., 1997). Here the inner mucus layer separates
the bacteria for the epithelium, preventing direct contact whereas the less dense outer
mucus layer provides an ideal microenvironment for the commensal microbiota (Johansson
et al., 2008). A loss of the inner mucus layer has also shown to be a contributing factor of
the formation of spontaneous colitis in mice (Johansson et al., 2014). Goblet cells can be
morphologically distinguished by their nucleus at the base and the mucus filled cytoplasm
facing the apical side of the crypt. Within the large intestine especially goblet cells can be
found scattered across the entire crypt, in order to ensure the even distribution and

secretion of mucus (Sancho et al., 2015).

Recent studies have also shown that small intestinal goblet cells are capable of importing
antigen to CD103+ dendritic cells in the lamina propria. This is achieved by the formation of
GAP (goblet cell associated passages) which deliver soluble antigens to immune cell. Further
research revealed that GAP formation is regulated by acetylcholine, which is suppressed in
the colon in comparison to the small intestine due to the presence of luminal microbes
inhibiting the secretion of acetylcholine, where only a disruption of the microbiota could
lead to the activation of the acetylcholine pathway (Knoop et al., 2015). Further evidence
also suggest that goblet cells can be coerced into hyperplasia and mucus hypersecretion via
Th-2 mediated secretion of IL-13 and IL-4 during parasitic helminth infections (Finkalmann
et al., 2004; McKenzie et al., 1998). In 2017, Birchenough identified specialised ‘sentinel’
goblet cells within the colonic crypt entrance which can trigger the secretion of MUC2 via a
NLRP6-MyD88 signalling pathways in a Ca2+ independent manner. Goblet cells adjacent to
such sentinel cells are also induced into MUC2 secretion via a gap junction signalling
pathway. This mechanism described above essentially allows bacteria to be flushed away
from crypt openings in order to prevent bacteria-epithelial contact during inflammation

(Birchenough et al., 2017).
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Enteroendocrine cells:

EECs in the large intestine can be identified by the basal processes which are extended

towards the neighbouring epithelial cell (Rindi et al, 2004).

Cristina et al. have found early on that EEC numbers can vary from duodenum and rectum
(Cristina et al., 1978). Similarly, to all secretory cell lines within the colon, EEC differentiation
also relies on the transcription factors Math1/Atoh1, which is further discussed in this
chapter (Section 1.3.2). Additionally, Neurogenin 3 is required for its differentiation and is
highly dependent on Notch signalling, where Hes1 knockout in mice led to enteroendocrine
cell hyperplasia (Jensen et al., 2000). In contrast, disruptions to Wnt signalling via the KO of
B-catenin did not affect EEC numbers (Wang et al., 2007).

One of the major roles of EECs is its capability to secrete hormones such as serotonin (5-HT),
histamine, somatostatin, gastrin and cholecystokinin (CCK) in order to contribute to the
regulation of homeostasis. (Hagborn et al., 2011; Egerod et a., 2012). EECs are able to detect
changes in nutrient concentration and adjust the secretion of such peptides accordingly
(Gribbe et al., 2016). Interestingly, in IBD patients, chromogranin A levels are highly
upregulated in IBD patients (Zissimopoulos et al., 2014). Due to EECs unique affinity to
chromium salts, chromogranin A can be used as stable marker for the identification of

intestinal EECs (Ahlmann and Nilsson., 2003).

Studies also indicate that EECs are able to regulate macrophage activity via the secretion of
GLP-2 which has been shown to reduce iNOS, COX2, TNF-a and IL-6 expression in LPS-
activated macrophages (Xie et al., 2014). Similar observations were made by Saia et al.,
where CCK was also found to reduce NO production in peritoneal macrophages (Saia et al.,

2014).
Tuft cells:

Tuft cells are the least commonly occurring epithelial cell type of the intestine making up
only 0.5% of the epithelial population. (Bannerjee et al. 2018). Tuft cells can be identified by
their apical bristles and a cell body which narrows towards both the apical and basal end
(Sato A., 2007). Initially, DCAMKL-1+ cells within the crypts were postulated to be stem cell
markers, however Gerbe et al. has demonstrated that DCAMKL-1 can in fact be utilised as a

robust tuft cell marker (Gerbe et al., 2011).
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It should also be noted that the process of tuft cell differentiation was shown to differ
between the small intestine and colon. Herring et al, demonstrated that ablation of tuft cells
in the colon resulted in tuft cell depletion whereas Atoh1-deficiency led to tuft cell

hyperplasia in the small intestine (Herring et al., 2018).

The exact function of this particular epithelial cell line has not been fully understood. In
2016, Howitt et al. have shown that tuft cells can acts a chemosensory “taster” in the
intestine. To do so tuft cells rely on Gnat3 (taste-related G-protein subunit) and TRPM5
(cation channel) both which are utilised in the detection of Pseudomonas aeruginosa.
Interestingly, the small intestinal epithelium of both Gnat3”- and TRPM57- knockout mice
were found to show depleted numbers of DCAMKL1+ tuft cells. Furthermore, the tuft cells
response to the parasite Tritrichomonas muris was also impaired, thus alluding to the
chemosensory role of intestinal tuft cells within the epithelium (Howitt et al., 2016). Tuft
cells expansion was also observed germ-free mice following exposure to bacteria (McKinley
et al., 2017). Tuft cells also play a distinct role in during parasitic infections. As allergens and
helminths can induce a type 2 immune response, this often leads to the recruitment of ILC2-
cells (type 2 helper T-cells) which rely on IL-33 and IL-25 secretion to be activated. However,
until recently the source of IL-25 within lamina propria was unknown and it has since
become apparent that tuft cells constitutively express IL-25 to maintain ILC2 activation. As a
result, the positive feedback loop allows ILC2 cells to produce IL-13 in order to continuously

promote goblet and tuft cell differentiation (Moltke et al., 2016).
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1.3  Regulation of epithelial renewal

The intestinal stem cells rate of self-renewal and differentiation towards the functional
epithelial cells mentioned above is finely regulated by a myriad of paracrine and autocrine
factors and over time a number of signalling pathways such as BMP, Hedgehog, Notch, Wnt
and Eph-ephrin signalling have been shown to contribute to the ISCs homeostasis (Spit et

al., 2018).

1.3.1 The Intestinal Wnt signalling pathway

A major contributor to proliferation and intestinal stem cell niche maintenance is the Wnt
signalling pathway, where the activity of Wnt is highest towards the base of the crypt and
decreases towards the top of the crypt (Nusse and Clevers, 2017; Scoville et al., 2008). The
canonical Wnt pathway is initially triggered by binding to the lipoprotein-receptor related
protein 5/6 (LRP5/6) and its co-receptor frizzled (FZD), subsequently the protein Dishevelled
(DVL) is recruited and the degradation of B-catenin via the destruction complex is blocked.
The destruction complex consists of a number of protein component such as adenomatous
polyposis coli (APC), casein kinase 1 (CK1) and glycogen synthase kinase 3 (GSK3pB) (Mah et
al., 2016). The consequent stabilisation of B-catenin allows the protein to translocate to the
nucleus and binds to the TCF/LEF transcription factor ultimately activating Wnt target genes
such as Myc, COX-2, Cyclin-D1, TCF1 among others (Lecarpentier et al., 2019; (Nusse and
Clevers, 2017). In contrast, in the absence of Wnt, DVL is phosphorylated and does not
engage the destruction complex. The casein kinase | (CKI) can then phosophorylate the N-
terminus of B-catenin, which is then recognised by the B-TrCP which marks B-catenin for
ubiquitination and proteosomal degradation. As B-catenin is not translocated to the the
nucleus and TCF-LEF remains bound to its co-repressor Groucho inhibiting Wnt target gene
transcription (Gregorieff and Clevers., 2005; Flanagan et al., 2018). A summary of activation

and inactivation of the Wnt signalling pathway is shown in Figure 1.5.

Whnt signalling can be regulated by a number of factors. For example, the membrane-bound
RNF43 (RING finger protein 43) and ZNFR3 (zing and RING finger 3) promote the endoytosis
and lysosomal degradation of the FZD receptor, thereby reducing the binding of Wnt ligands
to the FZD-LRP5/6 complex. The degradation of FZD can be prevented by the secretory
protein, R-spondin, which when bound to the LGR4/5/6, inhibits lysosomal degradation and

accumulates on the membrane surface, thus amplifying the binding of Wnt ligands such as
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Wnt3a, Wnt6, Wnt8 and Wnt9B which are all commonly expressed in the intestinal
epithelium (Figure 1.6). (de Lau et al., 2014; Zebisch et al., 2013; Flanagan et al., 2018).

Wnt target genes can also be activated in a B-catenin independent manner, however the
mechanisms of the non-canonical Wnt signalling pathway has been less well characterised.
Here, the a select number of Wnt ligands, such as Wnt5a are able to activate the Wnt-PCP
(planar-cell polarity) and Wnt-Ca2+ pathway. Activation of Wnt-PCP results in the activation
of the GTPases RAC1 and Rho, which then initiates JNK-mediated signalling which is
postulated to regulate cell polarity and microtubule stabilisation. Alternatively, stimulation
of the Wnt-Ca2+ pathway activates the phospholipase C (PLC), resulting in the secretion of
internal Ca2+, activation of protein kinase C (PKC) and NFAT (transcriptional regulator
nuclear factor-associated with T-cells) where it is likely involved in the regulation of actin
polymerization (Berwick and Harvey., 2013; Niehrs et al., 2012; Komiya and Habas., 2008)
(Figure 1.5B/C).

The importance of Wnt signalling in crypt homeostasis have been highlighted by several
studies over the years, where, as demonstrated by Korinek et al in 1998, the ablation of
TCF4, a downstream Wnt target, led to a decrease in epithelial proliferation and stem cell
maintenance (Korinek et al., 1998). Deletion of B-catenin led to the constitutive
differentiation of epithelial cells and subsequent loss in crypt function in vivo (Fevr et al.,
2007). Overexpression of the Wnt antagonist, Dickkopf-1 resulted in the complete ablation
of crypts in vivo, whereas overexpression of R-spondin resulted in human crypt
hyperproliferation (Kuhnert et al., 2004; Kim et al., 2005). Similarly, alterations in Wnt
activity have also been identified in inflammatory disease such as CD and UC (Serafino et al.,
2014). For example, the upregulation of TNF-a, observed in IBD, is able to activate B-catenin
expression, by inhibiting the engagement of GSK3pB in an AKT dependent manner, thus
initiating an increase in cell proliferation (Bradford et al., 2017). Richmond et al’s work has
shown that IFN-y, a Th1-cell secretory product, induced the expansion of quiescent stem cell
in the small intestine, while the inhibition of Wnt also induced a decrease in IL-6 mediated
epithelial proliferation (Richmond et al., 2018). Moparthi and Koch have reviewed the
cooperative effects of the NF-kB, MAPK, AKT and STAT signalling pathway have on Wnt

target gene activation during inflammation in their review (Moparthi and Koch., 2019)
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Figure 1.5: The canonical and non-canonical Wnt signalling pathway

Diagram showing the differential activation of the A) canonical Wnt signalling pathway Ai) in the
absence of Wnt ligand stimulation, the GSK3-Axin complex remains intact leading to the
degradation of B-catenin and preventing its nuclear localisation Aii) following Wnt ligand
stimulation, B-catenin is phosphorylated and translocated to the nucleus where it activates B-
catenin mediated transcription factors B) planar-cell-polarity (PCP) Wnt pathway mediated via JNK
or Rho signalling cascade C) non-canonical calcium-dependent Wnt signalling pathways via the PKC

or NFAT mediated signalling cascade (Adapted from Berwick and Harvey., 2013).
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Figure 1.6: The Wnt signalling and R-spondin feedback loop

Diagram showing the regulation of canonical Wnt signalling via a positive feedback loop. Activation
of Wnt target genes Lgr5 and RNF43, leads to an increase in RNF43 and LGR4/5/6 complexes which
remain on the membrane surface due to the stimulation of R-spondin inhibiting the lysosomal

degrdation of the complex, allowing it to engage with the FZD to upregulate Wnt signalling further

(Adapted from Merenda et al., 2020).
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1.3.2 The intestinal Notch signalling pathway:

The Notch signalling pathway also plays a vital role in intestinal homeostasis. Unlike the
other pathways involved, Notch relies on direct cell-to-cell contact (Fre et al., 2005). A
number of Notch ligands, Jagged 1,2 (Jag) and Delta-like 1,3 and 4 (Dll) are able to bind to
the four Notch receptors (Notch 1-4). The binding of the ligand to the receptor results in the
cleavage by ADAM10 and y-secretase (S2 cleavage), after which the Notch intracellular
domain (NCID) is further cleaved (S3 cleavage) and translocates to the nucleus, where it
then interacts with the DNA-binding protein CSL and MAML-1 to activate the required
target gene such as Hes-1,5,6,7 (hairy enhancer of split-1) and Math1/Atoh1 (atonal protein
homolog 1). (Figure 1.7) (Demitrack and Samuelson., 2016).

In the human colonic epithelium, expression of Notch 1,2 is highly expressed in the basal
region of the crypt, specifically the stem cell niche, where Notch signalling was highly active
in cycling CBC cells. Similarly, murine small intestinal work showed that Notch 1 and
expression as well as the transcription factors Hes-1 and Olfm4 were mostly expressed in
intestinal stem cells (Van Dussen et al., 2012; Pellegrinet et al., 2011). In the colonic
epithelium, expression of the Notch ligand, Jagged 1 found predominantly at the mid-region
of the crypt, whereas Jagged 2 is expressed along the entire crypt-axis. Novel work from
Shimizu et al, reported significant differences in the expression of Delta-like ligands 1 and 4
between the small intestine and colon, where DII1 was primarily localised in at the lower
region of the crypt and DlI4 along the entire colonic crypt-axis, DIl4 was only reported to be

active in the villus of the small intestine (Shimizu et al., 2014).

The Notch signalling pathways is regulated via a unique negative feedback loop, which is
crucial for the maintenance of the stem cell niche. In the intestine, the epithelial cell fate is
dependent on the Notch activity within the individual cells, where the mechanism of lateral
inhibition ensures the even distribution of both absorptive and secretory cell lineages
(Collier et al.,1996; Stamataki et al., 2011). When Notch signalling is initiated by a Delta-like

ligand from the signal-sending cell, the signal-receiving cell, translocated the cleaved NCID
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into the nucleus which then allows the transcription of Hes-1 to occur, however the
expression of Hes-1 antagonises the transcription of Atoh1 and therefore, signal-receiving
cell does not express Delta-like ligands itself, where this cycle of crosstalk between the
signal-sending and receiving cell maintains the positive feedback loop. As Hes-1 is
predominantly expressed in the absorptive cell lineage and Atoh1 is required for the
differentiation of the secretory cell fate, in homeostasis this mechanism generates a

balanced expression of either cell lineages (Figure 1.8) (Sancho et al., 2015).

Using a similar mechanism of negative regulation, small intestinal Paneth cells which
express high levels of DII1 and DII4 ensure that neighbouring Lgr5+ stem cells remain in their
undifferentiated state by maintaining high Notch activity within the intestinal stem cells
which is crucial for stem cell proliferation (Sancho et al., 2015; Pellegrinet 2011). As the
colon lacks Paneth cells, it is currently postulated that nearby stromal and immune cells or
Reg4+ deep secretory cells maintain the stem cell niche via a similar mechanism instead

(Demitrack and Samuelson., 2016; Sasaki et al.,2016 ).

Notch signalling also plays a crucial role in the even distribution of absorptive and secretory
cells along the crypt axis, where lineage tracing experiments performed by Toth et al., have
revealed that the lateral inhibition within the colon is only operative in the commitment
zone, located two rows above the +4 stem cell position and is thereby responsible for the

1:3 goblet cell to enterocyte proportion within the colonic epithelium (Toth et al., 2017).

Dysregulation of Notch signalling can severely affect intestinal homeostasis and an increase
in Notch signalling is commonly associated with an increased susceptibility to inflammatory
bowel diseases and colorectal cancer (Hsu et al., 2012; Piazzi et al., 2011). For example, the
depletion of Hes-1 induced an increase in secretory cell fate in the intestinal epithelium and
completely abrogated absorptive cell lineages (Jensen et al., 2000). Furthermore, Hes-1
deficient mice treated with a y-secretase inhibitor also resulted in an increase of secretory
cell lineages (Van Es et al., 2005). Crucially, the mRNA expression of Notch1 and Hes-1 was
significantly higher in UC patients compared to healthy individuals, suggesting that
regulation of Notch is crucial to avoid inflammatory bowel disease progression
(Ghorbaninejad et al. 2019). Corresponding with these findings, earlier work from Zheng et
al, also revealed that increasing Hes-1 expression correlated with a decrease in Atohl1 and

subsequent goblet cell depletion in UC patients (Zheng et al., 2012).In contrast, an increase
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in Atoh1 was reported in CD and gastric cancers samples (Gersemann et al., 2009; Mutoh et

al., 2006).
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Diagram showing the activation of the Notch pathway via direct cell-cell adhesion. Here, the Delta-

Figure 1.7: The Notch signalling cascade

like ligand initiates the proteolytic cleavage of its receptor by y-secretase resulting in the release of
NCID, which is translocated and binds to the DNA-binding protein CSL and co-activator Mam

(Mastermind) to transcribe the necessary target genes (Adapted from Bray et al., 2006)
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Figure 1.8: Lateral inhibition and the positive feedback loop of Notch signalling

Diagram showing the positive feedback regulation of the Notch in neighbouring cells. The signal

sending cell shown in blue, activates Notch signalling in the signal-receiving cells shown in red via

RECEIVING CELL

&

the Delta-like ligand, resulting in the downstream transcription of Hes1, which in turn inhibits Atoh1,

thus the signal-receiving cell remains Notch-HIGH and DLL-LOW, whereas the signal-sending cell

remains Notch-LOW and DLL-HIGH (Adapted from Sancho et al., 2015).
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1.3.3 Intestinal BMP, EGF, Hippo signalling pathways:

Bone morphogenetic protein (BMP) signalling pathway, is a Smad-dependent pathway
which drives differentiation in a reverse gradient compared to Wnt signalling. BMP can also
directly repress Lgr5+ stem cell expansion to maintain homeostasis. The signalling is
initiated by BMPS binding to the extracellular receptors Bmprl-2, following
transphosprylation, Smad 1/5/8 form a complex with Smad4, which is translocated to the
nucleus to regulate gene expression via target genes such as Msx and JunB (Wang et al.,
2014). BMP antagonists such as Noggin, chordin and gremlin 1/2 are present at the at the
base of the crypt’s stem cell niche where they can regulate BMP activity (Kosinksi et al,
2007). Noggin can also further promote Wnt signalling, by increasing the expression levels
of P-PTEN and P-Akt leading to the increased translocation of B-catenin to the nucleus (He
et al., 2004). Recent findings have also shown that Lgr5+ proliferation is decreased following
the absence of Noggin, highlighting the importance, the BMP signalling pathway plays in
intestinal homeostasis and inhibition of stem cell niche expansion (Figure 1.9) (Qi et al.,

2017)

The epidermal growth factor (EGF) also plays a pivotal role in activating proliferation and
inhibiting apoptosis of intestinal stem cells as well as regulating intestinal barrier function
(Tang et al., 2016). The binding of the EGF ligand to the transmembrane EGF receptor, leads
to the phosphorylation RTK (receptor tyrosine kinase), activation of Ras/MAPK and
P13K/AKT (Bran et al., 2011). In human and mouse models, EGF is capable of activating
P13K/Akt within the MAP kinase cascade which leads to the phosphorylation of B-catenin
thus activating the canonical Wnt pathway (Suzuki et al., 2010). Furthermore, EGF also
encourages the secretion of mucins within the intestine (Damiano et al., 2014). Whereas
Paneth cells provide the necessary supply of EGF in the small intestine, Sasaki et al postulate
that deep secretory cell lineages within the crypt are potentially able to secrete EGF instead

(Sato et al., 2013; Sasaki et al., 2016).

The Hippo signalling pathway can be triggered by a number of inhibitory factors, such as

cell-cell contact, binding of growth factors such as EGF and cell polarity, however, to date a
Hippo-specific ligand-receptor has not been found (Seo et al., 2020). Here, Hippo activation
relies on the translocation of the proteins, Yes-associated protein (YAP1) and tafazzin (TAZ)

(Konsavage et al., 2013). The mammalian serine/theorine 1/2(MST1/2) protein is activated
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its forms a complex with SAV1 (scaffold proteins salvador family WW domain containing
protein 1), which then activates LATS1 (large tumour suppressor kinase 1/2). LATS 1/2 then
phosphorylates the YAP1 and TAZ, thus inhibiting their localisation to the nulceus and are
subsequently degraded in the cytoplasm. When Hippo activation is ceased, YAP1 and TAZ
are able to translocate to the nucleus, where they are able to bind to the DNA-binding
protein TEAD (TEA domain transcription factor) and activate the required target genes

(Figure 1.10) (Ma and Shah., 2018; You et al., 2015).

Current evidence suggest that the Hippo pathway plays a significant role in the maintenance
of crypt homeostasis. For example, YAP expression was found to be predominantly the
highest at the at the base of the crypt, where lower expression was reported at in the small
intestinal villi (Liu-Chittenden et al., 2012; Can et al., 2010). Increased YAP1 activation
resulted in the increase in undifferentiated progenitor cells while Paneth and goblet cell
numbers decreased. Mice depleted of SAV1 and LATS1/2, which are are required to
sequester YAP1, were also found to result in increased crypt growth (Camargo et al., 2007;
Pan et al., 2019). Other studies have found that the Hippo pathway may be cross-linked
with other pathways such as BMP,Notch and Wnt signalling. Byun et al., has demonstrated
that Wnt ligands such as Wnt3a and Wnt5a/b promote YAP1/TAZ activity by increasing its
nuclear localisation. (Gregorieff et al., 2015). Furthermore, knockout of Axin 1/2 was shown
to increase cytoplasmic YAP/TAZ accumulation in vivo. (Cong et al., 2004) Vice versa, the
YAP1/TAZ complex was also shown to aid the stabilisation of B-catenin, thus allowing it to
enter the nucleus, while in contrast, another study concluded that cytoplasmic YAP1 and
TAZ can restrict Wnt signalling activity by reducing the availability of DVL (Dishevelled)(Li et
al., 2019; Varelas et al., 2010). The YAP/TAZ complex was also reported to be in contact
with the Notch component, NCID, which plays a vital part in the activation of Notch
signalling, where the over-expression of NCID also led to an increase in YAP/TAZ and TEAD
expression (Yimlamai et al., 2014; Moroishi et al., 2015). In mice with DSS-induced colitis,
an increased presence of YAP1 was reported, where it likely plays a crucial role epithelial
repair, as its depletion led to a reduction in cellular proliferation (Taniguchi et al., 2015; Can
et al., 2010). Furthermore, YAP1 over-expression in mice also induced intestinal hyperplasia
where an expansion of progenitor cells was reported. Interestingly, work from Kim et al, has

shown that PGE; binding to the EP4 receptor can increase the transcription of YAP and CREB
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pathway in order to increase epithelial regeneration following injury (Kim et al., 2017).
Taken together, the studies highlight the importance of the Hippo signalling pathway in the

regulation of intestinal homeostasis (Camargo et al., 2007).

The signalling pathways mentioned previously all play an essential role in regulating the rate
of proliferation and differentiation of the intestinal epithelium. However, as such
differentiated epithelial cells age there are shed into the lumen in a highly controlled

fashion (Bullen et al., 2006).
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Figure 1.9: The BMP signalling cascade

Diagram summarising the activation of the downstream BMP signalling pathway. The binding of
BMP induces the phosphorylation of BMPR1/2, Smad 1/5/8, which then form a Smad4-Smad1/5/8
complex to translocate into the nucleus where it can activate its target genes. BMP expression
gradually increases towards the top of the crypt, while Wnt signalling activity is highest at the base

of the crypt. (Adapted from Wang and Chen, 2018, created on Biorender., 2021).
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Figure 1.10: The Hippo signalling pathway

Diagram summarising the activation of the downstream Hippo signalling pathway. Hippo
activation, MST1/2 forms a complex with SAV1 resulting in the phosphorylation of LATS 1/2
complex, which in turn phosphorylates and sequesters YAP1 for cytoplasmic degradation. In
the Hippo signalling OFF state, YAP and TAZ is instead translocated into the nucleus to

engage TEAD and activate the appropriate Hippo target genes (Xie et al., 2021).
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1.3.4 Epithelial cell shedding

Following the proliferation and differentiation, the epithelial cell migrates progressively
upwards until they are then shed into the lumen and the end of their life cycle. However,
uniquely to the intestinal epithelium, the apoptotic cell is released from the epithelium
while maintaining epithelial integrity. As epithelial integrity is maintained by a single-cell
thick epithelium, it is of upmost importance that epithelial cell shedding does not disturb

epithelial barrier function (Williams et al., 2014).

In the 1990s, Madara’s work demonstrated that epithelial cells at the top of the small
intestinal villi may utilise a ‘zipper’ like motion to detach itself from the epithelium (Madara
JL., 1990). Here, the apoptotic cells, lose E-cadherin expression and redistributes the
positioning of ZO-1, a tight junction protein towards the baso-lateral region of the crypt,
while the neighbouring cells form tight junctions bonds underneath the shedding cell and
proceeds to eject the shed cell out of the epithelial barrier, where the entire process was
shown to take place within 5-10 minutes in the human small intestine (Figure 1.11A)

(Fouquet et al., 2004; Bullen et al., 2006; Wiliams et al., 2015).

Prior to the event of cell shedding, the mechanism of cell death, apoptosis, must be
triggered, where apoptosis can either be triggered via an extrinsic or an intrinsic pathway
(Jan and Chaudhry., 2019). The intrinsic pathway is commonly triggered by stress, hypoxia
or DNA damage and other factors, which results in the activation of Bcl-2 family proteins
BAX/BAK and permeabilisation of the outer mitochondrial membrane (MOMP) and
subsequent release of cytochrome c. The combination of cytochrome c with Apaf-1 leads to
the formation of apoptomsome and triggers the secretion of procaspase-9 and caspase 3
signalling cascade. In contrast the extrinsic pathway utilises the activation of the death
receptor, which can be triggered by external stimuli such as TNF-a, APO3L and other TRAILs
(TNF-related apoptosis-inducing ligands), in turn the intracellular domain, also known as the
death-inducing signalling complex (DISC) is cleaved, releasing one of its partial components
procaspase-8 which can then trigger the capsase-3 signalling pathway while also activating

the MOMP-dependent pathway (Figure 1.11B) (Negroni et al., 2015; Blander JM., 2018).

More recently another form of programmed cell death, namely, necroptosis has been

identified. Here, the tumor necrosis factor (TNF) superfamily was demonstrated to activate
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the formation of intracellular necrosomes leading to the phosphorylation of PIP
(phosphatidylinositol phosphates), which induce membrane permeabilisation and release
AMPS, HSPs (heat shock proteins among other proteins to trigger a pro-inflammatory

response while also leading to self-destruction (Berghe et al., 2014; Dagenais et al., 2014).

Endomicroscopy performed in patients with inflammatory bowel disease demonstrated that
excessive epithelial shedding is likely a contributing factor in disease progression (Kiesslich
et al., 2012; Nenci et al., 2007). In mice, the administration of TNF-a resulted in an increase
in epithelial permeability and barrier function, where mice deficient in IL-10, a residential
macrophage secreted cytokine, also resulted in increased permeability and occurrence of
spontaneous colitis, which could be alleviated by blocking of the zonulin receptor, thereby
reducing epithelial cell shedding (Kiesslich et al., 2007; Arrieta et al., 2009). Crucially, a lack
of epithelial barrier function in the steady state may lead to “leaking” of luminal contents
into the lamina propria, which then triggers the activation of the intestinal innate immune

system (Montalban-Arques et al., 2018).
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Figure 11: Intestinal epithelial shedding and the extrinsic/intrinsic pathway of apoptosis

A) Diagram summarising the process of epithelial cell shedding. a) The epithelial tight junctions are aligned and intact b) Basal adhesion proteins are
disjoined while cell-cell tight junction proteins remain intact. c) Tight junction proteins are redistributed and d) neighbouring cells are linked beneath the
shedding zone e) Tight junction proteins manoeuvre and direct the shedding zone out towards the lumen where f) the cell is shed into the lumen, while
neighbouring cells of the epithelium maintain their barrier function (Adapted from Williams et al., 2015). B) Diagram summarising the process of both
extrinsic and intrinsic apoptosis. The intrinsic pathway is commonly stimulated via stress, hypoxia or DNA damage which subsequently triggers the release
of procaspase-9 and caspase3. The extrinsic pathway is triggered by external stimuli, leading to the release of procaspase-8 and subsequent activation of

caspase-3 (Adapted from Jan and Chaudhry., 2019).
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1.4 The intestinal innate immune system:

The intestinal epithelium and pathogen recognition:

The large intestine is home to the largest microbiota population within the gastrointestinal
tract (Guarner and Malagelada., 2003). Here commensal bacteria aid the metabolism of
food and waste products. As only a single epithelial barrier offers protection to underlying
lamina propria, the epithelial cells are naturally in contact bacteria and foreign pathogens
which regularly breach the physical barrier leading to inflammation. For this reason, the
intestinal epithelium has evolved and developed protective mechanism to efficiently deal

with luminal insults within the steady-state and inflammation (Dietrich et al., 2018).

Following a breach and malfunctioning epithelial barrier function, several innate immune
cells including dendritic cells, macrophages and NK cells acts as the first responders and are
activated by luminal insults and damage associated molecular patterns (DAMPS). These are
detected by pattern recognition receptor patterns (PAMPS) on the immune cell surface,
consequently leading to the downstream activation of the adaptive immune response
(Magrone et al., 2013). The recognition of microorganism is mediated via a highly conserved
pattern recognition receptors (PRR) on the surface of the epithelium and immune cells,
which are able to recognise a number of bacterial signatures. Here ligand binding to the PRR
initiates a downstream signalling cascade and subsequent upregulation of pro-inflammatory
transcription genes. Such pathogen associated molecular patterns can also be recognised by
underlying antigen presenting cells such as macrophages and dendritic cells, where both act

as the first responders of the innate immune response (Wang et al., 2019).

Among the PRR family, twelve Toll-like receptors (TLR) have been identified where each is
able to respond to varying pathogenic ligands (Bilack B., 2006). Here, a TLRs such as
TLR1,2,4,5 and 6 can all recognise a number of microbial components on the cell surface
such as LPS, flagellin and di/tri-acyl tripeptides, whereas TLR3,7 and 9 recognise single,
double and CpG DNA strands (Takeda and Akira., 2005). During inflammatory bowel
diseases such as CD and UC, the innate immune response becomes dysfunctional and an
excessive immune response is triggered, subsequently leading to the influx of macrophages

commonly localised beneath the intestinal crypts. Due to the macrophage’s malleable
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nature, its exact functional role in both homeostasis and inflammatory conditions has not
been extensively studied. Intestinal tissue-resident macrophages have evolved and adapted
to the intestine’s microenvironment in order to cope with the increasing stimuli arising from

the commensal microbiota of the host (Mantovani et al., 2012).

Like its namesake suggests macrophages (Greek: macro=large, phage=eat), the recognition
of microbial antigen leads to the phagocytosis of the threat while simultaneously inducing a
pro-inflammatory and highly bactericidal response where homeostasis can be rapidly re-
established, however this response has been dampened in intestinal macrophages in order
to prevent an excessive immune response which could potentially cause chronic

inflammation (Hadis et al., 2011; PV Chang et al., 2014).

Similarly, to a select few intestinal epithelial cells, the intestinal innate immune system
relies on pathogen associated pattern receptors such as Toll-like receptors and NOD like
receptor in order to recognise commensal and pathogenic microbes (Allaire et al., 2018).
Intestinal macrophages in particular were shown to express Toll-like receptor 3-9 and
TREM2 among others, however expression of Myd88 and NOD2 were shown to be
downregulated, allowing tissue-resident macrophages to carry out phagocytic tasks inin a

hyporesponsive manner (Smythies et al., 2005; Roberts et al., 2001).

The Toll-like receptor 4 is predominantly active in macrophages and is essential for the
recognition of LPS and can utilise both the TRIF and Myd88 signalling cascade (Butcher et
al., 2018). Intracellularly, the stimulation of TLRs, leads to the activation of the canonical
adaptor protein MyD88, which leads to the downstream upregulation of the transcription
factor NF-kB and the induction of pro-inflammatory cytokines such as TNF-a and IL1-B
among others (Hooper et al. 2014). Myd88 dependent TLR recognition can also severely
affect mechanisms of phagocytosis in macrophages, where the ablation of TLR2 and 4
caused an impairment in the effective removal of Escherichia coli and Salmonella
typhimurim (Blander et al., 2014). Another PRR family are nucleotide-binding
oligomerisation domain-like receptor (NLR), where NOD1 and NOD?2 are localised within the
cytoplasm. Interestingly, the stimulation of both TLR and NOD enhances the phagocytic
activity of macrophages in vitro, while studies have shown that polymorphism in NOD2
protein expression are heavily linked with a high risk of Crohn’s disease (Hedl et al., 2007;

(Zhou et al., 2019).
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To understand how the function of the innate immune system in the large intestine may
differ during homeostasis versus injury, it is important to understand the ontogeny of innate
immune cells, specifically, the role of the most abundant colonic immune cell population,

the macrophage (Jones et al., 2018).

1.4.1 Monocyte education:
The origins of intestine-resident macrophages have long been debated. In the liver, heart
and lung, tissue-resident macrophages have been confirmed to migrate from the yolk-sac at

the embryonic stages and are maintained throughout adulthood in both mice and humans.

Initial studies have affirmed that haematopoietic stem cells, initially present within the
bone-marrow can differentiate into either common myeloid or common lymphoid
progenitors depending on the presence of various cytokines such as M-CSF,IL-6, IL-6 or IL-2,
IL-7 or IL-12, respectively (Seita and Weissmann., 2010). . Such myeloid progenitors are then
further differentiated into either erythrocytes, thrombocytes and crucially via the aid of
GM-CSF myeloblasts, where myeloblasts are finally capable of differentiating into basophils,
neutrophils, eosinophils or monocytes, where the presence of M-CSF is crucial for the
development of the monocyte phenotype (Lim et al., 2013). This process of differentiation is

summarised in Figure 1.12.

Elegant fate-mapping techniques applied by De Schepper et al, have identified a sub-
population of self-maintaining macrophages (gMac) which are derived from embryonic
precursors and are then placed in the underlying intestinal lamina propria. Interestingly
however following the depletion of such gMacs with diptheria-toxin the residential
population was re-established by bone-marrow derived macrophages instead (De Schepper
et al., 2018). Uniquely to the intestine, Bain et al’s studies have demonstrated that
circulating monocytes constitutively migrate into the intestinal mucosa where they are then
educated towards a mature macrophage phenotype (Bain et al., 2014). Indeed, Shaw et al
confirmed that both yolk-sac derived, and bone-marrow derived macrophages co-exist
within the lamina propria, however whether either sub-population’s functions differ in vivo

is yet to be determined (Shaw et al., 2018).

A study from Wolf et al, recently revealed the existence of two independent pathways of
monopoiesis in homeostasis. Monocytes can be derived from GMPs (granulocyte-

macrophage progenitor) where they give rise to pre-dominantly Ly6C+ and MHC2-
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monocytes or alternatively give rise to MHC+Ly6C+ monocyte via the MDP (monocyte-

dendritic cells) pathway, as shown in (Figure 1.12B) (Wolf et al., 2019).

The Ly6C is a cell surface marker has been acknowledged as a robust marker for circulatory
monocytes and MHC-2 were usually associated with antigen-presenting cells such as
macrophages and dendritic cells where their role was to bind to pathogenic antigen in order
to display them on the surface of the immune cells, later to be identified by T-cells,
subsequently initiating an appropriate immune response (Janeway et al., 2001; Desalegn et

al., 2019).

As mentioned above, the intestinal macrophage population is continuously replenished by
an influx of monocyte in homeostasis and a high abundance of intestinal macrophages
resides in the underlying lamina propria of the colonic epithelium where the play a number

of key roles required for the regulation of intestinal homeostasis (Bain et al., 2017).

Following 2-3 weeks after birth an influx of Ly6C+, CCR2+ monocytes cause a significant
increase in residential macrophage numbers (Wolf et al., 2019; Geismann et al., 2003). In
order for Ly6C+ blood circulating monocytes to enter the intestinal lamina propria, the
expression of the chemokine receptor, CCR2 is crucial for entry into the tissue. In CCR2
deficient mice, where monocytes were unable to enter the lamina propria (Serbina and
Palmer., 2006). Unlike other tissues in adult mice, it was noted that monocytes are not only
recruited to the intestinal mucosa during inflammation but are also constitutively migrating

towards the lamina propria, under homeostatic conditions (Bain et al., 2014).

The gradual education of monocytes towards a macrophage phenotype has been coined the
‘monocyte-waterfall’ pathway. Here CCR2"8", Ly6C"g", MHCII'®", CX3CR1'°" monocytes
gradually gain the cell surface marker MHCII and finally morph into F4/80"&", CD64"ish,
MHCIIPeh, CX3CR1"e" and Ly6C'°% macrophages (Tamoutounour et al., 2012). Due to the high
plasticity of macrophages, studies over the past two decades have demonstrated that only a
combination of cell surface markers allows the positive identification of murine

macrophages (Figure 1.14).

The expression of F4/80 was initially established to be a unique murine macrophage marker,
where studies have suggested that such cells were capable of TNF-a, IL-12 and IFN-y

production in response to microbial insults, however Mowatt’s work later also confirmed
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that mucosal eosinophils also express Cd11+ and F4/80 markers in vivo thus requiring
further cell surface marker characterisation. (Warschkau and Kiderlen., 1999; Mowatt and

Bain., 2011).

As both dendritic cells and macrophages are considered antigen presenting cells (APC)
where they may share similar functional roles, studies needed to distinguish between either
population. Work from Tamoutonour et al, has shown that the Fcy receptor CD64 is only
expressed in intestinal macrophages but not dendritic cells (Tamoutonour et al., 2012; Bain
et al., 2013). Another commonly expressed macrophage marker is the fractalkine receptor,
CX3CR1. As reviewed by Regoli et al., CX3CR1 expressing macrophages are involved in
functions ranging from gut antigen sampling to wound repair and were most importantly
shown to be highly phagocytic (Regoli et al., 2017; Burgess et al., 2019). Surprisingly it was
found that CX3CR1 positive cells have a short half-life of 3 weeks after which they’ll need to

be replenished by blood monocytes (Jaensson et al., 2008).

Conclusively, the combination of the aforementioned markers can then be used to
positively identify a macrophage population both in vivo and in vitro. (Zigmond et al.2012;

Bogunovic et al. 2009; Bain et al., 2018).

The differentiation from a haematopoietic stem cell towards a monocyte and subsequent
macrophage phenotype in a steady state heavily depends on the environmental presence of
the macrophage colony stimulating factor (M-CSF) (Figure 1.12A) (Pixley J., 2012). Very early
research has shown that macrophages are able to form colonies in the presence of CSF-
1/M-CSF (Stanley et al., 1978; Guilbert >and Stanley., 1980). Although HSC (hamatopoietic
stem cells) express low levels of M-CSF, increased levels are found in both monocytes and
macrophages. Here M-CSF, a myeloid cytokine can directly up-regulate the PU.1
transcription factor and initiate a myeloid cell development within HSCs (Mossadegh-Keller
et al., 2013). M-CSF stimulation leads to the phosphorylation of tyrosine residues and
activation of the MAPK pathway which subsequently activate the p38 pathway, commonly
associated with the production of pro-inflammatory cytokines such as IL-1B, TNF-a and IL-6

(Zarubin et al., 2005; Lloberas et al., 2016; Gobert-Gosse et al., 2005).

The central role of M-CSF in macrophage differentiation was highlighted by a number of
studies in which the depletion of the csfrl gene in mice led to a deficiency in macrophage

numbers. Similarly, direct blocking of anti-CSF1R also led to the complete ablation of tissue-
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resident macrophages in vivo (Dai et al., 2002; MacDonald et al., 2010). Intriguingly, further
research by Sehgal et al, has shown that M-CSF null mice and anti-CSFR antibody showed a
reduction in macrophage numbers but also reduced Paneth and Lgr5+ intestinal stem cell

numbers (Sehgal et al., 2018; Na et al., 2019).

While monocyte to macrophage differentiation relies on the presence of various cytokines
and chemokines, the macrophage phenotype and function can also be significantly altered
by lamina-propria derived cells and their secretory products as revealed in the upcoming

section (Mills et al., 2000; Italiani and Boraschi., 2014).
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Figure 1.12: The process of monocyte differentiation in the bone-marrow
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derived from granulocyte-macrophage progenitors (GMPS) shown in red or via the monocyte-dendritic cell (MDP) pathway, shown in blue (Adapted from

Wolf et al., 2019).
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macrophage phenotype. In vivo, Ly6C+, MHC2-, CX3CR1-low monocytes arrive in the lamina propria

where they gradually gain the macrophage markers MHC2+, CX3CR1, CD64 while losing CCR2 and

LY6C expression in mice (Bain and Schridde., 2018).
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Figure highlighting the differential markers expressed in intestinal tissue-resident monocytes and

macrophages, where expression of Ly6C is increasingly downregulated, while marker expression of

F4/80, MHC2, CX3CR1, CD14 and CD11c is increased (Adapted from Bain et al., 2012).
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1.4.2 Macrophage activation and the M1 and M2 paradigm

In 2000, Mills et al, have made the observation that macrophages respond differentially to
stimuli from either Th1 or Th2 cells (Mills et al., 2000). Whereas Th1 cells stimulated a pro-
inflammatory cytokine response in which production of IFN-y, TNF-a is upregulated, the Th2
cells induce the upregulated secretion of IL-4 and II-13 (Berger A., 2000). Mill’s work
demonstrated that mice with a Th1 cytokine profile were more likely to produce
macrophages producing nitric oxide (NO) in comparison to Th2 strains, where arginine was
metabolised to produce ornithine instead. These two differing macrophage subtypes have
been coined as inflammatory M1 and homeostatic M2 macrophages (Mills et al., 2000).
Furthermore, following its activation, both M1 and M2 macrophages were also shown to
respond differentially to LPS stimulation, where M2 macrophages continually produce

ornithine while M1 macrophages do not (Figure 1.15) (Mills et al., 1991).

The functions of both M1 and M2 macrophages have been shown to differ significantly
(Orecchioni et al., 2019). Following activation via Th1 derived secretory factors (IFN-y), M1
macrophages produce inflammatory cytokines such as TNF-a, IL-1B, IL-6 and nitric oxide in a
bid to rapidly alleviate acute inflammation (Figure 1.16). (Martinez et al., 2006). IFN-y the
main cytokine associated with M1 activation as it is recognised as the major Th1 cytokine
product (Mantovani et al., 2004). Expression of IFN-g then triggers the downstream
activation of Jak1/2 which activate STAT1 leading to an increase of cell adhesion molecules
and upregulation of cytokine receptor expression of IL6R, IL2RA among others in human

(Martinez et al., 2006).

The Toll-like receptor 4 (TLR4) was shown to recognise LPS stimulation, leading to the
activation of Myd88 and consequently upregulating production of TNF-a, IL-6 and IL-13 and
MHC2. (Takeda and Akira., 2004). Notably by way of upregulated Traf2 and Tnfaip3I
expression, M1 activated macrophages and can also induce the release of inflammatory
cytokines via the activation of transcription factor Nf-kb in response to LPS and IFN to
regulate the innate immune response (Jin et al., 2015). In contrast M2 macrophages driven
by Th2-derived secretory factors trough STAT6 activation (IL-13, IL-4), exhibit anti-

inflammatory properties, thus producing IL-10 and TGF-f.

The cytokines, IL-4 and IL-13 are the main secretory products of Th2 cells, binding to IL-4

leads to the activation of the Jakl and Jak3 further causing the activation of STAT6

58



(Martinez et al., 2013; Lian et al., 2012). Although IL-4 knockout mice did not show any
macrophage depletion, tissue-resident macrophages were unable to respond and

apprehend parasitic infections effectively (Van Dyken et al., 2013).

The C-type Mannose receptor (CD206) was shown to be upregulated in M2 macrophages
and tissue resident macrophage where it’s postulated to increase the phagocytic capacity in
vivo (P.J Murray et al, 2014). The phagocytosis of apoptotic cells and cell debris can then
enhance the anti-inflammatory functions of the M2 macrophages by inducing increased IL-
10 production (Piraghai et al., 2018). Although M1 macrophages mediate the early
inflammatory response, they can undergo phenotypical changes over time to assist wound
healing, these macrophages closely resemble the M2 macrophage characteristics (Das et al.,

2015).

Over the years, several studies have attempted to understand the functional roles both M1
and M2 macrophages play in an in vivo environment where they have revealed some of
their differential effects in the steady state versus inflammation (Ginhoux & Jung., 2014;

Mantovani et al., 2013).
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Figure 1.15:Immune-cell response in intestinal tissue homeostasis and inflammation

Diagram showing the presence of intestinal macrophages in in A) intestinal homeostasis B) bacteria-induced inflammation and C) parasite-induced
inflammation, here CX3CR1+ macrophages are present during homeostasis, M1 macrophages are activated by the presence of Thl-mediated secretion of

IFN-y and the presence of Th-2 cells during parasitic infections results in the recruitment of M2 macrophages.
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Figure 1.16: The ‘pro-inflammatory’ M1 and ‘anti-inflammatory’ M2 macrophage phenotype

Summary diagram highlighting the differences in secretory products and functions of both

M1 and M2 macrophages (Adapted from Hesketh et al., 2017).



1.4.3 Macrophages in intestinal inflammation and disease

Intestinal homeostasis heavily relies on the presence of intestinal macrophages; thus its
dysregulation can result in the loss of tolerance towards commensal bacteria, consequently
causing inflammation in the underlying mucosa. The cause of chronic inflammation is
commonly initiated by the failure to resolve acute inflammation within the tissue, likely due
to a dysregulated mechanism within the innate and adaptative immune response. During
inflammatory bowel diseases such as Crohn’s disease and ulcerative colitis an aberrant
influx of macrophages is found within the intestinal mucosa and increased lesion severity in

patients is linked to an increasing macrophage presence (Cammarota et al., 2010).

As previously mentioned, macrophages can be easily influenced by the environmental cues
within the lamina propria. Naturally, the injury induced dysregulation of the lamina propria
also affects the function of residential and newly recruited macrophages. Initially,
inflammation causes an influx of monocytes towards the site of injury. Similarly, to the
steady state, the chemoattractant CCR2 plays an essential role in the recruitment of
monocytes into the tissue and is also upregulated during inflammation. Failure to enter the
lamina propria exacerbates the effects of colitis in CCR2 depleted mice in vivo (Platt et al.,
2010). Whereas CX3CR1+ macrophages maintain their tolerance for microbial pathogens
and continually produce anti-inflammatory cytokines such as IL-10, newly extravasated
monocytes were shown induce the secretion of pro-inflammatory cytokines such as IL-1
and TNF-a as well as iNOS. Furthermore, the ‘inflammatory’ CX3CR1™ monocytes
outnumber residential CX3CR1 macrophages by 10:1. Due to its bactericidal and
inflammatory nature, these CCR2+, CX3CR1™ are also thought to drive inflammation.
Microarray analysis of the CX3CR1™Ly6CMe" macrophages have shown that the PRR
signalling pathways NOD1,2 and TLR2 were upregulated in response to LPS stimulation
resulting in the production of the inflammatory cytokine IL-6 in vivo With time, such pro-
inflammatory monocytes differentiate into MHC2"e&", CD11cM&" cells with the ability to

induce a naive T-cell response (Zigmond et al., 2012).

A number of studies have delineated some of the environmental cues that can affect the
macrophage function and phenotype over the years. The anti-inflammatory cytokine plays

an important role in regulating the intestinal immune response and are essential in
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macrophage regulation. This was demonstrated by Zigmond et al in 2014, where the
knockout of IL-10 in in vivo mice induced spontaneous colitis (Zigmond et al., 2014). Later
work also showed that the absence of IL-10 led to decreased mitochondrial damage and
dysregulation of PRR recognition, subsequently leading to the increased expression of the

inflammatory cytokine IL-1B, which is also upregulated in IBD (Ip et al., 2017).

Similarly, TGF-B is another anti-inflammatory cytokine which is pre-dominantly produced by
residential M2-like macrophages and is considered to be an immunosuppressant (Zizzo et
al., 2012). Furthermore, Schridde et al work also suggests can regulate macrophage
numbers by dampening the expression of monocytes via the inhibition of CCL8 in colonic
macrophages and depletion of the TGF-B receptor reduces the production of both TNF and
IL-10 (Schridde et al., 2017).

1.4.4 Macrophages role in tissue repair

The macrophage localised early on in inflammation are functionally distinct compared to
those present during tissue resolution. Initial injury to the tissue is often resolved by the
influx of granulocytes such as neutrophils and mononuclear phagocytes. The mechanism of
granulocyte recruitment relies on the release of chemoattractant by platelets. Incoming
neutrophils then produce reactive oxygen species and proteases. Crucially, following the
end of its assignment, the neutrophils then apoptose and release ‘find-me’ and ‘eat-me’
signals which are recognised by the newly arrived macrophages. As an inflammatory setting
generates a M1 macrophage phenotype, the efferocytosis of apoptotic neutrophils results in
switch towards the M2-like phenotype which can then aid epithelial wound repair (Martinez
and Gordon, 2014). However, in chronic inflammation, this process is impaired and M1
macrophages remain in their pro-inflammatory state, where consequently inflammatory
cytokine expression such as TNF, IL-1B and iNOS remain further damaging the tissue

(Hesketh et al., 2017).
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A number of mediating factors have been recognised, which can influence the tissue repair
in vivo. Whereas more M1 macrophages are present in the early inflammatory phase, M2
macrophages are predominantly present in the latter stages of wound repair (Daley et al.,

2009).

In the colon, IL-1 expression was shown to play a role in mediating inflammation. Here the
IL-1 precursor mainly expressed by intestinal epithelial cells expressed in the steady state
and is translocated to the nucleus following inflammatory stimuli, the secretion of which
then leads to the recruitment of neutrophils. Juxtaposing this, the myeloid-cell derived IL-13
expression was observed in the latter stages of wound repair, where it is able to promote
vascularisation, IL-1B deficiency can lead to impaired repair, increased colon permeability
and crypt proliferation in DSS induced mice in vivo (Bersudsky et al., 2013; McEntee et al.,
2019). As Wilkinson et al have highlighted, iron may also play a regulatory role in the
polarisation of M1 macrophages towards a homeostatic M2 macrophage state, which are
able to aid the latter stages of wound healing. This was also confirmed in another study
where, iron loading led to an increase in pro-inflammatory M1-like expression in vitro.

(Wilkinson et al. 2019).

The metabolism of iron also differs in M1 macrophages compared to its M2 counterpart. M1
macrophage store iron intracellularly via ferritin, whereas M2 macrophage release iron
extracellularly via ferroportin. This correlates with findings in chronically inflamed intestinal
tissue where iron loaded M1 macrophages were present (Sindrilaru et al., 2011). Recently,
the collagen triple helix repeat containing 1 protein (CTHRC1) was also shown to aid wound
repair in the epidermis of mice. The presence of CTHRC1 resulted in an increase of M2
macrophages and was shown to involve the Notch pathway, where the inhibition of Notch
led to the decreased M2 macrophage presence in epidermal cell lines in vitro (Qin et al.,

2019; Xia et al., 2021).

Several studies have identified TGF- as another factor required for progressive wound
repair. This was shown previously where germ-free mice deficient in TGF-f1 a number of
inflammatory colonic lesions were found (Shull et al., 1992). In skin wound experiments,
where macrophages were depleted, a decreased in TGF- and VEGF was also found (Lucas
et al., 2010). TGF-B expression was also high in IBD patients, likely in order to counteract

inflammation within the tissue (lhara et al., 2017). Notably, in CX3CR1 knockout wound
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healing was also impaired and resulted in a decrease in TGF-B, thus indicating macrophage

derived TGF-B play a role in aiding tissue repair (Ishida et al. 2008).

In a tumorigenic environment, tumour associated macrophages produce large amounts of
TGF-B in order to support tumour growth and metastasis. Zhang et al, later revealed that
TGF-B is also essential for the polarisation of M2 macrophages via the transcription SNAIL

while suppressing the M1 phenotype in vitro (Zhang et al., 2016).

1.4.5 Luminal sampling of macrophages

Seminal work in 2004, has shown that CX3CR1+ macrophages are able to sample luminal
antigens by extending processes between epithelial cells (Chieppa et al., 2006; Rescigno et
al., 2008). The presence of such mucosal-sampling macrophages is heavily CX3CR1
dependent as its removal can lead to decrease in mucosal macrophages (Medina-Contreras
et al., 2011). Within the steady-state of the mucosa, macrophages can be exposed to a
number of stimuli, which cause the release of cytokines such as TNF-q, IL-6 and IL-10 among
others. (Duque et al., 2014). Intestinal macrophages also play a role in the differentiation of
CD4+ T cells into FoxP3+ regulatory T-cells, where the number of intestinal macrophages
were proportional to Treg numbers (Denning et al., 2007; Denning et al., 2011). Here,
macrophage mediated IL-10 secretion is essential for the maintenance of FoxP3+ T-cell
expression where IL-10 knockout in mice led to spontaneous inflammation (Murai et al.,
2009). As mentioned previously, dendritic cells were able to process IgGA samples from the
luminal side via goblet cells, in a similar fashion CX3CR1+ macrophages have also been
shown to send out protrusion into the lumen in order to capture antigen samples (Chieppa

et al., 2006), highlighting the important role of APC’s within the intestinal tissue.

1.4.6 Intestinal epithelial pathogen recognition:
Like immune cells, intestinal epithelial cells are also able to sense microbial pattern via the
help of TLRs and NLRs (Ronald and Beutler., 2010). Among those, TLR4 was shown to play a

particularly essential role in mediating an epithelial-derived immune response.

Bacterial components such as LPS and flagellin can bind to TLR4, which then induces the
expression of CXCL1, a chemoattracts subsequently recruiting antigen-presenting
macrophages and dendritic cells towards the crypt base (Brandl et al., 2010). Furthermore,
TLR4 was also shwown to induce proliferation within human intestinal cells via EGF ligand

(Hsu et al., 2010, Brand et al., 2010).
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The nucleotide-binding oligomerisation domain-like receptor (NLR) is another PAMP which
activates downstream signalling of NF-kB via NOD1 and NOD2 and activates an
inflammatory signalling pathway (Alam et al., 2013). The importance of NOD1 and NOD2 in
regulating the intestinal immune response was evident in depletion experiments where an
increased susceptibility to TNBS-induced colitis was found due to the increasing build-up of
bacterial burden in vivo (Sidig et al., 2016). Furthermore, nod-like receptors (NLRs) also
participate in the clearance of parasites via the secretion of IL-25 which promotes the

adaptive immune response by activating Th2 cells (Burgueno and Abreu., 2020).

The role MyD88 plays in regulating an innate immune response was widely studied.
Interestingly, Skoczek et al’s work with MyD88 deficient mice showed that unlike wild-type
mice, exposure to LPS showed no increases in epithelial proliferation. Similarly, other
studies have highlighted the importance of Myd88 in which its deficiency impaired epithelial
repair (Pull et al., 2005; Rakoff-Nahdum et al., 2004).

While the innate immune system is considered the first responder to acute inflammatory
infection and damage, the intestine also relies on a secondary immune response, the
adaptive immune system, to ensure that repetitive threats from a reoccurring pathogen are

rapidly and efficiently eliminated (Spencer and Solid., 2016).
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1.5 Adaptive immunity:

The intestinal innate immune system works in close association with the adaptive immune
system which mounts a rapid and more pathogen-specific secondary immune response
upon recognition of previously encountered pathogens. Here, the two major players of the

adaptive immune system are T-cell and B-cell lymphocyte cell lineages (Choy et al., 2017).

The adaptive immune system is initiated by nearby antigen-presenting cells (APC), including
macrophages and dendritic cells, which present the previously engulfed and processed
foreign antigen towards the T cells. In some instances, CX3CR1+ macrophages are also able
to transfer to dendritic cells which due to their ability to translocate to the interfollicular

zone can prime T-cells (Mazzini et al., 2014).

T-helper cells play an essential role in activating other cells within the immune system and
thereby indirectly regulate B-cell specific antibody secretion. Early work from Boom and
colleagues in 1988, have identified the presence of distinct CD4+ T-cell lineages, where a
Th1 cell response was induced by the presence of pathogenic bacteria and Th2 cells were
present during parasitic infections (Boom et al., 1988). Later studies then also confirmed the
presence of IL-17-producing Th17 cells. (Ilvanov et al., 2008). Both, Th1 and Th2, subsets
could also be differentiated via their secretory products, were Th1 cells produced IFN-y and
IL-2 whereas Th2 cells largely produced anti-inflammatory cytokines such as IL-4 and IL-13
and IL-10 (Szabo et al., 2000; Bonechhi et al., 1998). Dysregulation in the T-cell response can
lead to chronic inflammatory bowel disease. Early work from Neurath et al, suggested that
IFN-y deficient mice, alleviated the symptoms of CD in vivo, possibly highlighting the role
Th1-cells play in disease progression (Neurath et al., 2002). However, this is in stark contrast
to UC patients, where Th2 cells were present and IFN-y expression was not elevated
(Romagnani S.,1999). In the presence of such activated T cells, naive B-cells differentiate
into IgGA+ B-cells, where the production of IgGA aids as a protective barrier between the

commensal bacteria and the epithelium (Cerutti A., 2008 Gutzeit et al., 2014).

During intestinal homeostasis, regulatory T cells are commonly presented in the lamina
propria, where they can suppress inflammation and maintain tolerance against commensal
bacteria via the production of IL-10 and TGF-B (Cosovanu and Neuman., 2020). In the steady
state, CD11b+ macrophages ensure FoxP3+ T-reg cells are persisent in the mucosa via the

secretion of IL-10 (Murai et al., 2009). This in turn prompts FoxP3+ T-reg cells to inhibit the
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production of pro-inflammatory cytokines (Tiemessen et al., 2007; Okeke and Uzonna.,
2019). Additionally. FoxP3+ Treg cells also contribute to bacterial clearance where its
secretion of IL-13, triggers an increase in phagocytic activity in macrophages (Proto et al.,

2018).

Overall, in vivo studies highlighted in the previous sections have shown that intestinal
macrophages can significantly affect intestinal tissue repair and the resolution of
inflammation during homeostasis and inflammation, however it is currently not known
whether differential macrophage phenotypes such as the M1 or M2 macrophage population

contribute towards the pathogenesis of inflammatory bowel disease (Lissner et al., 2015).

1.6 Inflammatory bowel disease and Intestinal Inflammation

Chronic inflammation is defined as the inability for a tissue to resolve acute inflammation.
Inflammatory bowel disease (IBD) is the chronic inflammatory disorder of the
gastrointestinal tract, where Crohn’s disease (CD) and ulcerative colitis (UC) are the two

most prevalent form of the disease (Zhang and Li., 2014).

In the UK, over 250,000 people are diagnosed with IBD each year, while over 1.5 million
incidences have been reported in North America alone and although prevalence is generally
high in western countries, its occurrence has also significantly increased in Asia and Africa,
possibly due to an increase in urbanisation (Pasvol et al., 2020; Ahuja et al., 2010). The
prevalence of UC is higher in the general population, regardless of geography, whereas CD is

more common in children (Kugathasan and Cohen et al., 2008).

Although Crohn’s disease shares some pathogenic features with ulcerative colitis some
distinct differences exist. Whereas inflammation in CD can affect any region of the bowel
including the colon, UC is restricted to the colorectum, where it most commonly affects the
rectal mucosa and spreads towards the proximal regions of the colon. Crucially, UC only
affect the innermost layers of the colon, while CD can affect all regions of the bowel

(Dignass et al., 2012; Mehdizadeh et al., 2008).

Currently, only smoking cigarettes and appendectomies are clearly linked to an increased
susceptibility to IBD. However, over time, a combination of factors have shown to increase
the patients susceptibility to UC and CD including alterations in the patients microbiome,

genetic factors, alteration in epithelial barrier function and immune response (Ramos and
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Papadkis., 2020). For example, 5-10% of all IBD patients have affected family members,
while genetic linkage and association studies have identified several mutations and risk loci
which can contribute to disease progression (Binder et al., 1998; Liu et al., 2015). In total, 53
gene loci have been identified, in which 23 and 30 loci are specific to UC and CD,
respectively. Early research has found that the mutations in the NOD2 gene are crucial for
the regulation of the T-cell response. NOD2 is an intracellular sensor of MDPs and defects in
NOD2 expression can severely affect microbial sensing and defective processing of bacteria
(Nabhani et al., 2017). Triggering NOD2 results in the activation of the downstream target
NF-kB, thereby inducing the secretion of TNF-a and IL-1f, which directly contribute to
epithelial injury. The gene loci’s NOD2 and PTPN2 are both strongly linked with Crohn’s
disease, however the opposite was true for UC, where both genes exhibit a protective
function (Sabbah et al., 2009; Franke et al., 2010). Furthermore, IBD was also associated
with IL23R, JAK2 and STAT3 gene, where genetic mutations could directly affect the
recruitment of pro-inflammatory Th17 cells (Anderson et al.,2011; Brand et al., 2009).
Interestingly, such susceptibility loci have also been shown to be linked with the regulation
of macrophage differentiation (Baille et al., 2017). Other risk loci such as ECM1, HNF4A,
CDH1 and LAMBI1 have also been associated with an impaired epithelial barrier function,

which is often compromised in IBD (Jostins et al., 2012; Beaudoin et al., 2013).

As the intestine is colonised by a microbiome which co-exist in a symbiotic relationship,
changes in the microbiome diversity can also contribute to IBD pathogenesis (Khosravi et al.,
2014). Significantly, in the small intestine, the diversity of Bacteriodetes and Firmicutes
phyla was reduced where such abnormalities could reportedly be mended by the

administration of biological agents, (Vanderploeg et al., 2010; Swidsinski et al., 2002).

In homeostasis, the mucous layer is around 700um thick, largely composed of Muc-2, on the
surface of the epithelium and can undergo hydration, mix with 1gG and other antimicrobial
peptides to reduces the likelihood of microbe-epithelial contact (Johansson et al., 2014;
Johansson and Hanson., 2013).However in chronic inflammatory diseases, the inner
mucosal layers are often defective in patients with IBD, partly caused by the reduced
presence of goblet cells within the epithelia, which in turn further irritates the colonic tissue

(Gersemann et al., 2009).
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In the steady state, following acute injury commonly initiated by a breach in the epithelium,
neutrophils are recruited to the site of inflammation and are later removed by incoming
macrophages via phagocytosis in a hyporesponsive manner, however under chronic
conditions, neutrophils survival is upregulated and exacerbate inflammation through the
release of various pro-inflammatory cytokines, causing further tissue damage as

phagocytosis by macrophages of the neutrophil population is prevented (Park et al., 2016).

In the inflamed colon of patients with IBD, CD14+ monocyte migration to the lamina propria
is increased, consequently lading to the differentiation and accumulation of CD11c+ pro-
inflammatory macrophages (Kamada et al., 2008; Ogino et al., 2013). Furthermore,
macrophages in IBD patients also displayed the ability to induce an abnormally high
expansion of inflammatory Th17 cells, where their production of pro-inflammatory
cytokines such as IL-17, TNF-a among others, escalate inflammation, indirectly causing
further tissue damage (Ogino et al., 2013; Tesmer et al., 2008). When CD68+ (a phagocytic
marker) macrophage numbers in IBD patients were analysed, it was found that large
segments within the inflamed tissue contained lower or no CD68+ macrophages, the lack of
macrophage presence within the inflamed tissue thereby highlighting the importance this

cell population plays in the resolution of inflammation (Rubio and Schmidt., 2018).

Interestingly, Chapuy et al., showed that the frequency of immature inflammatory
macrophages present in the colonic mucosa of IBD patients is significantly higher compared
to the steady state while GM-CSF, a crucial factor required for the differentiation and
maturation of macrophages is also unregulated during IBD (Lacey et al., 2012). A few
studies have established that macrophage numbers are increased in the lamina propria in
IBD patients, where an upregulation in human cell surface markers CD40, CD14 and TREM1
was recognised (Steinbach and Plevy., 2014). Furthermore, secretory cytokine production of
IL-12, IL-6, IL-8 and TNF-a were also observed when compared to healthy tissue, highlighting
the inflammatory role macrophages play in IBD pathogenesis (Dinarello et al., 2009; Hart et

al., 2005; Baumgart et al., 2009).

In vivo studies have also shown the differential effects cytokines can play in UC and CD. For
example, UC lesions produced increased amount of IL-5 and normal amounts of IFN-y, while

normal amounts of IFN-y were produced in CD (Fuss et al., 1996). Interestingly, the Th2 cell
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response was not increased in CD, however, an increase in both Th2 and Th17 was noted in

UC. Furthermore, increased levels of IL-13 were also noted in UC models (Heller et al.,2002).

For patients with mild or ulcerative colitis, 5-aminosalicyclic acid is commonly utilised
treatment method (Lim et al., 2016). If the patient is unresponsive to oral or rectal 5-
aminosalicyclic acid treatment, corticosteroids such as hydrocortisone and budesonide
(Scholmerich et al., 2004). Patients with severe ulcerative colitis can be treated with anti-
TNFa (tumor necrosis factor a) monoclonal antibody treatment (Rutgeerts et al., 2005;
Seyedian et al., 2018). Following 5 weeks of Anti-TNF therapy in IBD patients, Dige and
colleagues noted a significant reduction in immature “inflammatory’ macrophage numbers
in IBD patients, while work from Vos et al, confirmed that mature “homeostatic”
macrophage numbers increased after 4 weeks of anti-TNF therapy (Dige et al., 2016; Vos et
al., 2012).Although, anti-TNF therapies have improved patient outcomes over the last
decade, a significant number of patients are non-responsive or intolerant to the drugs
described above and the need for more effective therapeutic targets remains (Chudy-

Onwugaje et al., 2018).

To understand how the molecular mechanisms and signalling pathways may differ in
inflammatory bowel disease compared to homeostasis, researchers have utilised in vitro
experimental models for almost a decade, where the models are constantly evolving to

mimic the in vivo setting more closely (Lyapun et al., 2019).
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1.7 Intestinal organoid culture models

The current multi-hit IBD model suggests that several causative factors highlighted above
can accrue to contribute towards the disease progression of IBD patients and as a number
of variables are present within an in vivo model, it becomes difficult to study the molecular
signalling interactions between individual cell populations within the colonic tissue. For this
reason, in vitro models have and are currently being utilised to further understand crosstalk
between lamina propria-resident cells and the intestinal epithelium (lhara et al., 2018; Brazil

et al.,, 2019).

Since more than two decades, 2D cell culture has been utilised to understand a cells basic
physiological function in health and disease, where immortal cell lines are commonly grown
as a monolayer onto a culture dish/flask (Kapalczynska et al., 2016). As it inexpensive and
requires relatively low maintenance it allows for easily accessible gene manipulation, a
technique which remains relevant to this day (Almeqdadi et al., 2019). For example, work
from Al-Ghadban and colleagues were able to study interactions between macrophages and
the intestinal epithelium within a 2D co-culture model however such culture models often
only vaguely mimic the in vivo environment (Jensen and Teng., 2020; Al-Ghadban et al.,
2015). However, there are some limitations to such culture systems, as the cell morphology
and metabolism, of cell’s cultured onto a 2D monolayer do not accurately mimic the
function observed in vitro (Duval et al., 2017). To counter this, over the last decade, the
development and utilisation of 3D culture models has increased exponentially and have
allowed researchers to better understand a cell’s morphology, cell migration, drug delivery
and epithelial-immune cell crosstalk in vitro (Jensen and Teng., 2020). In particular, to study
interactions in complex tissues such as the colonic mucosa, new models are being
developed in order to study intestinal epithelial renewal while more closely resembling the

mucosal environment (Sachs et al., 2017).

In 2009, seminal work from Sato and colleagues were able to utilise Lg5+ stem cells to
culture self-renewing human small intestinal and colonic organoids (Sato et al., 2009; Sato
et al., 2011). Previous attempts to culture organoids to study Lgr5+ stem cells using a 2D
monolayer were unsuccessful, thus scaffolding-based organoid models were developed

(Sugimoto and Sato et al., 2017).
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Scaffolds are synthetic 3D structures commonly composed of several materials which offer
cells in culture the structural support which resemble the in vivo microenvironment. Both
synthetic and biological scaffolding have been utilised in 3D culture (Duval et al., 2017).
Here the structural integrity of a synthetic manufactured, polymer-based hydrogels can be
optimised and tailored to suit a specific experimental model, while biological scaffolds such
as Matrigel provide a physiologically more accurate environment for the culture of intestinal
organoids due to the presence of hormones and other molecules required for cell-ECM
interaction (Fang and Eglen., 2017). Table 1, highlights the differences between 2D and 3D
cell cultures. New emerging and advances in organoid culture are further discussed later in

this study in Chapter 7.

In 2014, Skoczek and colleagues have established an isolation method, in which intact, fully
functioning and heterogenous colonic crypt populations were liberated from the colonic
tissue and co-cultured with inflammatory monocytes to extensively study epithelial-immune
cell crosstalk in vitro (Skoczek et al., 2014). This model was adapted for this study to include
to study the renewal of colonic crypts when cultured with macrophages in an 3D in vitro

organoid culture model.
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Type of culture

2D

3D

Time of culture
formation

Within minutes to a few hours

From a few hours to a few days

Culture quality

High performance, reproducibility,
long-term culture, easy to interpret,
simplicity of culture

Worse performance and reproducibility,
difficult to interpret, cultures more
difficult to carry out

In vivo imitation

Do not mimic the natural structure
of the tissue or tumour mass

In vivo tissues and organs are in 3D
form

Cells
interactions

Deprived of cell-cell and cell-
extracellular environment interactions,
no in vivo-like microenvironment and
no “niches”

Proper interactions of cell-cell and
cell-extracellular environment,
environmental “niches” are created

Characteristics
of cells

Changed morphology and way of
divisions; loss of diverse phenotype

Preserved morphology and way of
divisions, diverse phenotype and

and polarity polarity
Access to Unlimited access to oxygen, nutrients, Variable access to oxygen, nutrients,
essential metabolites and signalling molecules metabolites and signalling molecules
compounds (in contrast to in vivo) (same as in vivo)
Molecular Changes in gene expression, mRNA Expression of genes, splicing, topology
mechanisms splicing, topology and biochemistry and biochemistry of cells as in vivo

of cells

Cost of Cheap, commercially available tests and More expensive, more time-consuming,
maintaining the media fewer commercially available tests
a culture

Figure 1.17: 2D vs 3D in vitro cell culture model

Summary diagram highlighting the distinct differences of 2D and 3D in vitro cell culture

(Adapted from Kapalczynska et al., 2016).
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1.8 Rationale

Previously, Skoczek et al. has shown that immune cells of monocyte-macrophage lineage
work in concert with gut epithelial stem cells to maintain gut homeostasis. Furthermore,
unpublished work from the Sobolewski lab has demonstrated that inflammatory monocytes
are able to cause a significant increase in crypt cell proliferation and increase in the number
of stem cells, when compared to the homeostatic setting. The molecular and cellular
mechanisms by which the epithelial stem cell niche is modulated by monocyte-macrophage

cells during inflammation is largely unknown.

Monocytes and macrophages arise from a common precursor in the bone marrow and are
recruited to the lamina propria where they undergo a four-step differentiation process to
become tissue resident homeostatic macrophages; a process called the Monocyte Waterfall
Pathway. During inflammation, this differentiation pathway cannot be completed, and the

phenotype of monocytes becomes halted at an early ‘inflammatory’ stage.

Hallmarks of inflammatory bowel disease (IBD) include increase in the number of these
monocyte-macrophage lineage cells in the gut mucosa; compromised epithelial barrier
function, which results in direct contact of microbes with mucosal immune cells and the
basal surface of the crypt epithelial stem cell niche; and an increase in crypt cell
proliferation. Notably, patients with IBD have an increased risk of colon cancer, which is
likely due to an altered inflammatory microenvironment that increases epithelial
proliferation and the risk of acquiring mutations. Taken together previous findings suggest
that the epithelial stem cell response to inflammation could be critical to whether,

remission/resolution or chronic inflammation (or tumour progression) ensues.

A reductionist in vitro co-culture system was developed to help determine how
macrophages affect the crypt epithelial renewal during inflammation, particularly the
proliferation and differentiation of cells contained within the epithelium such a stem,

goblet, tuft, enteroendocrine cells and enterocytes.
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1.9

Hypothesis

Naive, inflammatory (M1) and homeostatic (M2) macrophages differentially regulate colonic

crypt renewal in vitro

1.10 Aims

1.

To develop and characterise an in vitro macrophage-crypt co-culture model to
compare pro and anti-inflammatory macrophages on crypt cell growth and

differentiation

To determine whether Naive, M1 or M2 macrophages regulate colonic crypt cell

proliferation

To determine whether Naive, M1 or M2 macrophages regulate colonic crypt cell

differentiation

Characterise the physical interactions between the colonic crypt epithelium and

Naive, M1 and M2 macrophage in vitro co-culture
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Chapter 2: Materials and Methods

2.1 Laboratory Consumables

2.1.1 Chemicals and reagents

Chemical and reagent

Source

100% Methanol

Advanced DMEM/F12
Ammonium Chloride (NH4Cl,)
B27- supplement

Bovine Serum Albumin
Cytocentrifuge filter paper
D-glucose

DAPT, y-secretase inhibtor
Dimethyl sulfoxide (DMSO)
Disodium phosphate (Na2HPO4)
Donkey Serum

DTT 1,4-Dithriothreitol

EDTA

EdU Click-iT Reaction kit

Ethanol

Gluta-Max

Growth-Factor Reduced Matrigel

Heat-Inactivated Fetal Bovine Serum

Fisher-Scientific
Thermo-Fisher, Gibco
Fisher-scientific
Thermo-Fisher, Gibco
Sigma-Aldrich
Thermo Shandon
Fisher-Scientific
TOCRIS
Sigma-Aldrich
Fisher-Scientific
Sigma-Aldrich
Formedium
Fisher-Scientific
Thermo-Fisher
Honeywell, VWR
Thermo-Fisher, Gibco
VWR

Thermo-Fisher, Gibco
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HEPES

HEPES

Hoechst-33342

Human Wnt3a
Interferon-y (IFN-y)
Interleukin-13 (IL-13)
Interleukin-4 (IL-4)
Lipopolysacharide (LPS)
Murine EGF

Murine Noggin

Murine R-Spondin
Murine RM-CSF

Murine Wnt3a
N-acetyl-L-cysteine
N2-supplement
Non-essential amino acid
PAP Pen
Paraformaldehyde (PFA)
Penicillin-Streptomycin

Phosphate buffered saline

Phosphate buffered saline (-CaCl,,-MgCl>)

Potassium Chloride (KCl)
Propidium lodide

Reastain Quick-Diff Kit

Thermo-Fisher, Gibco
Fisher-Scientific
Thermo-Fisher

RnD Systems, Bio-Techne
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

RnD systems
Peprotech

Peprotech

RnD Systems, Bio-Techne
Peprotech

Peprotech
Sigma-Aldrich
Thermo-Fisher, Gibco
Thermo-Fisher, Gibco
Abcam

Sigma-Aldrich

Gibco

Sigma-Aldrich

Gibco
Fisher-Scientific
Sigma-Aldrich

Reagena
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Rhodamine-conjugated Ulex europaeus

Agglutin | (UEA-1)
RPMI 1640
Sodium bi-carbonate (NaHCo30)

Sodium chloride (NaCl)

Vectorlabs

Thermo-Fisher, Gibco
Fisher-Scientific

Fisher-Scientific

Sodium Dodecyl Sulfate (SDS) Melford
Triton-X Roche
Vectashield Anti-fading mount Vectorlab
Table 1: Chemicals and reagents
2.1.2 Primary and secondary antibodies
Antibody Species Origin Clonality Dilution Source/Cat. Number
B-catenin Rabbit Monoclonal 1:100 Abcam/Ab242226
CCR2 Rabbit Monoclonal 1:100 Abcam/ab203128
CD11b Rabbit Monoclonal 1:100 Abcam/ab52478
CD11c Armenian Hamster | Polyclonal 0.5mg/ml Abcam/Ab33483
CD206 Mouse Monoclonal 0.3 mg/ml Abcam/ab8918
CD64 Rabbit Monoclonal 1:100 SinoBiological/50086-R0272
CD68 Rat Monoclonal 1:100 Abcam/ab53444
CD69 Armenian hamster 1:100 Biolegend/104502
Cleaved Rabbit Monoclonal Assay Cell signalling/(5A1E)
caspase 3 dependent
CX3CR1 Rabbit Polyclonal 1:100 Abcam/ab8021
CX3CR1 Ultra-lead purified 1:100 Biolegend/149011
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Cyclin-D1
DCAMKL1
E-cadherin
F4/80
F4/80
GSK3-B
h/m

E-cadherin

IgG Isotype

Control

IgG2b
Isotype

Control
LEF-1
Lgr5
MHCII
Occludin

Z0-1

Rabbit

Rabbit

Rabbit

Rabbit

Rat

Rabbit

Goat

Rabbit

Rat

Rabbit

Mouse

Rat

Mouse

Rat

Table 2: Primary antibodies

Monoclonal
Polyclonal
Monoclonal
Polyclonal
Monoclonal
Monoclonal

Polyclonal

Monoclonal

Monoclonal

Monoclonal
Monoclonal
Monoclonal
Monoclonal

Monoclonal

1:100

1:50

1:200

1:100

1:100

1:100

1:50

1:100

1:100

1:100

1:100

1:100

1:100

1:100

Abcam/Ab242226
Abcam/Ab37994
Cell signalling/(24e10)
Abcam/ab100790
Bio-rad/MCA497GA

Abcam/Ab242226

RND Systems/AF648

Abcam/ab172730

Bio-rad/MCA6006GA

Abcam/Ab242226
Oregene/TA503316
Abcam/ab25333

Santa-Cruz/SC-271842

Santa-Cruz/Sc-33725
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Conjugate Reactivity Species Origin Dilution Source/Cat. Number

Alexa Fluor | Anti-mouse Donkey 1:200 Invitrogen/A-21202
488
Alexa Fluor | Anti-rat Donkey 1:200 Invitrogen/A-21208
488
Alexa Fluor | Anti-rabbit Donkey 1:200 Invitrogen/A-21206
488
Alexa Fluor | Anti-mouse Goat 1:200 Invitrogen/A-11004
568
Alexa Fluor | Anti-rabbit Donkey 1:200 Invitrogen/A-10042
568
Alexa Fluor | Anti-rat Goat 1:200 Invitrogen/A-11077
568
Alexa Fluor | Anti-rabbit Donkey 1:200 Invitrogen/A-3157
647
Alexa Fluor | Anti-rat Goat 1:200 Invitrogen/A-21247
647
Alexa Fluor | Anti-mouse Donkey 1:200 Invitrogen/A-31571
647

Table 3: Secondary antibodies

82



2.1.3 Preparation of 4% formaldehyde

As a fixative, a 4% formaldehyde solution was prepared. Paraformaldehyde (0.04g/ml)
(Sigma), was added to a beaker containing PBS. Using a hotplate/stirrer (Stuart U152), the
solution was heated between 60-70°C until the powder was dissolved. The solution was
then left to cool, and the pH was adjusted to 7.4 using 0.1M sodium hydroxide and 0.1M
hydrochloric acid. PFA was stored in the fridge and used within 24 hours of making or stored

in the freezer at -20’C for long-term storage (up to 1 month).

2.1.4 Preparation of SDS (Sodium dodecyl sulfate)
To prepare a 1% working solution, SDS (Melford) was added to a beaker of PBS (pH 7.4) and
stirred for at least 24 hours prior until the powder is fully dissolved. The working solution is

stable for one month at room temperature.

2.1.5 Preparation of Ammonium Chloride (NH4Cl>)
To prepare a 100mM working solution of Ammonium Chloride (Fisher-Scientific) was added
to a beaker of PBS (pH 7.4) and stirred until the powder is fully dissolved. The working

solution is stable for one month at room temperature.
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2.2 In Vitro Experiments

All animal experiments were conducted in accordance with the Home Office Animals
(Scientific procedures) Act of 1986, with approval of the University of East Anglia Ethical
Review Committee, Norwich, U.K. Female C57BL/6 (UEA-Disease Modelling Unit) aged
between 8-12 weeks, were euthanized by CO; asphyxiation and subsequent cervical

dislocation in accordance with Schedule 1 of the Act.

2.2.1 Isolation and culture of bone marrow-derived macrophages

Following the isolation of the femur/tibia and the removal of residual connective tissue, the
bone’s epiphyses were severed, and the bone marrow was flushed in a sterile environment
using a 28-gauge syringe and cold RPMI 1640 (+10% FBS, +1% Pen/Strep). The flushed bone
marrow contents were then then filtered through a 70um nylon cell strainer (Falcon) and
collected in a 50ml Centrifuge tube (Falcon). Following centrifugation at 600g for 10 minutes
the cell suspension was re-suspended in warm RPMI1640. A bone-marrow yield was
established (Figure 2.1), and the cells were appropriately seeded onto 6-well ultra-low
attachment plates (Corning) at a cell density of 1 x 10 cells/ml. To drive BMDM
differentiation towards macrophages, supplementary murine RM-CSF (Peprotech) at a
concentration of 0.2ug/ml was added on day 0 and 3. The schematic in Figure 2.3

summarises the protocol described above.

A

(1x107)
o N @

o
.
L)
L]

Bone-marrow derived cells

Y.

5 10 15 20
C57BL6 mice/experiment

Figure 2.1: Bone-marrow derived cell isolation and culture

A) Scatter plot showing the bone-marrow cell yield, averaging 5.9x107 + 0.2 (Mean + SEM) from each
subject (C57BL6) (n=20).
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2.2.2 Polarisation of macrophage population

Macrophages were polarized based on methods previously described by Wei Ying et al in
2013 (Ying et al., 2013). BMDM cells were cultured in RPMI 1640 media up to day 7. On day
7, the floating cell population was removed, and the media was replaced by new fresh
media. For M1 activation, supplementary LPS (100ng/ml) and IFN- y (50ng/ml) were added
to the media solution. To reach M2 activation, IL-4 (10ng/ml) and IL-13 (10ng/ml) were

added instead.

2.2.3 Liberation of adherent macrophage population in vitro

To isolate the monocyte population on day 4, the floating cell population was collected,
centrifuged at 600g for 10 minutes and re-suspended in fresh RPMI-1640 media (Gibco). To
segregate the macrophage population on day 7, the supernatant of each well was removed,
the wells washed in PBS (pH 7.4, Gibco) and Versene (Gibco) (1ml) was added to each well
and incubated for 37°C for 10 minutes until the macrophages fully detached themselves
from the well bottom. The cell suspension was then centrifuged at 600g for 10 minutes and

re-suspended in fresh media accordingly.

224 Cytospinning of bone marrow isolates

Cells were isolated and re-suspended at 1x108 cells/ml as previously described. To ensure an
equal distribution of cells onto the slide, a filter card (Thermo-Fisher) was placed between
the microscope slide (VWR) and the cyto-funnel allowing the absorption of excess media.
Following the cytospin (Thermo Shandon), the cell suspension (120ul) was transferred to the

cytofunnel and centrifuged at 450g for 5 minutes.

2.25 Histological staining of BMDC

To histologically stain and record phenotypical changes, bone marrow-derived cells were
isolated during different time points of their development. Initially, an appropriate cell
number (1 x 10° cells/ml) was collected, and the cells were cyto-centrifuged at 450¢g for 5
minutes using the Cytospin (Thermo-Shandon). The microscope slides (VWR) were air-dried
overnight and fixed in the RESTAIN QUICK-DIFF solution for 3 minutes to allow

permeabilisation. The cytoplasm and the nucleus were stained using Reastain Quick Diff Red
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and Reastain Quick Diff Blue for 4 minutes, respectively. The slides were then rinsed in
water, air-dried overnight and mounted with DPX (Sigma) using size 0, 16mm coverslips
(VWR) the following day. The histological stains were then captured on a bright-field

microscope.

2.2.6 Immunofluorescent labelling of BMDCs

For immunolabelling of a monocyte and macrophage population, the BMDM were cultured
for 5 & 7 days, respectively. In brief, the bone marrow isolates were then cytocentrifuged at
450g for 5 minutes. The slides were fixed with in 4% PFA. Following fixation, the slides were
washed with PBS and 0.1% Triton-X (Roche Diagnostics) was added for 20 minutes. The cells
were later washed in ice-cold PBS and primary antibody (Table 1.2) was added and left to
incubate overnight at 4°C. The following day, cells were washed in PBS and a secondary
antibody (Table 1.3) was added. Following a 2-hour incubation at 4°C, the slides were finally
mounted with Vectashield/Hoechst (Vector Labs) before being imaged on an

epifluorescence or confocal microscope.

2.2.7 Flow cytometry

For the characterisation of the in vitro macrophage population, a flow cytometer (Beckmann
Coulter Cytoflex) was utilised. Its versatility allows its user to measure various
morphometric properties of individual cells, as well as identify fluorescently tagged cells

within a cell population.

To analyse the individual properties of a cell, the fluidics system initially injects sheath fluid
(usually a form of PBS) into the flow chamber. A second stream introduces the suspended
cells into the flow chamber via a pressurised airline. As the pressure of the sample stream is
greater than that of the sheath fluid, the cells align themselves into a single line while

passing through a laser beam positioned adjacent to the stream. (Figure 2.2A)

As the laser strikes each single cell with varying excitation wavelengths, the fluorescence
light emitted by the cells can then be measured by the photodetector and are translated
onto a computer (Figure 2.2C). Following the laser strike, some of the light is often deflected

off the cell, such scattered light can be defined into two categories, forward scatter (FSC)
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and side-scatter (SSC) where each can provide the user with further information regarding
the cell’s phenotypic properties. The forward scatter is proportional to the cell size and

shape, whereas the side-scatter is proportional to cell granularity (Figure 2.2B).

In this study, the instrument was used in order to characterise the phenotype of in vitro

bone marrow-derived cells (BMDC) via an indirect immunolabelling protocol.

The following protocol was implemented to fluorescently label bone marrow-derived cells

using a primary and a conjugated secondary antibody:

On Day 4-9, BMDC’s were collected from each ultra-low attachment well. To liberate the
adherent population, 1ml of Versene (Gibco) was added. The collected cell suspension was
then centrifuged at 600g for 10 minutes and re-suspended in PBS/FBS (10%) at a cell density
of 1x10° cells/ml. 100ul of the cell suspension was then transferred to a 12-75 mm
polypropylene tube (BD Falcon) and primary antibodies (diluted in 3% BSA) listed in Table
1.2 were added. Following a 30-minute incubation on ice, the cells were washed with 3%
BSA and centrifuged at 400g for 5 minutes and Alexa-fluor conjugated secondary antibodies
(diluted in 1% BSA) listed in Table 1.3 were added to each tube. After another incubation
time of 30 minutes on ice, a washing step and final centrifugation, the samples were then
analysed using a flow cytometer (Beckman Coulter Cytoflex). A minimum of 30,000 events
were recorded for each condition, where more than 2,000,000 events were recorded to
measure the FSC and SSC of both BMDM-M1 and BMDM-M2 phenotypes. Additionally, to

measure cell viability, un-treated cells were stained with Propidium lodide (10ug/ml).

The data obtained was analysed using Beckman Cytoflex-Flow Cytometry Analysis software,
to measure cell surface marker expression of bone-marrow derived cells, at least 3x10°
events were measured and then gated to exclude cell debris (events of SSC and FSC of <20).
On a histogram overlay, the area expressed by the antigen-specific primary antibody marker
was then measured and deducted from the area expressed by the IgG antibody to reveal the

true cell surface marker value displayed as the percentage.
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Figure 2.2: The principle of flow cytometry

Setup of flow cytometry system showing A) the fluidics system B) FSC and SSC detection of a cell

within a flow cytometer C) the general method of detection and processing of data (Adapted from

Adan et al., 2017).
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2.2.8 Isolation and culture of murine colonic crypts
Colonic crypts were isolated from the distal colon of C57BL6 mice, as previously described

by Skoczek et al.

Briefly, following the culling of the mouse, the colon was removed and washed with ice-cold
PBS to remove excess faecal matter; the colon was then cut longitudinally and excess mucus
within the tissue was gently dissociated. 0.5mm tissue pieces were placed in a saline
solution [50mI dH,0 with NaCl (140mM), KCI (5mM), HEPES (10mM),d-glucose (5.5mM),
Na;HPO4(1mM), MgCl (0.5mM), CaCl (1mM), EDTA (ImM), DTT (0.153ug/ml), L-glutamine
(200mM), Pen/Strep (200U/ml) and NEAA (2%)] for 1 hour. To liberate the crypts, the
solution containing the tissue was shaken to aid gentle dissociation and then collected
following crypt sedimentation. The single crypts were embedded in growth factor-reduced
matrix matrigel (VWR) and seeded onto No.0 coverslips (0.08-0.13mm) contained within 12-
well plates (Starlab). Following polymerization of the matrigel after 8 minutes at 37°C, the
coverslips were flooded with 0.1ml of colonic crypt culture media (Advanced DMEM/F12,
containing B27 (20ul/ml), N2 (10ul/ml), N-acetyl-L-cysteine (0.163ug/ml).HEPES (10mM),
Pencillin/Streptomycin (100U/ml), GlutaMAX (2mM), EGF (50ng/ml), Noggin (100ng/ml) (all
from Peprotech), Wnt-3A (200ng/ml) and R-spondin-1 (1mg/ml) (BioTechne).

2.2.9 Co-culture of macrophages and colonic crypts

To isolate the monocytes and macrophages population, the cells were harvested on day 4
and day 7, respectively. On day 4, the supernatant was removed, and the adherent
population was liberated using 1ml of Versene (0.48mM). The cells were centrifuged, and
macrophages at a cell density of 3x10° was then added to the colonic crypt/Matrigel
solution (prepared as previously described in Section 2.2.1) the mixture was then seeded
onto a No.O coverslip with. Following polymerization at 37°C for 8 minutes, the Matrigel was
then flooded with 100ul of murine colonic crypt culture medium (prepared as described in
Section 2.2.8). The isolation and culture of bone-marrow derived macrophages and colonic

crypts is summarised in Figure 2.3.
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Figure 2.3: Summary of the 3D in vitro macrophage-crypt co-culture protocol

Summary diagram showing the A) The in vitro isolation and culture of bone-marrow derived cells
and their differentiation towards a bone-marrow derived macrophage phenotype following 7 days in
culture with M-CSF. The progressive changes in morphology have been tracked using cytospun cells
and Diff-Quick staining. B) The in vitro isolation of murine colonic crypts and their co-culture along

with differentiated bone-marrow derived macrophages. Created in Biorender (2021).

2.2.10 Culture of macrophages and colonic crypts in the ‘conditioned media’ and
‘M1 only’ model

Macrophages and crypts were isolated and cultured as previously described. In Figure 2.3,

macrophage-crypt co-culture are seeded on part of the coverslip, while crypts alone were

seeded on the other part of the same coverslip. Figure A shows an example of a two-dotted

3D matrigel co-culture model with homogenous macrophages and crypts suspended in

media (M1-crypt co-culture). Figure 2.4C and 2.4B show the experimental setup of the ‘M1-

conditioned media’ crypts and ‘M1 only’ crypt model.
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Figure 2.4: Conditioned media experimental setup

Diagram showing the A) Two-dotted Matrigel culture of crypts in the presence of M1-macrophages.
B) Two-dotted Matrigel cultured with crypts in w/o M1 macrophages and C) Two-dotted Matrigel

with crypts cultured alone but in vicinity to M1 macrophages. Created in Biorender (2021).

2.2.11 Culture of macrophages and colonic crypts with DAPT

Macrophages and crypts were isolated and co-cultured as previously described, however for
treatment with the y-secretase inhibitor, DAPT (TOCRIS), the Matrigel was previously spiked
with DAPT (25uM) and then cultured with M1 macrophages which have also been pre-
incubated in DAPT (25uM) shortly before their introduction to the colonic crypts. The
concentration of 25uM was previously utilised within a 3D crypt culture model by Van
Dussen and colleagues. Here small intestinal crypts were isolated, cultured and 24 hours
following their culture, the crypts were treated daily with a vehicle control (DMSO) and

DAPT (25um) to determine the effects of Notch inhibition on the intestinal stem cell
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expression, proliferation, and apoptosis in vitro. During the treatment, the organoid budding
efficiency and Lgr5-GFP+ cell numbers were then monitored over the course of 5 days (Van

Dussen et al., 2012).

2.2.12 Immunofluorescent labelling of crypt-macrophage co-cultures
For characterising cells within the co-culture system, epithelial and macrophage marker-
specific antibodies were used. Following the co-culture, the coverslips were fixed with 4%

PFA (1ml/well) for 1 hour on ice. Washing steps were carried following each step.

Ammonium chloride (100mM in PBS (pH7.4), prepared as previously described in Section
2.1.5 was added to each coverslip for 13 minutes, washed with PBS, followed by further
incubation with 10% SDS in PBS (pH 7.4) for 5 minutes. 1% Triton-X was added for 30
minutes to permeabilise the organoids. Non-specific binding was inhibited using 10%
Donkey or Goat serum (Gibco) (depending on antigen retrieval) for 20 minutes. A primary
antibody (Table 1.2) was added for overnight incubation at 4°C. The following day, a
compatible secondary antibody (Table 1.3) added for 2 hours at 4°C. Finally, the slides were
washed and mounted with Hoechst/Vectashield. the slides were later visualised using an

epifluorescence or confocal microscope.

2.2.13 EdU incorporation experiments

Colonic crypts were cultured as previously described. Following 24 hours post-culture, a
100uM EdU solution, diluted in crypt culture medium (1ml), was added to each coverslip
(10ul) to obtain a final concentration of 10uM. By repeatedly pipetting the EdU solution up
and down ten times, it was ensured that a homogenized solution was attained. The crypts
were then left to incubate at 37°C/5% CO; overnight. On day 2, the crypts were fixed in and
further exposed to NH4CL; for 13 minutes, washed in 1% SDS for 5 minutes and
permeabilised in Triton-X for another 30 minutes. The crypts were subjected to the Click-iT

reaction cocktail (ThermoFisher) for 35 minutes as per manufacturer’s instructions.
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23 Image Analysis

All fluorescent images were captured on the equatorial plane, (the plane which passes
through the equator of the cell/crypt) using either a Nikon Tl with a x20 0.4 NA (numerical
aperture), Zeiss Axiovert 200 with a x20 NA or Zeiss LSM-510-META with a x63 1.4NA
0.75mm WD oil immersion objective was used. All images were analysed with Fiji (Image J)

software.

23.1 Epifluorescence and confocal microscopy

Fluorescent molecules tagged to antibodies or dyes, emit light after being excited by
shortwave-length light source. Simply put, a photon excites the molecules from a ground
state, where a loss of vibrational energy leads to the emission of a photon, which can be
captured by an epifluorescence (Nikon Tl, Zeiss Axiovert 200M) or confocal microscope

(Zeiss LSM-510-META).

In an epifluorescence microscope, light excited from above the sample, passes through an
objective lens which is directed onto the sample. The light emitted from the specimen is
then focused towards a detector such as a CCD Camera (Hamamatsu ORCAII). A dichroic
mirror acts as a colour filter allowing some wavelengths to pass through while others are
reflected. It also filters out excited light from emitted light thereby reducing background

fluorescence (Figure 2.5A).

In confocal microscopy, following the excitation of the specimen, emitted light converges
onto a second objective lens towards a narrow pinhole. Sitting behind the pinhole is a
detector quantifying the emission of light. The sample is scanned several times to obtain an
image (Figure 2.5B). Overall, this results in high resolution with lower background
fluorescence in comparison to a traditional epifluorescence microscope (Bretschneider and

Weile., 2019).
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For thick tissue samples such as a colonic crypt, optical sectioning (z-stacks) will be required
to obtain clearer images, this can be achieved by simply varying the focal plane of the
sample while capturing consecutive images. Unless otherwise stated, optical sections (z-

stacks) were captured at 1um intervals, 5um above and below the equatorial plane.

FLUORESCENCE MICROSCOPY
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Figure 2.5: The principle of epi-fluorescent and confocal microscopy

Diagram showing A) epifluorescence microscope setup, where light is excited from above the sample
and passes through the objective lens, meeting the dichroic filter cube, where the emitted
wavelength is filtered and detected by the imaging lens. B) Confocal microscope setup, where
excited light passes through the objective lens, onto the dichroic mirror and a second objective lens
in which light emission is restricted by the pinhole prior to reaching the detector or camera.
Excitation beams are shown in green and emitted fluorescence shown in red (Adapted from

Bretschneider and Weile, 2019).

2.3.2 Quantification of EdU-labelled crypt cells
All fluorescent crypt images were captured at a x20 or x64 magnification Zeiss Axiovert

200M or Zeiss LSM-510-META. To identify newly synthesised a. The total number of DAPI+
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positive cells were counted and compared to the number of EdU-nuclei double-positive

cells, the percentage of total nuclei number expressing EdU was then expressed.

2.3.3 Quantification of Enteroendocrine, Tuft cells, Goblet and Stem cells
To identify enteroendocrine cells (Cro-A+) (Abcam), tuft cells (DCAMKL1+)(Abcam), goblet
cells (UEA-1+) (Vectorlabs) and stem cells (Lgr5+)(Origene), z-stacks were taken at a 1um

intervals for 5um above and below the equatorial plane.

Goblet cells were identified by following the UEA-1 + present within the cytoplasm of the
individual cells throughout the equatorial plane. E-cadherin was used to aid the visualisation
of the cytoplasm within the goblet cell (Figure 2.6). The location of each marker positive cell
was recorded and separated into three crypt regions, base (cells within the +4 position of

the crypt), mid and top region.

To identify the stem cells within a crypt, the basal Lgr5 expression of each cell across the z-
stack (optical slices), 5um above and below, the equatorial plane was counted (Figure
2.7Ai). The average Lgr5 fluorescence intensity within each crypt region was measured by
recording the overall fluorescent measurements of each cell’s basal region along the crypt-
axis as shown in Figure 2.7Aii. Here, the overall fluorescent per cell was measured in each
crypt region (Base, Mid and TOP). To accurately measure the average basal expression of
each cell in the equatorial plane was determined, by taking three separate (2x2 pixels)

measurements across the basal region of each crypt cell.
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Figure 2.6: ldentification and analysis of UEA-1+ goblet cells

Analysis of goblet cells numbers using UEA-1 (green) staining. DAPI+ and UEA-1+ cells (A) at the
equatorial plane were counted. To confirm UEA-1 staining originates from the cell (A), staining was

followed 5um above and below the equatorial plane.
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Figure 2.7: Identification and analysis of Lgr5+ stem cells

Ai) Analysis of Lgr5+ stem cell numbers in each crypt and crypt region (Base,Mid,Top). Basal
expression of Lgr5 is shown in green. DAPI+ cells (shown in blue) were identified at the equatorial
plane and Lgr5+ stem cells (A) were identified by their continuous basal expression of Lgr5 across all
planes of the cell (5um above and below the equatorial plane). Note that cell B is located above the
equatorial plane and was not included in the data. E-cadherin (shown in red) was utilised to aid the
identify each cell’s boundaries. Aii) Individual DAPI+ cells (shown in blue) were identified, and three
separate fluorescence measurements (2x2 pixels) were taken and the fluorescence value of each cell

within a crypt region was averaged and presented.

2.3.4 Quantification of nuclear fluorescence intensity

Images were captured using the confocal microscope (LSM-510-META) with a x630il a x63
1.4NA 0.75mm WD oil immersion objective. To quantify the expression of Cyclin-D1 and
LEF1 within the nucleus, first the TIFF images were converted to 8-bit and the average
fluorescence value of every nucleus present at the equatorial plane was then measured.
Using Fiji- Image J's polygon tool, the nuclear area was identified by following the perimeter
of each individual DAPI+ nuclei in the equatorial plane. The arbitrary fluorescent value of

the channels occupied by Cyclin-D1 and LEF1 were then measured as shown in Figure 2.8.
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Figure 2.8: Identification and analysis of nuclear LEF1 localisation

Analysis of nuclear fluorescence intensity per crypt A) DAPI+ and LEF1 expression in a crypt B) The
nuclear area was highlighted using DAPI and the channel was switched to LEF1, where the average
fluorescence intensity of the area was measured. This analytic approach was also mirrored with

analysis of Cyclin-D1. Scale bar at 15um.
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235 Quantification of macrophage localisation, vesicle localisation and
epithelial protrusions along the crypt-axis

To measure macrophage localisation along the crypt-axis, live crypt images were first

captured on a brightfield microscope at x10 magnification using a GXCAM3EY-5. The

number of macrophages in contact with each crypt region (Base, Mid and Top) were

recorded and presented as the percentage and average number of macrophage-crypt

contact point per total crypt number.

Epithelial vesicles were defined as small (less than 5um in diameter), rounded droplets
found in the vicinity (>10um) of the colonic epithelium, where the presence such vesicles
within our macrophage-crypt co-culture model, were analysed in a binary manner, where
one or more vesicles present near the crypt was quantified as 1 and the absence of vesicles

near the crypt was quantified as O (Figure 2.9E).

Epithelial processes were defined as slender, sharp protrusions which measure less than
>20um in length and in contact with the colonic epithelium’s base (+4 position and below).
Such processes were quantified, analysed, and presented as the percentage and average
number of epithelial processes per total crypt number (Figure 2.9F). ‘Shedding’ processes
were defined as long (<20um), processes exclusively present in the mid and upper region of
the crypt, where unlike epithelial processes the distal end of the “shedding” process was
globular in shape. “Shedding” processes were quantified and presented as the percentage

and average number of processes per total crypt number (Figure 2.9G).

2.3.6 Morphological analysis of colonic crypts

The morphological characteristics of colonic crypts in vivo were analysed by first capturing
brightfield images using a GXCAM3EY-5 at x10 magnification. The length of the crypt was
measured using Fiji Image J's linear tool, where the distance between the base and the
beginning of the shedding zone was measured (Figure 2.9D). The epithelial area was
measured by following the perimeter of the polarised crypts (excluding the lumen) (Figure

2.9A,B,C).
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Figure 2.9: Morphological analysis of in vitro macrophage-crypt co-culture

Panel showing A) Quantification of macrophage-crypt localisation in each crypt region (B-Base, M-
Mid, T-Top). B) Measuring crypt length, the distance between the base and the start of the shedding
was measured. C) Measuring crypt area, the perimeter around the polarised epithelium at its
equatorial plane was highlighted and measured D) The perimeter around the shedding zone
(highlighted in red) was measured using Image J's freehand tool. Scale bar at 20um. E) Example of an
epithelial vesicle present at the base of crypt, which was quantified in a binary manner F) Example of
an epithelial process which was analysed and presented as the average number of epithelial process
per crypt G) Example of epithelial “shedding” process present near the upper region of the crypt

which was quantified and presented as the average number of “shedding” processes per crypt.
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2.3.8 Measuring nitrite concentration within a culture system

To measure nitric oxide formation, the nitrite concentration (a stable by-product of nitric
oxide) within the tissue culture media was determined via a Griess reagent assay. This assay
was performed at room temperature. To measure the nitrite concentration of the
macrophage subtypes, the supernatant media (100ul) was removed from a 12-well plate in
which cells were seeded at a density of 1x10%/ml and centrifuged at 600g for 5 minutes to
ensure the media is void of all cells. As a control group, RPMI-1640 media was used to
compare to BMDM-derived media. Similarly, to measure nitrite concentration within the co-
culture’s media, the supernatant (100ul) was removed from each crypt-macrophage co-
culture condition and also centrifuged at 600g for 5 minutes to ensure the media is void of
all cells. As a control group, conditioned media from crypts cultured alone were used. The
supernatants (0.1ml) were then mixed with 0.05 ml of sulphanilamide (1% w/v in 1% v/v
HCI) (Sigma). Following 15-minute incubation, further 0.05ml of N-1-
napthylethylenediamine dihydrochloride (0.1 % w/v in 1% HCI) (Sigma) was added, after
which the solution was transferred into a 96 well plate and the absorbance of measured at
550nm using a BMG Labtech Clariostar plate reader. A nitrite standard curve was prepared
using 100uM of sodium nitrite and the nitrite concentration of each sample was determined
via interpolation of their respective absorbance values against the standard curve (Figure

2.10).
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Figure 2.10: Nitrite standard curve

Absorbance readings of the nitrite standard curve following a Griess assay A) in BMDM-derived

media and B) in crypt-macrophage co-cultured derived media (n=3).

2.3.9 Measuring nitric oxide expression in BMDM using the MODEL probe

A nitric acid probe (MODEL-DNC) kindly donated by Dr.Marin’s lab and experiments
performed in collaboration with Carla Arnau Del Valle. BMDMs were isolated and cultured
onto No.0, 19mm coverslips within 12-well plates. On Day 7, the nitric acid probe was added
and simultaneously activated towards an M1 phenotype, or the media was replaced to

maintain the Naive phenotype. Cells were incubated in the presence or absence of the NO-
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probe for at 24 hours and then fixed the following day with 4% paraformaldehyde and the

images were captured on a confocal microscope (Zeiss LSM-980).

24 Statistical Analysis

All experiments were repeated at least three times unless stated otherwise. Data are
expressed as mean * standard error of mean (SEM), n= number of independent
experiments, N= minimum total number of crypts and a minimum of 20+ crypts per
experiment were counted. Statistical analysis was carried out using the Graphpad Prism 8
software. Comparisons between two or more groups were measured using one-way ANOVA
with post-hoc Tukey analysis and a paired t-test was utilised to compare differences
between two groups. P-value of less than 0.05 was considered statistically significant. For
the analysis of nitrite absorbance in each culture condition, the individual nitrite
concentration was interpolated from a plotted nitrite standard concentration curve (Figure

2.10)
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Chapter 3: Development and Characterisation Of 3D In Vitro Crypt-

Macrophage Co-culture Model

3.1 Introduction

The colonic epithelium is continually exposed to luminal insults such as commensal
microbiota, foreign pathogens and chemical degradation and is therefore required to renew
itself every 4-5 days (Darwich et al., 2014). The large intestine is home to the largest
macrophage population in the body, which commonly reside in the underlying lamina

propria (Gordon and Plueddemann., 2017).

Although the macrophages’ ability to clear foreign pathogens and threats has been
recognised for more than a century, in the intestine their role has seemingly expanded and
are now considered to be crucial regulators of T-cell expansion and wound repair (Murai et
al., 2009; Hesketh et al., 2017; Wang et al., 2019). In the steady state, monocytes
constitutively enter the lamina propria, where the gradually differentiate into mature
macrophages during a process coined the ‘monocyte-waterfall’ pathway (Bain et al., 2018;
Tamoutounour et al., 2012). Due to the high presence of commensal microbiota in the
colonic mucosa, intestinal macrophages have evolved and are able to discriminate
commensal microbes from foreign pathogens via PAMPS (pathogen associated molecular
patterns). Should epithelial barrier function be compromised in homeostasis, residential
macrophages are able to antagonise the pathogen via phagocytosis while also secreting
several anti-inflammatory cytokines which ensure the mucosa is not further perturbed

(Smythies et al. 2005).

In stark contrast to homeostasis, chronic inflammation or inflammatory bowel disease is
often caused by the inability of the gastrointestinal tract to resolve acute inflammation
(Lissner et al., 2015). Aberrant accumulation of macrophages present in the lamina propria
in patients suffering from IBD have since been identified as one of the hallmarks of the
disease and more interestingly, the macrophage phenotype within the tissue is significantly
altered compared to the steady state (Thiesen et al., 2014; Bernardo et al., 2018). While
residential macrophages remain hypo-responsive and produce IL-10, TGF-B among others to
repress the immune response in the steady state, TNF-a, IL-6 and high nitric oxide

production are secreted by macrophages in inflammatory disease further exacerbating
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tissue damage (Duque and Descoteaux., 2014; Novak and Koch., 2013). In 2000, Mill’s et al’s
work defined two macrophage subtypes based on their response to either Thl or Th2
regulatory cells, here M1 ‘inflammatory’ macrophages were found to produce higher levels
of nitric oxide than M2 ‘anti-inflammatory’ macrophages from Th2 strains which produced
ornithine instead (Mills et al., 2000). These two unique phenotypes have since been studied
more extensively in an attempt to understand their effects on IBD and disease progression

(Italiani et al., 2014; Mills and Ley., 2014).

Among other key causative factors which can determine the patient’s disease progression
such as genetics, microbiotics and environmental factors, macrophages and the adaptive
immune cells are postulated to play a key role in the exacerbation of chronic inflammation
in the colon (Ramos and Papadkis., 2020). However, in most patients, the amalgamation of
environmental and host factors described above can contribute to IBD and affect epithelial
renewal, therefore it becomes more challenging to study the interactions and effects of the
macrophage population on colonic crypt renewal (Maloy and Powrie., 2011). We have
therefore developed and characterised a 3D in vitro macrophage-crypt co-culture model,
which will allow us to mimic the conditions of health and inflammation as it may occur in
vivo, to study the effects of pro and anti-inflammatory macrophage-crypt crosstalk on

colonic crypt renewal.

Previous in vivo studies have showcased the plasticity of intestinal macrophages in an
inflammatory and steady state, while also highlighting the differential role of M1 and M2
macrophages in the maintenance of intestinal homeostasis, however, the understanding of
the molecular mechanism involved in the crosstalk between macrophages and the colonic

epithelium in an in vivo model are limited (Shapouri-Mohgadam et al. 2018).

In colonic crypts, the functional cells residing within the epithelium are responsible for
maintaining the intestinal steady state, these include secretory cells such as goblet cells, tuft
cells and enteroendocrine cells and the absorptive enterocyte cell lineage, while stem cells
located at the base of the crypt divide and proliferate to maintain the high epithelial
turnover rate required for intestinal homeostasis (Barbara et al., 2003; Meran et al., 2017).
Over the last decade the culture of 3D in vitro intestinal crypts has made it possible to track

and quantify differentiated cell lineages and stem cells to study their rate of proliferation,
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differentiation, and shedding (Johansson et al., 2011; Gerbe et al., 2009; Clevers and Nusse.,

2012; Sugimoto and Sato., 2017).

In this study, we have developed and characterised an in vitro 3D macrophage-crypt co-
culture model, allowing the study of the spatiotemporal relationship and determine the
macrophage population’s effect on colonic crypt renewal, including crypt proliferation and

differentiation.
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3.2 Results:

To investigate the role macrophages, play in in vitro crypt homeostasis, bone-marrow
derived cells from C57BI6 mice were cultured and differentiated towards macrophage-like
phenotype via the supplementation of M-CSF as per Section 2.2.1. This chapter aims to
characterise the differential phenotypic changes observed during the BMDC’s process of
differentiation by use of histological staining, flow cytometry and immunofluorescent
labelling, while also determining the presence of epithelial differentiated cells within our 3D

in vitro model.

3.2.1 M-CSF drives differentiation of heterogenous BMDC towards a

homogenous macrophage-like population
To harvest macrophages, bone-marrow derived cells were initially isolated and cultured as
per Section 2.1.1 and supplemented with M-CSF (0.2ug/ml), a factor required for the
differentiation of monocyte precursors towards a macrophage phenotype (Francke et al.,

2011). The morphological changes in vitro were documented in Figure 1A and Figure 1B.
White light images of in vitro BMDC were captured from Day 1 to Day 8 in Figure 3.1A.

On Day 1 following the culture of BMDC, a largely spheroidal cell population and a number
of smaller cells (<5um) were most commonly observed. On Day 2, an adherent sub-
population forming small filopodia can be observed with the number of adherent cells (a)
increasing over time. The number of non-adherent floating cells within the cell culture
population is also steadily decreasing from Day 4 to Day 7 with adherent cells, largely
dominating the landscape (Figure 3.1A). Following the removal of non-adherent cells and
cell debris on Day 7, the adherent population was classically and alternatively activated
towards an M1 and M2 phenotype (Section 2.2.2). A significant morphological difference

between either activated phenotypes was not found.

To further determine the phenotypic changes observed above, Cytospins were taken of the
bone-marrow derived cell population and stained with Diff-Quick s in order to track the M-
CSF driven differentiation of individual haematopoietic cells over the course of eight days
(Figure 3.1B). On Day 1 of, a highly heterogenous population including lymphocytes (a) and
neutrophil (b) were identified. Day 4 Cytospins show an increase of kidney-bean shaped

monocytes (d) which are gradually replaced by macrophages (c) with a larger cytoplasm
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(Figure 3.1B). The cytospun, Quick-Diff staining did not show a definitive difference

between the M1 and M2 phenotypes.
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Figure 3.1: Morphological and histological characterisation of bone-marrow derived cells differentiation following 8 days in vitro culture

A) Representative white light images (x10 magnification) of in vitro bone-marrow derived cells and their gradual morphological differentiation towards a
homogenous macrophage-like phenotype in the presence of M-CSF over 7 days. On the 7th day, bone-marrow derived macrophages were polarised with IL-
13 (10ng/ml) and IL-4 (10ng/ml) or LPS (100ng/ml) and IFN-y (50ng/ml) to activate M2 and M1 subtypes, respectively. Scale bar 40um. B) Representative
Diff-Quick images (x100 oil magnification) of bone-marrow derived cells and their gradual differentiation towards a homogenous macrophages-like
phenotype in the presence of M-CSF over 7 days. IL-13 and IL-4 or LPS and IFN-y was supplemented on the 7th day to polarise cells towards and M2 and M1
phenotype, respectively. Scale bar 15um.
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3.2.2 M-CSF drives differentiation of bone-marrow derived monocytes

towards an adherent macrophage-like phenotype in vitro

To further assess the phenotypes of the bone-marrow derived cell population, leukocyte cell
surface markers were utilised to characterise non-adherent BMDC on Day 4 (Figure 3.2C)
and adherent BMDC on Day 7 (Figure 3.2D). Flow cytometry was used to quantify marker

expression as per Section 2.2.7

Initial forward scatter (FSC-cell size) and side scatter (SSC-cell granularity) (Figure 3.2A)
analysis of the non-adherent Day 4-BMDC and adherent Day 7-BMDC was shown. Here the
non-adherent BMDC population on Day 4 expressed a low FSC and SSC value, whereas the
adherent BMDC population on Day 7 expressed a high FSC and SSC value. In Figure 3.2Bi,
the average cellular size (FSC) of the non-adherent BMDC population on Day 4 (red) was
compared to the adherent BMDC on Day 7 (green), where the adherent population was
shown to larger in cell size compared to its non-adherent counterpart. Furthermore, in
Figure 3.2Bii, the adherent BMDC cell population on Day 7 was also shown to be more

granular when compared to non-adherent BMDCs on Day 4.

Succeeding this, monocyte and macrophage cell surface markers were utilised to
characterise the non-adherent BMDC population from Day 4 and the adherent BMDC

population from Day 7 in Figure 3.2C and D.

Here marker expression of a known macrophage precursor and common monocyte marker
Ly6C, revealed a higher expression in non-adherent Day 4- BMDC (67% + 11.4) compared to
its Day 7-BMDC (8% +4.5). counterpart. A significantly lower expression of CX3CR1 was
recorded in Day 4-BMDC (29%+1.03), compared to adherent Day7-BMDC (82%+13.6).

Similarly, CD64 expression, was also found to be high in Day7-BMDC (88%+9.4) but not in
Day 4-BMDC ((23%+8.4). The membrane protein, F4/80 is was also highly expressed in Day
7-BMDC (F4/80 (81%+7.8) where a significantly lower expression was found in the Day 4-
BMDC (26%* 6.2) population. Expression of the major histocompatibility complex 2 (MHC2)
was observed to be significantly higher in Day 7-BMDC (63%z+ 13.2) compared to Day 4-
BMDC (MHC Il (15%+7.1).

Labelling for the chemokine receptor CCR2 revealed a 22%+6.3 expression in Day 4-BMDCs
compared to the 76+7.8 in adherent-Day 7-BMDC population.
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Although CD11b expression was observed to be marginally higher in Day 7-BMDC
(44%+14.7) than in Day 4-BMDC (15%%5.5), the changes observed did not differ

significantly.

Both populations were also labelled for CD11c and CD206, where Day4-BMDC lack the
expression of either CD11c (13%+12.2) and CD206 (0%+0.9), whereas Day7-BMDC's
expression of CD11c (76% +11.8) and CD206 (75 #8.8) was significantly higher (Figure 3.2C
and 3.2D).

Overall, cell surface expression of CX3CR1, MHC2, F4/80, CD64, CD11c, CD206 and CCR2 was
significantly higher in the adherent BMDC population compared to the non-adherent BMDC
population on Day 4 of in vitro C567BL6 BMDC (Table 4).
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Figure 3.2: Characterisation of the non-adherent Day 4-BMDM and adherent Day 7-BMDM phenotypes using leukocyte cell surface marker expression

Flow cytometry phenotyping of bone-marrow derived cells in culture supplemented with RM-CSF. Cells were analysed for lymphocyte markers (green). The
indicated bar represents the positive population and gating was performed in comparison to isotype marker (red).

A) Countor plot showing the SSC (granularity) and FSC (cell size) in the non-adherent BMDC population on Day 4 and adherent BMDC population on Day 7 of
culture B) Histogram showing the the FSC (Bi) and SSC (Bii) of the non-adherent BMDC on Day 4 and adherent BMDC population on Day 7 of culture.

C) Histograms showing various expression of commonly found lymphocyte cell surface markers in the non-adherent in vitro BMDC population on Day 4 of
culture (n=3). D) Histogram showing various expression of commonly found myeloid cell surface markers in the adherent in vitro BMDMC population on Day

7 of culture. 1gG (red) and antibody (n=3).
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Cell surface Day 4- non Day 7- adherent P<0.05*
expression adherent BMDC BMDM P<0.001**
CX3CR1 29 (+10.3) 82 (+ 13.6) *

MHC2 15 (+7.1) 63 (+ 13.2) *

F4/80 26 (£ 6.2) 81(+7.8) **
CD64 23 (£ 8.4) 88 (£ 9.8) *x
CD11b 15 (+5.5) 44 (£ 14.7) ns

Ly6C 67 (+ 11.4) 8 (x4.5) ok
CD11c 13 (+ 12.2) 76 (£ 11.8) *
CD206 0(x0.9) 75 (+ 8.8) *x
CCR2 22 (£ 6.3) 76 (£ 7.8) *x

Table 4: Comparison of leukocyte marker expression in Day 4 and Day 7 BMDC

Leukocyte marker expression (meant SEM), compared between non-adherent BMDC population and adherent BMDC population on Day 4 and

Day 7, respectively. (n=3, *P<0.05; **P<0.001 Day 4 BMDM compared to Day 7 BMDM).
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3.2.3 Classical and alternative activation of BMDM leads to differentiation of

distinctive M1 and M2 phenotypes in vitro
Following the characterisation of Day 7-BMDC, the adherent population was then polarised

towards an M1 and M2 phenotype as per Section 2.2.2 and leukocyte cell surface marker

expression was determined via flow cytometric analysis (Section 2.2.7).

Analysis of cell size (FSC) and granularity (SSC) within the M1 and M2 phenotype (Figure 3.3
A) has shown M2-BMDM to be marginally more diverse in size and granularity compared to
M1-BMDM. In Figure 3.3Bi, M2-BMDM (green), shown to express a smaller FSC (cell size)
compared to M1-BMDM (red). Furthermore, the SSC (cell granularity) also shows that a
distinctively less granular population is visualised in M2-BMDM (green) compared to M1-

BMDM (red) in Figure 3.3Bii.

Levels of CX3CR1 expression were observed to be similar, in both the M1 (92% + 8.3) and
M2 population (91%+6.4). M1-BMDM also highly expressed markers MHC2 (74%+ 6.4),
F4/80 (90%16.0), CD64 (81% + 14.6), CD11b (79% +15.5) and CCR2 (80%+18.7).

M2-BMDM also express high levels of MHC2 (72% +12.2), F4/80 (91.5% +4.9), CD64 (58%
+10.8), CD11b (54% +12.7) and CCR2 (67% +12.8). Notably, M1-BMDM show a slight
reduction in CD206 (16.5+23.3) compared to M2 (60% +42%) (non-significant).

The expression of CD11c differed significantly between either subtype, where high
expression was recorded in M1-BMDM (77%%* 7) compared to M2-BMDM (7.5% +10.6).

Overall, similar cell surface expression levels of CX3CR1, MHC2, F4/80, CD64, CD11b, Ly6C,
CD206 and CCR2 were found in both M1-BMDM and M2-BMDM whereas only the
expression of CD11c differed between either BMDM-subtypes (Table 5).
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Figure 3.3 Characterisation of classically activated M1-BMDM and alternatively activated M2-

BMDM phenotypes leukocyte cell surface marker expression

Flow cytometry phenotyping of bone-marrow derived cells in culture supplemented with RM-CSF.
Cells were analysed for macrophage markers (green). The indicated bar represents the positive
population and gating was performed in comparison to isotype marker (red).

A) Countor plot showing the SSC (granularity) and FSC (cell size) in the adherent M1-BMDC
population following a 24-hour activation with LPS (100ng/ml) and IFN-y (50ng/ml) and M2-BMDC
following 24-hour activation with IL-13 (10ng/ml) and IL-4 (10ng/ml)(n=3). Bi) Histogram showing
the FSC (size) cell count of both M1-BMDC (red) and M2-BMDC (green). Bii) Histogram showing the
SSC (granularity) of both M1-BMDC (red) and M2-BMDC (green)

C) Histograms showing various expression of commonly found macrophage cell surface markers in
the adherent M1-BMDC population following a 24 hours activation with LPS (100ng/ml) and IFN-y
(50ng/ml) (n=3). D) Histograms showing various expression of commonly found macrophage cell
surface markers in the adherent M1-BMDC population following a 24 hours activation with IL-13

(10ng/ml) and IL-4 (10 ng/ml) (n=3).

124



Cell surface BMDM- M1 BMDM-M2 P<0.05*
expression P<0.001**
CX3CR1 92% (+ 8.3) 91% (+6.4) ns
MHC2 74% (+ 6.4) 72% (£ 12.2) ns
F4/80 90% (+ 6.0) 91.5% (£ 4.9) ns
CD64 81% (+ 14.6) 58% (+ 10.8) ns
CD11b 79% (+ 7) 54% ( +12.7) ns

Ly6C 12.5% (£ 5.5) 9% (£ 5.3) ns
CD11c 77% (+ 15.5) 7.5% (+ 10.6) *
CD206 16.5% (+ 23.3) 60% (+ 42%) Ns
CCR2 80% (+ 18.7) (67% + 12.8) Ns

Table 5: Comparison of leukocyte marker expression in M1 and M2 BMDM

Summary of leukocyte marker expression (mean+ SEM) compared between in adherent M1-
BMDC population and adherent M2- BMDC population following overnight incubation with
LPS, IFN-y and IL-13, IL-4 respectively. (n=3, *P<0.05 M1 compared to M2).

3.2.4 Expression of cell-death is maintained in Naive, M1 and M2
macrophage in vitro
To determine cell death within a live cell population, propidium iodide expression was
measured using a flow cytometer (Section 2.2.7) Here, propidium iodide is able to bind to
DNA in cells with defect plasma membrane allowing the quantification of cell death within a
live-cell population (Crowley et al., 2016). Similar levels of propidium iodide expression were
recorded in all adherent Day 8 subtypes, Naive (2.6%+1.3), M1(3.6% +8.9) and M2 (1.3%z*
0.67) (Figure 3.4).
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Figure 3.4: Expression of Propidium lodide) expression remains unchanged in BMDM macrophage

phenotypes

Histogram showing the absorbance of propidium iodide (cell death) in all Naive, M1 and M2

macrophage subtypes on Day 8 of culture (n=3) (ns).
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3.2.5 M1 macrophages increase nitrite accumulation and nitric oxide

expression

An identified hallmark of the M1-macrophage phenotype is its capability to produce nitric
oxide following the activation with LPS and IFN-y (Mills et al., 2000). To further determine
whether bone-marrow derived M1 macrophages preserved this function in vitro, Naive and
M1 BMDC cultures were spiked with a nitric oxide (NO) probe on Day 7 of culture for 24
hours and immunofluorescently labelled according to Section 2.1.1. Figure 3.5A shows
representative white light and fluorescent nitric oxide probe in both Naive and M1

macrophages, where a higher fluorescence intensity can be observed in the M1 phenotype.

Similarly, the nitrite concentration within in vitro BMDM culture was measured using the
Griess Assay as per Section 2.3.8, 24 hours following polarisation of the N, M1 and M2
macrophages, the absorbance (550nm) was read and compared to a nitrite standard curve

(Figure 3.5B and 3.5D).

Interpolation of each condition showed a significant increase of nitrite in M1 (20.1uM)
compared to both Naive (0.09uM) and M2 (0.362uM) (Figure 3.5C). The Griess assay was
also performed 24 hours following a co-culture of crypts along with Naive, M1 or M2
macrophages, in which the conditioned media was removed and analysed with high nitrite
accumulation recorded in M1 co-cultures (13uM) in comparison to Naive (0.25uM) and M2

(1.4uM) (Figure 3.5E).
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Figure 3.5: M1 macrophage induce nitrite expression and nitric oxide expression within in vitro

culture and in vitro crypt-macrophage co-culture

A) Confocal images showing expression of NO-probe (green) in vitro adherent BMDM Naive and M1
macrophages 24 hours following activation. Scale bar 15um.

B) Histogram showing the mean nitrite concentration (uM), in in vitro culture of Naive, M1 and M2
macrophages, 24 hours following activation (n=3, N=31; Control vs M1,***P<0.0001; Naive vs M1
$SS$ P<0.0001; M2 vs M1, £££ P<0.0001).

C) Histogram showing the mean nitrite concentration (uM) 24 hours following an in vitro
macrophage-crypt co-culture with Naive, M1 and M2 macrophages. (n=3, N=23; Control vs M1,
***¥P<0.0001; Naive vs M1 $SS P<0.0001; M2 vs M1, £££ P<0.0001).

Having determined that M-CSF is required for the differentiation of bone-marrow derived
cell towards a macrophage phenotype and while also characterising the cell surface marker
expression of Naive, M1 and M2 macrophages in vitro. We next set out to determine
whether macrophages maintained their surface marker expression in co-culture with colonic

crypts.

3.2.6 Classical and alternatively activated BMDM maintain macrophage cell

surface marker expression in vitro

To confirm whether macrophages maintain leukocytic cell surface marker expression within

the co-culture model, immunofluorescent labelling was performed as per 2.2.10.

Figure 3.6A, confirmed that both M1 and M2 macrophages were observed to be CCR2
(green), F4/80 (red) and CX3CR1(magenta) positive. Examples of triple (F4/80, CX3CR1,
CCR2) positive cells are highlighted below (white arrow). The antibody-specific IgG controls

in Figure 3.6B confirm that the labelling is antigen-specific.
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Figure 3.6: BMDM macrophages express CX3CR1, F4/80 and CCR2 leukocyte cell surface markers

within the in vitro co-culture model

A) Confocal images (x64 oil) of M1 and M2 BMDMs in 24 hours following a macrophage-crypt co-
culture, showing positive expression of CCR2 (green), F4/80 (red), CX3CR1 (magenta) and nuclei
(blue). Scale bar at 25um. B) Confocal Images (x63) of antibody-matched IgG, Rabbit (green), Rat IgG

(red) and Mouse IgG (magenta) (n=1) Scale bar at 15um

As the previous results suggest that the M1 and M2 phenotype was maintained throughout

its co-culture, we next determined the optimal macrophage: crypt seeding density and
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further set out to investigate whether colonic crypts are able to maintain their morphology,
were able to proliferate in the presence of macrophages, did not undergo apoptosis and
maintained their differentiated epithelial cell types within our crypt-macrophage co-culture

model.

3.2.7 Cell density dependent increase in crypt cell EAU incorporation in the
presence of Naive macrophages

To determine whether macrophage can affect colonic crypt growth, co-cultures with
increasing Naive macrophage densities were seeded (Figure 3.7A &B). Crypts cultured in the
presence of Naive macrophages were treated with EAU on Day 1 following the co-culture as
per Section 2.2.13. In Figure 3.7C, Naive macrophages significantly increased %EdU
incorporation only at a density of 3x10° and 6 x10°, colonic crypts at a macrophage density

of 8x10° (Ci) did not survive compared to 3x10° (Ci).

Figure 3.7B, crypts were cultured along with Day 4 monocytes at a density of 6x10°,
although an increase in the percentage of EdU incorporation was observed a statistical
significance was not recorded. In parallel, crypts were also cultured along with Naive
macrophages at an increasing density ranging from 0x10° to 6x10°, here a significant

increase in the percentage of EdU incorporation was recorded only at a density of 3x10°.
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Figure 3.7: Cell density dependent increase in crypt cell EAU incorporation in the presence of Naive

macrophages

A) Histogram showing the percentage of EdU positive nuclei under increasing Naive-macrophage
densities (1x10°). (n=4, N>73), compared to Control *P<0.05, ***P<0.001). Scale bar at 15um. B)
Histogram showing the percentage of EdU positive nuclei under increasing Naive macrophages
(1x10°) and monocytes (Mono-1x10°) densities (n=3, N>46) compared to Control **P<0.01. C)
Representative images showing in vitro crypt-macrophage co-culture under macrophage densities of

3x10° and 8x10°, where colonic crypts disintegrated, and the pH-sensitive culture media developed a

yellow tint at the highest density.

As the results suggest that a macrophage seeding density of 3x10° is sufficient to initiate a
response in colonic crypt cell proliferation while crypt architecture is maintained. To
determine whether colonic crypt cell apoptosis is excessively engaged within our crypt-
macrophage co-culture model compared to crypts cultured alone, we then sought to

identify the differential expression of Caspase-3 within our co-culture model.
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3.2.8 Low Caspase-3 expression was observed in all BMDM-crypt co-cultures

To determine whether the BMDM within the in vitro macrophage-crypt co-culture cause a
change in epithelial cell death, immunofluorescent labelling with an anti-Caspase-3 antibody
was performed. Figure 3.8A shows an example of a Caspase-3 positive cell within the crypt’s
base, in which Caspase 3 is expressed within the bounds of the cell’s cytoplasm (white
arrow). Caspase-3 positive cells identified within the crypt lumen (white arrow-a) or the
shedding zone (white arrow-b) were excluded from analysis and not considered to be part
of the epithelium. Figure 3.8B show representative confocal images of the crypts in
macrophage-crypt co-cultures, where macrophages are seeded at a density of 3x10° cells as
previously optimised in Figure 3.7. There are no significant changes in the number of
Caspase3 positive cells in the crypts, when in culture with Naive, M1 or M2 macrophages
(Figure 3.8C) however the percentage of Caspase-3 positive cells compared to total number
of DAPI-positive cells revealed a significant decrease in Caspase-3 expression in M2-crypt co-

cultures (Figure 3.8D).
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Figure 3.8: Expression of Caspase-3 in the colonic epithelium within a 3D macrophage-crypt co-

culture.

A) An example of a Caspase-3 positive cell (white arrow) expressed within the crypt epithelium.
found within the lumen and crypt surface but are distinctly absent from the colonic epithelium.
Positive example shown above (lumen- a and shedding area-b).

B) Representative confocal images showing Caspase-3 expression (green), nuclei (blue) and E-
cadherin (red) in crypt-macrophage subtype co-culture. Caspase-3 expression is found within the
lumen and crypt surface but are distinctly absent from the colonic epithelium. Scale bar at 15um. C)
Histogram showing the average number of Caspase-3 positive epithelial cells per crypt within each
co-culture condition (n=3, N>24) and D) Histogram showing the average percentage of Caspase-3
positive epithelial cells per crypt compared to average nuclei count (n=3, N>24, Control vs

M2*<P0.05).

Having confirmed that the crypt-macrophage co-culture model is viable and does not induce
excessive Caspase-3 expression, we finally determined to confirm whether colonic crypts in
in vitro culture express the differentiated cell phenotypes commonly present within

epithelium.
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3.2.9 Colonic epithelial cells express antibody-specific labelling in vitro co-culture

To confirm that the colonic epithelium expressed differentiated cell lineages within the epithelium in in vitro culture, while IgG controls were
utilised to show that immunofluorescent labelling was specific to each of the cell lineages. The immunofluorescent labelling protocol was
performed as described in Section 2.2.12. It was confirmed that labelling of stem cells (Lgr5+) (Figure 3.9Ai), enteroendocrine cells (Cro-A)
(Figure 3.9Aii) and tuft cells (DCAMKL1) (Figure 3.9Aiii) was antigen-specific. UEA-1 (Figure 3.9Aiv) is a fucose-reactive lectin used to stain

secretory vacuoles of the epithelial goblet cells and can therefore not be associated with an IgG isotype (Figure 3.9A).

MOUSE IgG 5 RABBIT IgG 2 RABBIT IgG

DCAMKL1
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Figure 3.6: Immunofluorescent labelling of Lgr5, Cro-A and DCAMKL1 are antigen-specific to

differentiated epithelial cell types

Comparison between the antigen-specific antibody labelling for Ai) Lgr5, Aii) Cro-A and Aiii)
DCAMKL1 and its complementary IgG Control and Aiv) UEA-1 staining in 3D in vitro colonic crypt

culture. Scale bar 15um

In this chapter, the results have characterised, the phenotypes of M-CSF driven
differentiation of bone-marrow derived Naive, M1 and M2 macrophages, the in vitro
differentiated cell groups of the colonic crypt and the feasible conditions required for the
co-culture of macrophages and crypts in order to study its effect on crypt growth and

differentiation.
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3.3 Discussion

This chapter established the characteristics of in vitro bone-marrow derived macrophages
following its differentiation in the presence of M-CSF; characterised the phenotypic
differences of classically and alternatively activated M1 and M2 macrophages respectively
and established the conditions required to conduct the study of colonic crypt growth and
differentiation in the presence of bone-marrow derived macrophages within a 3D in vitro

co-culture model.

Prior to the culture of bone-marrow derived macrophages along with colonic crypts, the
phenotype of the macrophage population was first established. Initially, it was confirmed
that bone-marrow derived cells cultured in the presence of M-CSF over the course of seven
days exhibited macrophage-like characteristics. The effects of CSF on granulocyte
differentiation were established in 1987 by Stanley et al, where it was confirmed that
hemopoietic progenitor cells within L-cells, can be differentiated into macrophages in the
presence of M-CSF (Stanley et al., 1978). Following this further research revealed that the
receptor for CSF (CSFR1) is likely expressed on a selective number of cells, specifically,
mononuclear phagocytes such as monocytes and macrophages (Guilbert and Stanley et al.,
1980), stimulation of CSF-1R causes the downstream activation of the transcription factor
PU.1, leading to differentiation towards monocytes and subsequently macrophages
(Mossadegh et a., 2013). In 1982, Tushinski et al, also revealed a gradual increase in CSFR1
expression in macrophage when compared to their progenitors and monocytes (Tushinski et
al., 1982). Several studies early on have confirmed that cell ruffling, formation of vacuoles
and cell spreading are hallmark characteristics of maturing phagocytic macrophages in vitro
(Tushinki et al., 1982; Boocock et al., 1989, Park et al., 2011). Such characteristics have also

been identified within the in vitro culture of BMDM in this chapter (Figure 3.1).
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Further confirmation of this was observed in the morphological analysis of monocytes and
macrophages using flow cytometry, where an increase in cell size and higher granularity was
recorded when compared to bone-marrow derived cells on Day 4. Here evidence suggest
that the higher granularity is likely caused by the internalisation of CSF-1 within phagocytic
macrophages leading to the formation of vacuoles as described by Tushinksi et al, in 1982.
To further ensure the differentiation of non-adherent monocytes towards an adherent
macrophage population was completed, granulocyte/macrophage-specific cell surface

markers were utilised to confirm their phenotypic characteristics.

In the in vivo steady state, Ly6C+ ‘blood’ monocytes were identified to migrate into the
colonic mucosa where they undergo differentiation in continuous intermediary stages to
form mature macrophages after four to five days (Bain et al., 2013). Differentiation in our in
vitro culture model also show a high presence of Ly6C+ bone-marrow derived cells on Day 4
in culture and a significant reduction in Ly6C+ cell expression on Day 7 in the presence of M-
CSF, thereby suggesting that the ‘blood’ monocytic characteristics has been lost following

the continuous culture of monocytes in M-CSF.

To further characterise the adherent bone-marrow derived cell population, the fractalkine
receptor CX3CR1 was identified as a phenotypic mononuclear phagocytic marker and this
study confirms that a significant increase in CX3CR1 expression in the adherent BMDM
fraction compared to non-adherent monocytes. Regoli et al, have reviewed the multiple
functions of CX3CR1+ macrophages including its ability to form transepithelial dendrites to
sample luminal antigens, however CX3CR1 expression is commonly present in both
macrophages as well as dendritic cells thus further characterisation was needed (Regoli et

al., 2013; Chieppa et al., 2006).

As macrophages and dendritic cells are defined as antigen-presenting cells (APC), expression
of the major histocompatibility -2 (MHC2) would confirm the presence of such mononuclear
phagocytes in culture. Here we show that MHC2 expression was significantly higher in the
adherent BMDC fractions compared to non-adherent monocytes, thereby indicated a shift

towards a macrophage or dendritic cell phenotype (Shapouri-Moghaddam et al., 2017).

Similarly, the expression of the integrin CD11c, mannose receptor CD206, CD11b were all
highly expressed in the adherent BMDC population on Day 7 compared to the non-adherent

monocyte fraction confirming that the adherent fraction phenotypically differs from that of
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the non-adherent monocyte population. However, according to a number of studies
expressions of previously mentioned markers can also be present in dendritic cells,
therefore it could not be utilised to differentiate between the bone-marrow derived
macrophage and a dendritic cell population (Bain et al., 2013). As F4/80 and the FcyR
receptor-CD64 were considered to be definite murine macrophage markers, both non-
adherent BMDC on Day 4 and adherent BMDC on Day 7 labelling ultimately confirmed that
the adherent fraction shared a macrophage-like rather than dendritic-like phenotype in vitro
(Hirsch et al, 1981; Tamatounour et al., 2012). Interestingly, macrophages in our in vitro are
also highly expressed CCR2 within the adherent macrophage compared to the non-adherent
monocyte fraction, this contrasts with findings from Bain et al., where CCR2+ Ly6C+
monocytes were shown to be essential for the influx of monocytes into the intestinal tissue
in vivo. (Bain et al., 2013;). However, our findings do share similarities work from Tsou et al.,
in which CCR2 knockout mice in the bone-marrow contained an increased number of

monocytes (Tsou et al., 2007).

To study the crosstalk of both ‘inflammatory’ and ‘homeostatic’ macrophages on colonic
crypts, the activation of M1 and M2 macrophages and their respective phenotypic
characteristics were also established (Martinez and Gordon., 2014). The now characterised
‘Naive’/non-activated macrophages were polarised with either LPS and IFN-y or IL-13 and IL-
4 towards an M1 or M2 macrophage phenotype, respectively. It should be noted that
following polarisation, the macrophages were not further supplemented with M-CSF as this

was considered to induce an M2 macrophage phenotype (Zhang et al., 2017).

White light images and histological staining of either sub-type following a 24 hour
incubation period did not reveal any discernible morphological differences, however flow
cytometric analysis of cell size and granularity, showed that M1 macrophage were
marginally more homogenous compared to M2 macrophages a finding which was mirrored

in Ying et al’s work (Ying et al., 2013).

Cell surface marker analysis of M1 and M2 macrophages within this study were observed to
have obtained a similar immuno-phenotype compared to Naive macrophages previously
characterised. To fully differentiate between M1 and M2 macrophages, Lumeng et al, have
previously reported that in vivo pro-inflammatory cytokines such as IL-6 and TNF-a were

predominantly produced by CD11c+ macrophages whereas CD206+ macrophages produced
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arginase-1 and IL-10 and thus defining the M1 and M2 macrophages population,
respectively (Lumeng et al., 2008). In our study we were able to confirm that M1
macrophages did indeed express high levels of the cell surface marker CD11c compared to
M2 macrophages. However, in contrast to both in vivo studies from Lumeng and Zhu, we did
not observe a significant increase in CD206 expression in M2 macrophages compared to M1.
(Zhu et al., 2017). It should also be noted that Jablonski et a’s work on immuno-phenotyping
of bone-marrow derived M1 and M2 macrophages remarked that the characterisation of
M2 macrophages via CD206 is not reliable for flow cytometric detection as M1 macrophages
were also found to express arginase-1. Instead CD38 and Egr2 should be used in the future
experiments to label distinct M1 and M2 macrophage populations in vitro. CD38+ has been
recognised to be upregulated macrophages exposed to LPS, where the genetic loss of CD38
resulted in the reduced secretion of IL6, thereby highlighting its likely regulatory role in
intestinal inflammation (Amici et al., 2018; Jablonski et al., 2015, Antonios JK, 2013). To
define the M2 macrophages, the marker Egr2 was shown to be effective in labelling this
sub-population. According to work carried out by Veremeyko and colleagues, they have
further revealed that Egr2 appears to be involved in the upregulation of MHC2 and crucially
for the differentiation of both M1 and M2 macrophages, it was shown that LPS and IFN-y
treated macrophages such as the M1 macrophages within our cultue system show highly
downregulated Egr2 expression, thereby making both CD38 and Egr2 excellent candidates
to further differentiate our in vitro BMDM-M1 and M2 macrophage populations
(Veremeyko et al., 2018).

An alternatively method of characterising the phenotypic differences between BMDC-
derived M1 and M2 macrophages, is to collect and purify the cells RNA for use in
guantitative real-time PCR (gPCR), a technique previously utilised to great effect by
Jablonski and colleagues, allowing us to represent and compare in vitro CD marker

expression levels (Jablonski et al., 2015) more accurately.

One of the hallmarks of M1 and M2 phenotype is shown in its differential capacity to
metabolize arginine. In M1 macrophages, iNOS (inducible nitric oxide synthase) aids the
oxidation of arginine to nitric oxide (NO) which is then converted to the more stable nitrite
and I-citrulline. In contrast M2 macrophages favour the oxidation of arginine via arginase

leading to the production of urea instead (Rath et al., 2014). Our study indicates that M1
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macrophages accumulate significantly more nitrite in vitro culture compared to Naive and
M2 macrophage and as nitrite expression was not elevated in Naive and M1 phenotypes in
vitro it can be assumed that the iNOS oxidation pathway was not utilised and can therefore
be considered an exclusive M1 macrophage hallmark. Similarly, iNOS expression was also
shown to be elevated in colonic tissue in vivo in the presence of M1 but not M2

macrophages (Rabbi et al., 2017).

Further analysis of the nitrite expression in colonic crypts cultured with Naive, M1 and M2
macrophages revealed elevated levels of nitrite only within the M1-crypt co-culture,
confirming that M1 macrophages were able to maintain their ability to metabolise arginine

to nitrite within the confines of the 3D in vitro co-culture model.

Due to the short half-life of nitric oxide, studies were not able to visualise or quantify the
presence of nitric oxide in an in vitro culture setting until Legett’s work identified
intracellular nitric oxide in RAW 265.7y macrophages treated with LPS and IFN-y (Kelm M,
1998: Legett et al., 2017). Similarly, with the kind aid and donation of a novel fluorescent
nitric oxide probe from Dr.Marin’s lab at UEA, we were able to visualise the expression of
nitric oxide in M1 macrophages but not in Naive following a 24 hours incubation with the
probe, conclusively showing that only M1 macrophage can produce the bactericidal product
in our in vitro study. Overall, within this study, M1 macrophages can be characterised as

CD11c+ and nitrite/NO+ compared to M2 macrophage which are CD11c- and nitrite/NO -.

As macrophages phenotypes in the intestine can be easily influenced by environmental cues
within the lamina propria, we next aimed to investigate whether macrophages maintained
their antigen-specificity when cultured with colonic crypts, indirect immunofluorescence
antibody labelling protocols were established (Bain and Schridde., 2018). The results show
that M1 and M2 macrophages both maintained their macrophage-like phenotype when
cultured with colonic crypts after 24 hours, as both macrophage sub-types were positively

labelled for CCR2, CX3CR1 and F4/80.

Having cultivated and established the phenotypic characteristics of the individual
macrophage population, we aimed to validate the feasibility of the culture of colonic crypts
with macrophages in a 3D in vitro setting, a macrophage-density dependent co-culture
model was set up, in which colonic crypt proliferation was quantified. As Skoczek et al,

utilised an identical culture system where crypts were cultured with monocytes and

142



observed an increase in colonic crypt growth, we repeated this experiment in parallel with
crypts cultured along with naive macrophages. The results suggested that a seeding density
above 6x10° led to decreased crypt survival while also leading to a loss in crypt architecture.
As macrophages are also able to regulate ECM degradation via the secretion of MMP9
which specifically degrades gelatin and type IV collagen, it is likely that the 3D Matrigel was
unable to maintain its shape due to increased degradation of collagen IV which makes up
30% of the ECM (Rourke et al., 2019; Corning Matrigel Matrix FAQ, 2021). As a peak EdU
incorporation was recorded at a macrophage density of 3x10°, this seeding density was

utilised in all experiments in the upcoming chapters.

In IBD, elevated levels of apoptosis have been commonly observed and in 2011, Marchiando
et al have established that the cleavage of capase-3 is essential for cell shedding to occur in
intestinal crypts (Souza et al., 2005, Marchiando et al., 2011). To establish whether the high
metabolic activity of Naive, M1 and M2 macrophages can cause colonic epithelial cell death
within our co-culture model, a cleaved capase-3 marker was utilised. Caspase-3 is cleaved
through the activation of the apoptotic cascade exposing a unique epitope which can be
immunofluorescently labelling, thus allowing the detection of epithelial cell death prior to
the occurrence of shedding (West et al., 2009). Injection of LPS into mice, triggered the
activation of pro-inflammatory cytokines subsequently initiating an increase in apoptosis in
intestinal epithelial cells in vivo, whereas a study from Lissner et al., previously reported that
caspase-3 expression in HT-29/B6 (colonic adenocarcinoma-cell line) cultured along with M1
or M2 macrophage was not affected (Delgado et al., 2015; Lissner et al., 2015). Within our
co-culture model, we report that, Naive and M1 macrophages did not affect capase-3
expression and instead a reduction in caspase-3 expression was noted in crypts cultured
with M2 macrophages. Currently, the mechanisms which have caused the observed
reduction in apoptosis have not been studied very well. However, a study in 2018, detected
an increase in bcl-2 expression in IL-4 treated M2 macrophages, previously, bcl-2 has been
established as a crucial regulator of caspase-3 activated apoptosis, where it is known to
inhibit the release of apoptogenic factors such as cytochrome c from the mitochondria.
(Tsujimoto et al., 1989; Orrechioni et al., 2018). A study in renal tubular epithelia further
observed M2 macrophages inhibited caspase-3 expression via inhibition of ROS-p38 and

activation of the P13K/Akt pathway and subsequent upregulation of the target gene bcl-2
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(Liu et al., 2019). Furthermore, bcl-2 expression was upregulated at the base of colonic but
not small intestinal cells likely limiting apoptosis within the stem cell niche (Merritt et al.,
1995). Interestingly, in the latter stages of wound healing in which M2 macrophages are
predominantly present, iron accumulation was also increased leading to increased
extracellular matrix deposition (ECM), however there is currently no further evidence to
support this (Wilkinson et al., 2019). Whether M2 macrophages within this 3D in vitro model
can inhibit epithelial apoptosis via the aforementioned signalling pathways is yet to be
determined. Although caspase-3 was utilised to identify apoptotic cell shedding within the
crypt epithelium, the number of necroptotic cells within this study’s co-culture cannot be
identified as the mechanism of necroptosis functions in a caspase-3 independent manner.
To detect necroptosis, we therefore suggest the use of an MLKL phosphorylation antibody,
to detect the translocation of MLKL to the necroptotic cell’s membrane prior to its

destruction (Negroni et al., 2015).

Interestingly, Bhasin et al. have noted genetic variances (eQTLs) in bone-marrow derived
macrophages in male and females, while we aimed to isolate BMDM from 8-12-week-old
C567BL6 male mice, these were subject to availability and we resorted to isolating BMDMs
from female mice on occasions (Bhasin et al., 2008). Furthermore, it should be noted that,
although bone-marrow derived macrophages can be isolated and cultured in abundance in
vitro, macrophage maturation in vivo commonly occurs within the intestinal tissue (Bain et

al., 2014).

As work from Shaw as well as De Schepper previously highlighted that self-maintaining
macrophages are gradually replaced by bone-marrow derived macrophages during
adulthood in mice in vivo, both tissue-resident macrophages and bone marrow derived
macrophages do share some commonalities such as their expression of F4/80, MHC2, CD64
and lack of Ly6C+ (Shaw et al., 2018; De Schepper et al., 2018, Jablonski et al., 2015).
However, little is known to which extent the molecular mechanisms and function of the
niche-specific tissue-resident macrophage in vivo may differ compared to bone-marrow
derived macrophages in vitro and this will need to be further investigated in the future to
allow comparative studies between our BMDM-crypt co-culture model and the in vivo

environment (Bain et al., 2018; Viola and Boeckxstaens., 2020).
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Although it is feasible to culture colonic crypts along with freshly isolated tissue-resident
macrophages, there are several disadvantages pertaining such a co-culture model. To
isolate and culture tissue-resident macrophages, the mucosa and submucosa must first be
enzymatically digested and separated after which the mononuclear phagocytes are then
separated via FACS (flow cytometric cell sorting) or MACS (magnetic-activated cell sorting),
however this often leads to lower yields (with a typical yield of up to 20x10°> macrophages
per mouse) while the cells also often undergo more mechanical stress, leading to disrupted
cell functionality thereby, reducing the feasibility of a tissue-resident macrophage-crypt co-
culture model. Although, tissue-resident macrophages have been described as long lived in
vivo, comparatively, only around 70% of all human tissue resident macrophages isolated and
cultured in vitro were viable, whereas 97% of all bone-marrow derived macrophages in our
culture remained intact. (Doyle et al., 2021; Bhattacharjee et al., 2018; Andra et al., 2020;
Shaw et al., 2018).

To study epithelial renewal, we were determined to identify the individual differentiated
cell populations within the colonic epithelium in vitro culture, where the cell lineages were
labelled with an antigen-specific marker. As Barker et al., has shown, the actively cycling
stem cells within colonic crypts can be labelled with Lgr5, unlike previous markers such as
Olfm4, which also labelled for stem cell progenitors (Barker et al., 2007; van der Flier et al.,
2009). To label for enteroendocrine cells within the colonic epithelium, the acidic
glycoprotein chromogranin-A was utilised as it has been established as a robust marker for
enteroendocrine cells (Norlen et al., 2001). Where DCAMKL-1 was previously assumed to be
gastrointestinal stem cell marker, work from Gerbe et al, has demonstrated that it
exclusively labelled tuft cells in both the small and large intestine, for this reason the anti-
DCAMKL1 antibody was utilised to positively identify tuft cells within the co-culture (Gerbe
et al., 2009). Unlike the previously used antigen specific labels, UEA-1 staining was utilised
to identify goblet cells within the epithelium. Although, UEA-1 staining can label both
Paneth cells and goblet cells, the lack of Paneth cells within the colon allows it to be used as
solely as goblet cell markers (El-Salhy et al, 2016; Ihara et al., 2018). A crucial marker of the
absorptive cell lineage within the colonic epithelium is FABP-1 which was considered to be a
definitive marker of epithelial enterocyte cells in vivo (Lau et al., 2016). However, we were

unable to positively identify colonic enterocytes in vitro using a number of
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immunofluorescent protocols and to our understanding commercial enterocyte markers

specifically for in vitro labelling are currently not available.
Conclusion:

The aim of this study was to investigate the effects of macrophages on colonic crypt
renewal, to do so, we have developed and characterised, the feasible conditions required
for the co-culture model of macrophages and colonic crypts within a 3D in vitro

environment in this chapter.

The study of the morphological, histological and immuno-phenotypical properties of bone-
marrow derived monocytes, Naive, M1 and M2 macrophages in vitro revealed that M-CSF
drove the differentiation of bone-marrow derived cells towards a macrophage phenotype
following 7 days in culture. We were also able to segregate the M1 and M2 macrophage
phenotypes within this study prior to its culture along with colonic crypts. Furthermore, the
optimal seeding density (3x10°) required to conduct the co-culture of macrophages and
colonic crypts were established and epithelial cell death did not increase in presence of
either Naive, M1 or M2 macrophages. Lastly, immunofluorescence protocols for labelling

differentiated epithelial cells and macrophages in vitro were established.
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Chapter 4: The Effects Of Macrophages On Colonic Crypt Growth

And Differentiation

4.1 Introduction:

The intestinal epithelium’s rapid rate of regeneration can be largely credited to the highly
preserved Lgr5+ stem cell population residing at the base of the intestinal crypt (Barker et
al., 2007). This intestinal stem cell niche is regulated via autocrine signalling but can also be
influenced by a number of external stimuli, produced by various sub-epithelial cell types
(Sailaja et al., 2016). Myofibroblasts, smooth muscle cells, neurons and mononuclear
phagocytes such as monocytes, dendritic cells and macrophages and their finely regulated
secretion of paracrine signals, such as Wnt, BMP, R-spondin, Notch and Hedgehog can
dictate the rate of stem cell division and differentiation and is crucial for maintaining

intestinal homeostasis and renewal (Santos., 2018).

Initially, monocytes are recruited and terminally differentiate into residential CX3CR1+
macrophages following environmental conditioning (Regoli et al., 2017). In a steady state,
macrophages can take on a CX3CR1+, CD206+ anti-inflammatory (M2) signature (lsidro et
al., 2016). Residential macrophages can play a number of important functions which are
essential for maintaining intestinal homeostasis (Viola and Boeckxstaens., 2020).
Macrophages are perfectly positioned in the sub-epithelial lamina propria in order to
sample and clear foreign antigens and microorganisms, where CX3CR1 + macrophages were
even able reach through the epithelium to sample luminal contents and the number of
bacteria such as Salmonella Typhimurium penetrating through the epithelial barrier
significantly increased in the absence of such CX3CR1+ cells, highlighting the importance of

their presence in the intestine (Niess et al., 2005; Chieppa et al., 2006; Man et al., 2016).

Due to the high concentration of commensal bacteria within the colon, residential
macrophages have been homed to be tolerogenic to the microbiota and highly phagocyticin
its steady state (Liu et al., 2018). Residential macrophages play a critical role in tissue
remodelling following injury, where inflammatory M1 and anti-inflammatory M2

macrophages play differential roles in wound repair (Yi Rang N et al., 2019). M2
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macrophages act as the early responders to epithelial damage and remove cell debris and
apoptotic cells in a non-inflammatory manner as they are hyporesponsive to toll like
receptors (TLR) stimulation (Smythies et al., 2005). Furthermore, this sub-type can secrete a
number of anti-inflammatory cytokines/chemokines in order to downplay injury-induced
inflammation (Orecchioni et al., 2019). An example of a major player in wound repair is IL-
10 which is secreted by M2 macrophages in large quantities and where its downstream
target of CREB, leads to the secretion of the WNT1 inducible signalling protein WISP-1 and
consequently aids epithelial proliferation and barrier function (Quiros et al., 2017; Morhardt
et al., 2019). Epithelial repair is further encouraged by M2 macrophages’ cytokine product
TGF-B which promotes fibrosis following injury (Wick et al., 2010). In contrast, classically
activated M1 macrophages regulate wound repair via the secretion of bactericidal and pro-
inflammatory cytokines such as IL-6, IL-13, TNF-a and iNOS production, aiding the removal
of intracellular infections within the lamina propria (Jones et al., 2018). Over the years, in
vitro studies have utilised a Naive macrophage population, often referred to as an
uncommitted or resting phenotype to compare their characteristics to M1 and M2
macrophages (Jablonski et al., 2015; Zhao et al., 2017; Antonios et al., 2013). However, it is
currently unclear to which extent the function of Naive macrophage differs to its M1 and

M2 macrophage counterpart and whether such a phenotype can exist in an in vivo setting.

Intestinal macrophages also act as bridge to the adaptive immune system. Both macrophage
sub-types and T-cells are grounded in a continuous feedback loop where, M1 and M2
macrophages can both be polarised by Th1l and Th2 mediated cytokines, respectively.
Inversely, M2 Macrophages mediated IL-10 and TGF-B secretion can lead to the expansion
and induction of regulatory T-cells and M1 secretory cytokines promote the activation and
differentiation of Thl and Th17 cells. (Zigmond and Jung., 2014; Mosser et al., 2008). Recent
studies have shown that M1-mediated secretion of IL-1 enhances ILC3-cell mediated IL-22
production, thereby indirectly contributing to the restoration of the epithelial barrier
following injury (Yang et al., 2019). In chronic inflammatory diseases however, Thl and M1
mediated secretion of TNF-a can disrupt the epithelial integrity of the crypt thus leading to
further inflammation (Schmitz et al. 1999; Mantovani et al., 2012; Shapouri-Moghaddam et

al., 2017). The importance of regulatory T-cells in controlling intestinal homeostasis was also
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highlighted in a study in which increased cases of colitis was recorded in T-cell deficient

mice (Josefowicz et al, 2012).

While it has been established that M1 and M2 macrophages can influence intestinal
homeostasis through T-cell crosstalk, rapid clearance of apoptotic cells and restoration of
epithelial barrier function (Henson., 2005; Bain and Mowatt., 2011), increasing evidence
suggests that such macrophage may also be major constituent in the regulation of stem-cell

driven epithelial renewal (Pull et al., 2005; Sehgal et al., 2018; Yang et al., 2019).

A few studies have hinted at the importance of the physical presence of macrophages near
the epithelium and its potential impact on the intestinal stem cell niche. Previously, Pull et
al have shown that the macrophage presence near crypt bases increases following DSS
(dextran sodium sulfate) treatment, this was followed by the classical activation of M1-like
macrophages which made cell-cell contact with the colonic epithelial progenitor cell niche

via short cellular processes (Pull et al., 2005).

In addition, a study in the small intestine demonstrated that macrophage depletion via the
blocking of CSF1 signalling led to a depletion of Lgr5+ stem cells and reducing Ki67+

progenitor cell numbers thereby impairing homeostasis (Seghal et al., 2018).

The intestinal macrophage’s ability to secrete pro and anti-inflammatory cytokines to
indirectly influence epithelial regeneration have also been showcased in a number of
studies (Dugue and Descoteaux., 2014). A recent in vivo study highlighted the potency of
M1 macrophages secreted factors, in which its ability to secrete IL-1p led to the ILC3-
mediated synthesis of IL-22, a cytokine crucially required for the restoration of the epithelial
barrier in DSS-induced mice (Yang et al., 2019). In the small intestine, the secretion of the
anti-inflammatory cytokine IL-10 by residential macrophages following epithelial injury
played a major role in re-epithelisation although the mechanism behind this remains

unclear (Mathilde J.H et al., 2015; Morhardt et al., 2018).

Interestingly, macrophages have also proven to be a reliable source of Wnt, a known
promoter of cellular proliferation. Macrophage-derived extracellular vesicles (EV) were
shown to carry Wnt ligands, inducing B-catenin activity and thereby increasing epithelial
proliferation. Saha et al were able to demonstrate that these EVs play a crucial role in

inducing regeneration in crypts following radiation injury. Deletion of the Porcn gene (a Wnt
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gene) specifically within the macrophages led to the removal of the EVs and subsequent

depletion of secretory Wnt (Saha et al., 2016).

While previous research has focused on identifying individual elements of the liaison
between macrophages and the intestinal epithelium, this chapter takes on a broader
perspective by firstly aiming to determine the effects non-activated (Naive), classical (M1)
and alternatively (M2) activated macrophages have on the colonic crypt growth and
differentiation. As in an in vivo setting intestinal macrophage quickly differentiate based on
the environmental cues provided to them in the lamina propria (Hine and Loke., 2019). Our
findings in this chapter highlight the differential effects the macrophages sub-populations,
can have on colonic crypt proliferation and the crypt differentiated cell lineages in our 3D

macrophage-crypt co-culture.

4.2 Results:

To determine whether non-activated (Naive), inflammatory (M1) or anti-inflammatory (M2)
BMDM play a role in regulating stem cell driven renewal within colonic crypts, a novel

macrophage-crypt co-culture model was utilised as per Section 2.2.8.

4.2.1 Naive, M1 and M2 macrophages increase colonic EdU incorporation in

vitro colonic crypt

To determine crypt growth in each of the Naive, M1 and M2 co-cultures, an EdU click-iT kit
was used as per Section 2.2.13. Representative epi-fluorescent images of EdU incorporation
in colonic crypts in the presence of Naive, M1 or M2 co-cultures for 48 hours are shown in
Figure 4.1A, where DAPI positive cells are labelled in red and EdU positive cells are labelled
in green. A significant increase in EdU incorporation was found in all macrophage-crypt co-
cultures (Naive, M1 and M2), at a macrophage’s density of 3x10°. Furthermore, EdU
incorporation in crypts when cultured with M1 macrophages was significantly higher
compared to crypts co-cultured with Naive or M2 macrophages (Figure 4.1B). Having shown
that Naive, M1 and M2 macrophages are able to induce an increase in colonic crypts cell
proliferation when cultured with colonic crypts, we next sought to determine the
macrophages sub-population can have on the differentiated crypt cell population within our

in vitro 3D macrophage-crypt co-culture model.
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Figure 4.1: Macrophages increase EdU incorporation of colonic crypts in in vitro co-culture

A) Representative epi-fluorescent images showing EdU incorporation (green) in the nuclei (red)
within colonic crypt-macrophage co-cultures. Co-labelling of nucleus and EdU shown in yellow B)

Histogram showing the percentage of EdU positive nuclei per crypt within the macrophage subtype
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co-culture condition. condition (n=3 N>107, compared to control **P<0.01, ***P< 0.001; Naive

compared to M1 *** P< 0.001; M2 compared to M1 *** P< 0.001). Scale bar 20pm

4.2.2 Macrophages maintain Cro-A+ enteroendocrine expression in colonic

crypts
To identify enteroendocrine cells within the colonic epithelium, Chromogranin-A (Cro-A), a
glycoprotein which specifically binds to monoamine-storing cells within the Gl tract was
used (Engelstoft et al., 2015). In Figure 4.2A, representative confocal images show Cro-A
positive in white, where the labelling is predominantly located at the basal side of the crypt
and confined by the cell’s borders, visualised with labelling of E-cadherin (a cell-cell
adhesion molecule) shown in red, while the nucleus is positioned inwards, facing the

luminal side of the epithelium.

Comparison of the number of Cro-A positive cells in the crypt when in co-culture with Naive,
M1 and M2 macrophages showed no significant changes in the number of Cro-A positive
cells expressed per crypt (Figure 4.2B) or percentage of Cro-A positive cells compared to per
crypt (Figure 4.2C). To further understand the role of macrophages on Cro-A differentiation,
the distribution of Cro-A positive cells within the epithelium were analysed. In control
crypts, Cro-A distribution was similar at the base, mid or top region of the epithelium. When
Naive, M1 and M2 macrophages were co-cultured along with colonic crypts, Cro-A positive
cell numbers were also maintained throughout the base region of the crypt and no

significant changes were observed at the mid and top region of crypts (Figure 4.2D).
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Figure 4.2: Macrophages maintain in vitro Cro-A+ cell expression in colonic crypts in co-culture

model

A) Representative confocal images showing Chromogranin-A expression (white), DAPI (blue) and E-
cadherin (red) in crypt-macrophage subtype co-culture. Scale bar 20um B) Histogram showing the
average number of Cro-A positive cells per crypt within each co-culture condition C) Histogram
showing the percentage of Cro-A positive cells per crypt within each co-culture condition.). D)
Histogram showing the position of Cro-A positive cells within each crypt region (base, mid, top).

(n=4, N> 36, ns).

4.2.3 Naive and M1 macrophages reduce UEA-1+ goblet cell expression in

colonic crypts

To determine any differential changes in goblet cell expression within each macrophage
subtypes, the lectin Ulex europaeus agglutinin (UEA-1) was used. UEA-1 has a high binding
affinity to the mucosal product al,2-fucose, which is primarily produced by colonic goblet

cells (Sato et al.,1986; Goto et al., 2016).

Following immunofluorescent labelling with UEA-1, images were captured on confocal
microscope. Figure 4.3A, show representative images of UEA-1 positive cells within the
colonic epithelium in co-culture with Naive, M1 or M2 macrophages for 24 hours. UEA-1
staining shown in green is displayed throughout the crypt lumen, with E-cadherin (cell-cell
adhesion molecule) shown in red and DAPI positive cells shown in blue. UEA-1 positive cells
(white arrows) can be identified via the labelling of its intracellular vacuolous space which
often where the UEA-1+ mucus extends out from the cell into the lumen. In Figure 4.3B, the
number of UEA-1 positive cells per crypt were compared to in the presence of Naive, M1 or
M2 macrophages. Notably, the number of UEA-1 positive cells per crypt is significantly
reduced in crypts co-cultured with both Naive and M1 macrophages but not in the presence
of M2 macrophages. (Figure 4.3B). Similarly, the percentage of UEA-1 positive cells per crypt
compared to the total number of DAPI positive cells show a significant decrease in UEA-1

positive cell expression when cultured with Naive or M1 macrophages. (Figure 4.3C).
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The position of UEA-1 positive cells within the epithelium were also analysed in Figure 4.3D.
Control crypts show that most UEA-1 positive cells are found in the mid and base region of
the crypt, with the least located at the top region of the crypt. This pattern of distribution is
also maintained in crypts in culture with M2 macrophages. In crypts cultured in the
presence of Naive macrophages, the number of UEA-1 positive cells found in the mid region
was significantly decreased, where expression at the base and top were maintained
compared to control crypts. Within the M1-crypt co-culture model, UEA-1 positive cells
were maintained in base region compared to control; however, a significant decrease was
recorded at the mid and top region of the crypt (Figure 4.3D). Having established that Cro-
A+ enteroendocrine cell numbers were unaffected in crypts cultured with Naive, M1 or M2
macrophages and that the culture of Naive or M1 macrophages caused a reduction in UEA-
1+ goblet cells colonic crypts, we finally aimed to determine whether the differentiated
DCAMKL1+ tuft cell lineage is affected by the presence of either Naive, M1 or M2

macrophages in vitro.
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Figure 4.3: Naive and M1 but not M2 macrophages reduce in vitro UEA-1+ cell expression in

colonic crypts within the co-culture model

A) Representative confocal images showing UEA-1 expression (green), DAPI (blue) and E-cadherin
(red) in each crypt-macrophage subtype co-culture B) Histogram showing the average number of
UEA-1 positive cells per crypt within each co-culture condition C) Histogram showing the percentage
of UEA-1 positive cells per crypt within each co-culture condition. D) Histogram showing the position
of UEA-1 positive cells within each crypt region (base, mid,top.) (n=5, N> 63, **P <0.01 ***P<0.0001

compared to Control). Scale bar 20um.

4.2.4 M1 macrophages reduce DCAMKL1+ tuft cell expression in colonic

crypts

To identify tuft cells within the colonic epithelium, current studies have shown that only
labelling for DCAMKL1 (doublecortin and calcium/calmodulin-dependent protein kinase-like

1) is considered to be a robust tuft cell specific marker (Gerbe et al., 2009).

Figure 4.4A shows representative confocal images of DCAMKL1 positive cells in the crypt
epithelium when cultured with Naive, M1 and M2 crypt co-cultures for 24 hours. DCAMKL1
positive cells are visualised by green intracellular labelling enveloping DAPI (blue) positive

within the confines of the E-cadherin (cell-cell adhesion molecules) borders.

Analysis of DCAMKL1 positive cell numbers in crypts cultured with Naive, M1 and M2
macrophages only revealed a significant reduction in crypts when cultured in the presence
of M1 macrophages, although a non-significant downward trend was also noted in crypts
within the Naive and M2 co-culture models (Figure 4.4B). Further statistical analysis of the
datasets revealed that an average of 2.8% (+ 0.05) of all crypts contain at least a single
DCAMKL1 positive epithelial cell when cultured with M1 macrophages compared to Naive
(9.5%+ 0.05), M2 (7.7% £ 0.08) and control (16.1% + 0.06), where these quantifications were

made based on DCAMKL1 positive cells present on the equatorial plane.

In Figure 4.4C, the percentage of DCAMKL1 positive cells per crypt compared to the total
number of DAPI positive cells per crypt are shown, revealing a significant decrease in
DCAMKL1 expression in crypts cultured with M1 macrophages, but not with Naive or M2

macrophages.
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Analysis of the average position of each DCAMKL1 positive cells in Figure 4.4D revealed no
significant differences in the base, mid and top region in crypts when cultured with Naive,

M1 and M2 macrophages compared to control.

As we have now established the differential effects Naive, M1 or M2 macrophages have on
the colonic crypts differentiated cell population, next, we aimed to determine their effect
on the Lgr5+ stem cell population in crypts cultured with Naive, M1 or M2 macrophages in

vitro.
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Figure 4.4: M1 macrophages but not Naive and M2 reduce in vitro DCAMKL1+ cell expression in

colonic crypts within the co-culture model

A) Representative confocal images showing DCAMKI1 expression (green), DAPI (blue) and E-cadherin
(red) in each crypt-macrophage subtype co-culture B) Histogram showing the average number of
DCAMKL1 positive cells per crypt within each co-culture condition C) Histogram showing the
percentage of DCAMKL1 positive cells per crypt within each co-culture condition. D) Histogram
showing the position of DCAMKL1 positive cells within each crypt region (base, mid, top). (n=5,
N>52, *P<0.05 compared to Control). Scale bar 20um.

4.2.5 M1 macrophages increase Lgr5+ stem cell expression in colonic crypts

Stem cell expression within the co-culture model was quantified via the basal epithelial
expression of cell surface marker Lgr5 (leucine-rich G protein coupled receptor 5), a Wnt
target gene commonly expressed on actively cycling columnar cell within the stem cell niche

(Barker et al., 2007).

Representative confocal images expression showing basal expression of Lgr5 on the colonic
epithelium in Naive, M1 or M2 co-cultures cultured for 24 hours are shown Figure 4.5A,
here a Lgr5 gradient, originating from the base of the crypt and gradually weakening
towards the upper regions is visualised in green and Lgr5 positive cells were identified as per
Section 2.3.3.

Lgr5 positive cell expression is maintained within Naive and M2 macrophage co-cultures,
however a significant increase from 3.6% (+ 0.26) to 6.0% (+ 0.48) Lgr5+ cells per crypt were
recorded in the M1 co-culture compared to control crypts (Figure 4.5B).

The histogram in Figure 4.5C shows the percentage of the total number of Lgr5 positive cells
compared to the total number of DAPI positive cells per crypt revealing a significant
increase in Lgr5+ cell expression in crypts in the M1 co-culture model compared to control
crypts.

In contrast, the expression of Lgr5 positive cells in crypts cultured in the presence with
Naive or M2 macrophages were maintained compared to control crypts. (Figure 4.5C).

The distribution of Lgr5+ cells along the longitudinal crypt-axis in culture with Naive, M1 and
M2 macrophages compared to control are shown in Figure 4.5D. In control crypts, the basal

and mid region was shown to contain the majority of Lgr5 positive cells with the least
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expressed at the top. Crypts cultured in the presence of Naive and M2 macrophages also
share this pattern of expression and no significant changes in Lgr5 positive cell distribution
at the base, mid or top of the crypt region was noted when compared to control crypts. In
contrast, a significant increase in Lgr5 positive cell expression was found in crypts cultured
with M1 macrophages at the base and mid region of the epithelium but not at the top. Here
in both, the basal and mid region of the crypt, at least one additional Lgr5 positive cell was

found compared to control crypts.
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Figure 4.5: M1 but not Naive or M2 macrophages increase in vitro Lgr5+ cell expression in colonic

crypts within the co-culture model

A) Representative confocal images showing Lgr5 expression (green), DAPI (blue), E-cadherin (red)
and brightfield (white) in each crypt-macrophage subtype co-culture B) Histogram showing the
average number of LGR5 positive cells per crypt within each co-culture condition C) Histogram
showing the percentage of Lgr5 positive cells per crypt within each co-culture condition. D)
Histogram showing the position of Lgr5 positive cells within each crypt region (base, mid, top). (nh=4,
N236 **P<0.01 compared to control, ***P<0.001; Naive compared to M1 ** P<0.01; M2 compared to
M1 £ p<0.001; £f P< 0.01). Scale bar 20um.

4.2.6 M1 macrophages increase Lgr5 fluorescence intensity in colonic crypts
As Lgr5 is commonly expressed on the basal surface of the colonic crypt, semi-quantative
analysis of the fluorescence intensity of Lgr5 expression was performed as per Section 2.3.4
in order to determine changes in receptor expression in each co-culture condition.

In Figure 4.6A the average Lgr5 fluorescence intensity within each crypt co-culture with
Naive, M1 and M2 macrophages are shown. A significant increase in fluorescence intensity
was observed at the base and mid regions of crypts cultured with M1 macrophages. Crypts
from the M2-macrophage co-culture model however displayed a significant decrease in Lgr5
fluorescence intensity in all regions of the crypt (base, mid and top). When crypts were
cultured alongside Naive macrophages, a significant decrease in fluorescence intensity was
only observed in the mid region of the crypt (Figure 4.6B).

Overall investigation into the effects of Naive, M1 and M2 macrophages on colonic crypt

growth and differentiation have been summarised in Table 6.
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Figure 4.6: M1 but not Naive or M2 macrophages increase in vitro Lgr5 fluorescence intensity in

colonic crypts within the co-culture model

A) Representative confocal images showing the fluorescence intensity of Lgr5 (RBG heat map) in
each crypt-macrophage subtype co-culture, where blue and red labelling indicate the maximum and
minimum fluorescence value expressed, respectively B) Histogram showing average fluorescence
intensity (arbitrary value) within each crypt region (base, mid, top) (n=4, N>36 compared to control
*P<0.05, ***P<0.001; *** P<0.001 Naive compared to M1; ££ P<0.001 M2 compared to M1). Scale

bar 20um.
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Epithelial cell type Marker

EDU 4 T 4
Crypt growth
CRO-A - o -_—
Enteroendocrine cell
Q UEA-1 1 1 -
Goblet cell
DCAMKL1 -_— l -_—
Tuft cell
3
LGR5 — T —
stem cell

Table 6: Diagrammatic summary

Summary table highlighting the differential effects of Naive, M1 and M2 macrophages on colonic
crypt growth and differentiation in vitro. *(does not refer to Lgr5 fluorescence intensity, which was

decreased in crypts cultured with M2 macrophages).
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4.3 Discussion:

In this chapter, we have shown that all macrophage sub-types, non-activated (Naive),
classically activated-M1 or alternatively activated-M2 macrophages-crypt co-cultures were
able to induce crypt proliferation in comparison to the control, where proliferation was
significantly higher in the M1-crypt co-culture compared to its non-activated and anti-
inflammatory counterparts. While Cro-A+ enteroendocrine cell numbers were maintained in
crypt when co-cultured with either Naive, M1 or M2 macrophages, UEA-1+ goblet cell
numbers were significantly reduced in epithelia co-cultured with either Naive or M1
macrophages but not in M2. While colonic DCAMKL1+ tuft cell numbers were only reduced
in crypts cultured with M1 macrophages. Additionally, epithelial Lgr5+ stem cell numbers
also remained unchanged in the presence of Naive and M2 macrophages but were
significantly higher in M1-crypt co-cultures. This thesis is first to demonstrate that Naive,

M1 and M2 macrophages can differentially regulate colonic crypt renewal in vitro.

Intestinal macrophages have been implicated in colonic epithelial growth in several in vivo
mouse models (Saha et al., 2016; Quiros et al., 2017; Sehgal et al., 2018). However, as a
myriad of cell types such as fibroblasts, dendritic, T-cells among others are present in the
lamina propria in vivo, such studies are not able to determine whether the macrophage
population and macrophage-derived factors are the causative factor leading to increased
crypt growth (Montalban-Arques et al., 2018). Our in vitro study is first to demonstrate that
all macrophage subtypes despite of their phenotypic differences are able to induce colonic

crypt growth via a molecular mechanism yet to be delineated.

In our study, both Naive and M2 macrophages induced comparable levels of crypt
proliferation. Although the Naive macrophage population is considered to be a “neutral”
and non-polarised macrophages population it could be likely that the presence of colonic
crypts induced the education of macrophages to obtain an anti-inflammatory/homeostatic
phenotype which according to some in vivo studies often resembles the M2 macrophage
phenotype (Bain et al., 2014; Hine and Loke., 2019). The environmental cues which could
trigger the re-education of Naive macrophages in vivo are currently not known and further
investigation will be required. In contrast, if Naive macrophages have remained in their non-

activated state, it can also be hypothesised that cytokines which have been reportedly

unregulated in M2 macrophages such as IL-10, TGF-B and IL-1Ra are not directly influencing
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epithelial proliferation and other factors are likely at play instead (Sica and Mantovani.,
2012). Other small intestinal studies have suggested that IL-10, which is secreted in large
concentrations by M2 but not Naive or M1 macrophages aids epithelial cell proliferation
through CREB signalling and the WISP-1 pathway in injury-induced crypts (Morhardt et al.,
2019). Contrarily, this is not the case in our study, as proliferation in crypts cultured with M2
macrophages was comparable the Naive-crypt co-culture condition. However, it should be
noted that crypts in Morhardt et al’s study were subjected to physical injury, while crypts
within our co-culture model remained intact and it may be possible that the IL-10 signalling

pathway remains dormant in the steady-state.

In comparison to both Naive and M2 conditions, M1 macrophages are able to increase
epithelial proliferation by a further 30%. Such an increase could potentially be caused by the
number of pro-inflammatory cytokines secreted by M1 macrophages such as IL-6, TNF-a, IL-
1B and iNOS production (Lopes et al., 2020) . It was previously shown that IL-6 can stimulate
epithelial proliferation in injury-induced mice (Kuhn et al., 2014). Furthermore IL-6
stimulation in small intestinal organoids also led to an increase in epithelial proliferation,
alluding to the potential role that M1-mediated IL-6 could have in regulating crypt growth
(Jeffery et al., 2017). It was also shown that exogenous TNF-a expression can promote
intestinal cell proliferation via Wnt and B-catenin signalling (Bradford et al., 2017). A
drawback of quantifying epithelial proliferation in this study should also be taken into
consideration. Previous studies have established that the rate of turnover of the intestinal
epithelium of a mouse lies at around 3-4 days. In this study, the control crypts’ rate of cell
proliferation average lies at 20% per day, which is lower than the estimated in vivo average

of 33% per day (Darwich et al., 2014).

Additionally, studies have shown that LPS stimulation within macrophages can lead to the
upregulation of NOX-1 which in turn increases the expression of iNOS in macrophages, an
archetypical feature of M1 macrophages (Kato et al., 2016; Lui et al., 2020). An in vivo study
had previously shown that colonic proliferation was reduced in NOX-1 deficient mice
treated with DSS by 30% therefore NOX-1 should be considered another downstream target

that M1 macrophages could utilise in our model (Coant et al., 2010; Moll et al., 2018).

Prior to the crypt isolation, the in-situ crypts were likely in contact with other sub-epithelial

cells including residential macrophages. As the crypts were liberated and removed from the
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in vivo setting and re-seeded into our 3D co-culture model, it is likely that epithelial
turnover is reduced in crypts cultured alone due to the lack of macrophages present in the
control group, while the rate of epithelial proliferation of our Naive/M2-crypt co-culture
model may match the turnover rate in vivo. It should therefore also be considered that the
non-activated or anti-inflammatory co-culture may more closely resemble the in vivo setting

(Kuhn et al., 2014).

Early studies have shown that IL-6 secretion can be stimulated in macrophages following its
exposure to LPS. As this thesis utilises the classical activation of macrophages via LPS and
IFN-y, the presumption can be made that the increased proliferation observed may be
associated with the pro-inflammatory functions of IL-6 (Mantovani et al., 2004; Manderson
et al., 2007). An in vitro organoid study has shown that the small intestinal epithelium
responds to IL-6 by increasing epithelial proliferation in the steady state of the small
intestine (Jeffery et al., 2017) and more relevantly, Kuhn et al. have also demonstrated an
increase in epithelial proliferation following acute injury in the colon in vivo (Kuhn et al.,

2014).

While all macrophage sub-populations were able to induce an increase in colonic crypt
proliferation, findings in this chapter show that Naive, M1 and M2 macrophage also
differentially affect the expression of the differentiated cell lineages. Among all macrophage
sub-types, a significant reduction in goblet, tuft cells and an increase in stem cell numbers
was only observed in crypts from M1-crypt co-cultures. Although further work is required to
determine the molecular mechanism which have led to the changes we have observed
specifically in this culture model, the factors which could play a potential role in epithelial

cell fate regulation have been highlighted below.

Constitutively mucus-producing goblet cells play a vital role in the intestinal homeostasis
within the colonic epithelium (Parikh et al., 2019). In our co-culture model, a reduction in
goblet cell numbers was displayed in both the Naive and M1-crypt co-culture. In correlation
to this, Sehgal et al’s colonic experimental setup in vivo demonstrated that goblet cell
numbers were also significantly increased in the absence of macrophages following
blockade of CSFR1 suggesting that BMD-M1 macrophages may share similar functional
properties with residential macrophages (Sehgal et al., 2018). Similarly, to the results of the

M1 co-culture, a depletion in goblet cells was also observed in both IBD and ulcerative
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colitis, both in which M1 macrophages are constitutively present (Lissner et al., 2015;
Gerseman et al., 2009; Strugula et al., 2008). Work from Toth’s lab noted that goblet
progenitor cells undergo early differentiation and slowly cycle trough the transit-amplifying
zone compared to absorptive cells, likely to supply the bottom of the lumen with sufficient
mucus, this is also evident in our co-culture, where goblet cells were consistently present

within the +4 CBC position (Toth et al., 2017).

Upregulation of NOX-1 in inflammatory macrophages could also play an important role in
influencing the secretory goblet cell fate. In a in vivo study of the colon, an increase in
goblet cells numbers was recorded following the knockout of NOX-1 (Coant et al., 2010).
The study demonstrated that NOX-1 can engage the NOTCH1 signalling pathway,
subsequently activating downstream stimulation of Hes1 and Hes5 and finally supressing
AtOH1 transcription, thereby forcing the cells towards an absorptive cell fate. Consequently,
NOTCH1 signalling was downregulated leading to an increased goblet cell expression in
NOX-1 KO mice. Whether NOX-1 is involved in causing a reduction in goblet cell numbers
will need to be determined in the future. In addition to this, enteroendocrine cells numbers

remained unchanged in NOX-1 KO mice, which correlates with our findings (Liu et al., 2020).

As mentioned previously, Th2 response secretion of IL-4 and IL-13 leads to the activation of
M2 macrophages which were proven to play a vital role in controlling parasitic invasions
(Chen et al., 2012). In vivo, Th2-derived IL-13 secretion was also found to induce goblet cell
hyperplasia, reportedly aiding to the rapid expulsion of parasitic worms (Gerbe et al., 2016).
In contrast, despite the increase in cell proliferation, our findings show that goblet cell
numbers were maintained in M2-crypt co-culture conditions compared to M1 and Naive.
However, it should be noted that the colonic crypts within our in vitro co-culture model
were not directly exposed to IL-13, as described in the study above, and it is also a
possibility that IL-13 directly stimulates and interacts with the colonic epithelium to induce

an increase in goblet cell differentiation.

A signalling pathway which is heavily impaired in IBD is TGF-B signalling, where its
suppression contributes to the progression of the disease (Lees et al., 2011). TGF-B
signalling is also postulated to play a pivotal role in regulating goblet cell differentiation
(Ihara et al., 2016). In a previous study CD11c-cre TGFb depleted mice in the colon have

shown to cause goblet cell depletion in vivo. The study highlighted that TGF-f inhibition
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within CD11c+ dendritic cells lead to the upregulation of Jagged1/2, upregulation of Hes1
and consequently a reduction in goblet cells (lhara et al., 2016). It is currently unknown to
which extent CD11c+ macrophages share this phenotype with dendritic cells, however as
demonstrated in chapter 3, CD11c was also highly expressed in bone-marrow derived M1
macrophages in our study. In addition, the ablation of TGF-B-RIl on CD68+ macrophages led
to a reduction in IL-10 production (anti-inflammatory cytokine) and increased susceptibility
DSS-induced colitis (Rani et al., 2011). It is therefore likely that the observed goblet cell
depletion within our M1-crypt culture condition was caused due to the absence or lack or
TGF- B in the co-culture system leading to an upregulation in Notch signalling. In the future,
inhibition and blocking experiments of the paracrine mediators mentioned previously could
reveal the regulatory role they play within our co-culture model. It should also be noted that
colonic crypts in this study were isolated from the mid and distal region, however, goblet
cell numbers can differ significantly each colonic region, where goblet cell expression
gradually increases from the duodenum to the distal colon (Kim et al., 2010; Karam et
al.,1999). To decrease batch to batch variability in our co-culture model, we suggest the

isolation of crypts from a single colonic region in future experiments.

In this thesis, tuft cell depletion was observed in M1-crypt culture while expression levels
were maintained in Naive and M2-crypt conditions. Due to its rare occurrence within the
intestine, the functions of intestinal tuft cells in colonic crypt homeostasis are not well
understood (Gerbe et al., 2011). It has become clear however that DCLK1+ tuft cell fates are
differentially regulated in the large and small intestine. /n vivo ablation of Atohl in the colon
led to the depletion of DCLKL1+ tuft cells, in contrast Atoh1 deficiency within the small
intestine led to tuft cell hyperplasia (Herring et al., 2018). In alignment with the colonic
findings, it could therefore be hypothesised that Atohl is downregulated in the M1-crypt
co-culture, leading to the observed decrease in the DCAMKL1+ tuft cell numbers.
Interestingly, ablation of DCAMKL1 in DSS colitis-induced colitis also led to an increase in
pro-inflammatory cytokine secretion and inflammation, however the depletion of DCLK1
also resulted in a decrease in Lgr5 mRNA expression (Qu et al., 2014). Whether the tuft cell
depletion we have observed in our in vitro model is linked to the likely upregulation of M1-
derived pro-inflammatory cytokine or is the result of differential cell differentiation will be

further investigated in the latter chapters of this study.
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Tuft cell’s ability to secrete prostaglandin E2 has shown to aid wound repair in vitro (Miyoshi
et al., 2017). In addition, an in vivo colonoid study found that DCLK1+ deficient tuft cells only
contribute to epithelial proliferation in the event of chronically induced colitis within the
colon (Yi et al., 2018). As our study demonstrated that M1-crypt interactions are leading to
an increase in epithelial proliferation, it is likely that tuft cell-mediated prostaglandin
secretion does not significantly influence epithelial renewal. However, in an in vitro 2D
organoid system, PGE; supplementation led to the reduction in tuft cell density, suggesting
that tuft cells are sensitised to PGE; levels (Miyata et al., 2018). It is evident that bone-
marrow derived M1 macrophages protein expression of PGE; is significantly higher
compared to its Naive and M2 counterpart and COX-2 expression is increased in
macrophages in contact with intracellular bacteria in a similar fashion to this studies’ M1
macrophage phenotype (Manning et al., 2015). For this reason, the reduction of tuft cells
numbers exhibited in our M1 co-culture could be credited to the increasing levels of PGE;
within the co-culture’s microenvironment. The exact mechanism which causes the changes
we have observed are currently not known, to further investigate this, future studies should

aim to determine the expression of PGE, within the co-culture via utilisation of an ELISA kit.

The reduction in tuft cells in the M1 co-culture may also have indirectly reduced goblet cell
numbers within the epithelium. Tuft cells secretion of IL-25 in vivo plays a vital role in the
recruitment of Th2 cells and consequent secretion of IL-4 and IL-13 both of which are
required for polarisation of M2 macrophages. An In vivo small intestinal study demonstrated
that recombinant IL-4 and IL-13 injection led to increased tuft and goblet cell hyperplasia
after 5 days, however it was not elucidated whether the changes observed were caused by
an increased influx of M2 macrophages (Gerbe et al., 2016; Moltke et al., 2016).
Additionally, tuft cells have also been implicated to act as quiescent stem cells within the
small intestine, where they can act as a source of Notch for the maintenance of Lgr5+ stem
cells following the ablation of Paneth cells; however, to which extent this role is translated

across to the colon is not known (Westphalen et al.,2014; Van es et al., 2019).

Altogether the reduction in tuft and goblet cell numbers observed in our M1-crypt co-
cultures begs the question as to whether the epithelial cell fate equilibrium has been shifted

between the absorptive and secretory cell fate as described.
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In this study’s co-culture model, enteroendocrine cell (EEC) numbers were not affected by
the different macrophage subtypes. Several studies have shown the effects EECs could have
on macrophage activity; however, the reciprocal effects have previously not been
extensively studied (Miyamoto et al., 2012; Saia et al., 2014; Hogan et al., 2014)
Enteroendocrine cells are categorised as secretory cells and Neurogenin 3 has been
identified as the critical transcription factors required for the differentiation of
enteroendocrine cells. As no changes were detected in our co-culture system it can be
assumed that all three macrophage subtypes are unable to influence the EEC differentiation

pathway (Jenny et al., 2002).

As colonic renewal has been established to be driven by Lgr5+ stem cells, a particularly
compelling finding of this chapter is the significant increase of crypt Lgr5+ stem cells when
in culture with M1 macrophages (Barker et al. 2007; Rothenberg 2014). As to why M1
macrophages alone are able to implement such a change within our model is currently not
known, however signalling pathways such as Wnt and Notch among others may play a
crucial role in engaging intestinal stem cell expansion and is further investigated in Chapter

6 of this study.

Whnt signalling pathway plays a critical role in the renewal of the epithelium and the
maintenance of stem cell activity (Clevers., 2014). Saha et al. have demonstrated that
macrophages’ extra-vesicular secretion of Wnt is required for epithelial renewal and
proliferation Here bone-marrow derived macrophages expressed WNt5a, Wnt6 and Wnt9a
(Saha et al., 2016). Where small intestinal crypts can rely on Paneth cells to provide Wnt
ligands, specifically, Wnt3a, the exact cause of Wnt signalling in the colon remains an
enigma (Sato et al., 2011). The Wnt-signalling paradigm within our co-culture system is

further studied in the latter chapters of this thesis.

As mentioned above, M1 macrophage unique pro-inflammatory inventory could prompt a
change in epithelial stemness. The inflammatory cytokine TNF-q, is secreted by BMD-M1
macrophages in large quantities (Ying et al., 2013). A recent study has demonstrated that
epithelial cells depend on bone-marrow cell derived TNF in mucosal repair following DSS
treatment. Interestingly, an increase in Lgr5 mRNA expression was also exhibited in
colonoids following treatment with TNF, hinting at the potential role TNF-a may play within

our co-culture system (Bradford et al., 2018). Recent work from Koelink et al, has revealed
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that anti-TNF therapy utilised to treat patients with Crohn’s disease, causes an increase in
macrophage derived-IL-10 production which subsequently promotes the differentiation
towards an M2 macrophage phenotype, thereby showcasing the potential therapeutic role
macrophages play in inflammation resolution (Koelink et al., 2020). It should be noted that
although Lgr5 has been established as a robust marker for actively cycling stem cells within
the colon, unlike Lgr5+GFP+ mice, the immunofluorescent labelling with an anti-Lgr5
antibody does not allow for lineage tracing and therefore it cannot be established whether
the Lgr5+ stem cells identified in our co-culture model are a clonal derivative or arose as a
result of de-differentiation (Barker et al., 2007). Furthermore, Cosin-Roger’s work has
described that M2 macrophages may regulate mucosal repair in colitis-induced mice via a
STAT6 dependent pathway, however we did not observe any changes in the expression of
Lgr5+ stem cells in our co-culture system where the epithelium largely remained intact
(Cosin-Roger et al., 2013). We therefore suggest that the experiments in this chapter are
repeated with crypts isolated from DSS-treated mice, so we can further understand whether

M1 and M2 macrophages differentially respond to the inflammatory stimuli.

Jeffery et al. have previously shown that the number of Lgr5 positive cells increase following
IL-6 treatment in vivo and in vitro. Interestingly, gene expression of IL-6 is also highly
upregulated in classically activated (M1) macrophages but not alternatively activated (M2)
macrophages. (Orrecchioni et al., 2019). This also correlates with our current findings of
Lgr5 increase in the M1-crypt culture. However, Paneth cells in the small intestine which the
IL-6 pathway depends on are not present in the colon and it remains unknown as to how IL-
6 signalling may be transmitted to the colonic epithelium (Jeffery et al., 2016). In correlation
to the in vivo studies mentioned above, Reinecker et al’s earlier work has also found that
increased levels of lamina propria-derived IL-6 and TNF was present in patients with Crohn’s
disease (Reinecker et al., 1993). In order to confirm whether macrophage-derived cytokines
such as IL-6 and TNF-a are present in our co-culture, the culture medium can be collected
and a chemokine/growth factor ELISA can be performed to further understand the

differences in cytokine composition in our Naive, M1 and M2 co-cultures.
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In 2020, Meli et al have highlighted that the depletion of YAP, a component of the Hippo
signalling pathway, inhibits the activation of macrophages towards an inflammatory

phenotype, whereas the overexpression of YAP led to an increase in inflammation

(Meli et al., 2020). Similarly, YAP activation was shown to be upregulated in both IBD and
following mucosal injury (Tanguchi et al., 2014). A follow up study, further revealed that the
polarisation of M2 macrophages was inhibited by YAP, instead enhancing the presence of IL-
6 producing M1 macrophages in chronic inflammatory disorders (Tanguchi et al., 2019).
Interestingly, the Hippo signalling may also play a regulatory role in the activation of both
Wnt and Notch signalling (Zhou et al., 2019). The accumulation of nuclear YAP, which was
initiated by the conditional deletion of MST1/2 in intestinal epithelial cells, was shown to
upregulate Notch activation (Zhou et al., 2011). It was also demonstrated that the nuclear
accumulation of YAP can aid the stabilisation of the B-catenin thereby positively regulating
Whnt signalling (Rosenbluh et al., 2012; Heallen et al., 2011). Whether the significant
upregulation in colonic crypt proliferation we have observed in M1 macrophages is partly
driven by the upregulation in the Hippo signalling pathways as observed in IBD is in in our

3D in vitro co-culture model will need to be further investigated in the future.

In an in vivo setting, the environmental stimuli often define the macrophage phenotype, as
previously described macrophages in the intestinal lamina propria obtain an inflammatory
or homeostatic role (Na et al., 2019). Due to the constant presence of stimuli in vivo the
non-activated/resting ‘Naive’ phenotype can only observed in an in vitro setting. As it is not
known whether the Naive macrophage were ‘conditioned’ by nearby colonic crypts to
support and regulate colonic crypt renewal within out co-culture model. To do so, future
work should aim to investigate whether crypt-derived secretory factors can activate non-

stimulated ‘Naive’ macrophages.

Another disadvantage of this study was that to visualise and quantify the number of Lgr5+
stem and differentiated cell type, the samples were fixed in PFA and immunofluorescently
labelled after 24 hours throughout this study, however this methodology only allows us to
study a fixed time-point. With the use of a time-lapse and Lgr5+GFP+ mice co-cultured along
with the macrophage subtypes in future experiment we will be able to further understand

the epithelium response to macrophage crosstalk.
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Conclusion:

This study is the first to demonstrate that pro, anti and non-activated macrophages are able
to induce colonic epithelial proliferation in vitro. Furthermore, inflammatory macrophages
prompt the upregulation of Lgr5+ stem cell expression and a reduction in goblet and tuft cell
numbers. The molecular mechanisms behind the differential shift in differentiation remain
to be studied however further studies may aid the search for an alternative therapeutic
target to regulate said changes and thus control or prevent chronic inflammation within IBD.
To refine the search for the influencing factor causing the increase in crypt growth and
changes in crypt differentiation, the upcoming chapters strive to investigate whether the
changes observed are induced via macrophages’ physical contact or secreted factors, while
the following chapter will determine whether physical contact between colonic crypts and

macrophages exists within our 3D in vitro model.
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Chapter 5: Spatial Characteristics of Macrophages And Colonic

Crypts In Vitro Co-culture Model

5.1 Introduction:

The colon is home to the largest macrophage population in the body and its functional role
within the lamina propria during the steady state and their presence is only increased during
inflammation, while their ablation in vivo can exacerbate inflammation in UC and Crohn’s

disease (Symthies et al., 2005; Rubio et al., 2018).

As previously described in Chapter 3, the intestinal epithelium recruits’ monocytes which
are then differentiated into tissue-resident macrophages, where the epithelium and the
underlying lamina propria utilise chemokine signalling to direct the macrophage localisation
towards the crypt perimeter (Kulkarni et al., 2016). The significance of macrophage and
crypt interplay has been highlighted in a few studies. For example, early work from Pull et
al, noted that DSS-treatment of mice induced an increase in F4/80 positive macrophages
which extended processes out towards the pericryptal surface of the colonic epithelium
(Pull et al., 2005). Significantly in a homeostatic setting, seminal work from Skoczek et al’s
have made a number of key findings. Firstly, the luminal stimulation of LPS initiated the
recruitment of 7/4+ neutrophils, Ly6C+ monocytes and F4/80+ macrophages, within an
explant model, indicating that the epithelium is capable of relaying luminal signals towards
underlying immune cells. The Ly6C+ and F4/80+ were then also observed to be directly
juxtaposed with LGR5EGFP+ stem cells, while in parallel, LGR5EGFP+ stem cells were shown
to extrude cellular processes through the laminin-rich basement membrane to contact
nearby immune cells and the cellular protrusions were observed to be in direct contact with

F4/80+ macrophages. (Skoczek et al., 2014; Sobolewski and Skoczek, unpublished data).

The macrophage’s capacity to form filopodia to apprehend foreign bacteria has been well
established over the course of the last 50 years (Horsthemke et al., 2018; Kress et al., 2007).
However, with time the multi-functionality of such macrophage filopodia are also being
uncovered. Following acute injury, neutrophils are recruited to the site of injury by
epithelial-derived CXCL-cytokines (Stillie et al., 2009). Remarkably, to limit an excessive
inflammatory response, intestinal macrophages are able to sense microlesions in the

epithelium, extend membrane processes towards the site of injury, remove debris and
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DAMPs thus dampening the immune response in vivo (Uderhardt et al., 2019). Additionally,
work from Resicgno, Chieppa and Niess et al, have demonstrated that CX3CR1+
macrophages, although initially thought to be dendritic cells, were able to form
transepithelial dendrites in order to sample luminal antigens and assist in bacterial
clearance (Rescigno et al., 2001; Niess et al., 2005; Chieppa et al., 2006).Further evidence of
filopodia-mediated macrophage-epithelial crosstalk was reported in zebrafish, where long,
thin cellular protrusions named ‘airinemes’ were found to link epithelial pigment cells
directly to macrophages, where the depletion of macrophages coincided with the ablation

of airinemes (Eom and Parichy., 2017).

Within an in vivo setting, input from other peri-cryptal myofibroblast and mesenchymal cells
such as Rspol-producing trophocytes and BMP ligand-producing telocytes during the
steady-state and IBD makes it difficult to determine whether macrophages-derived signals
can affect epithelial renewal in an in vivo setting (Lei et al., 2011; McCarthy et al., 2020;
Shoshkes-Carmel et al., 2018). For this reason, the use of 3D Matrigel-based organoid
cultures has increased exponentially over the last two decades as they allow researchers to
gain a better understanding of the physiological functions of each cellular component within
the culture model by mimicking the in vivo setting as closely as possible (Simian and Bissell.,
2016). Although contact between macrophages and the epithelium have been reported in
the studies mentioned above, the spatio-temporal characteristics of colonic crypts and the
macrophage subsets have not been studied in detail. As work from Chapter 4 has confirmed
that Naive, M1 and M2 macrophage differentially regulate colonic crypts proliferation and
differentiation in our 3D co-culture model, in this chapter we aimed to further understand
whether the interactions between colonic crypts and Naive, M1 or M2 macrophage
specifically within our 3D Matrigel-based model affect the morphological properties of
colonic crypts and the localisation of nearby macrophages. The data in this chapter suggest
that the macrophage sub-populations create direct physical contact to the colonic
epithelium, adopt a pattern in its localisation and differentially affect crypt architecture in

vitro.
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5.2 Results:

As the presence of CSF-driven macrophage were shown to play a crucial key role in
regulating the intestinal stem cell niche in vivo (Sehgal et al., 2018), this chapter aims to
further study the spatial and temporal characteristics of both macrophages and crypts
within the 3D in vitro co-culture model. Live-cell imaging and immunofluorescent labelling
was used to semi-quantitively characterise macrophage to crypt contact within the co-
culture model. Furthermore, the vesicle secretion of the colonic epithelium in the presence

of Naive, M1 and M2 macrophages was also studied.

5.2.1 Colonic crypts cultured with Naive, M1 and M2 macrophages share

similar crypt morphologies in vitro

Initially following the culture of crypts with Naive, M1 and M2 macrophages, its effect on
the overall crypt morphology were studied and characterised in Figure 5.1, where a variety
of crypt morphologies have been identified in the absence of macrophage (Control) and in
the presence of Naive, M1 and M2 macrophages. In Figure 5.1A, native crypts in which the
width: length ratio lies at approximately 1:3 are shown. Shorter crypts are shown in Figure
5.1B and spheroidal crypts are displayed in Figure 5.1C. The occurrence of the native, short
and spheroidal crypts on Day 1 of culture were analysed in the presence of Naive, M1 and
M2 macrophages over the course of 48 hours are shown in Figure 5.1D. The most
commonly occurring morphological phenotype observed was the native crypt followed by
short crypts, where spheroidal crypt expression was least commonly detected. Native
crypts in control remained unchanged on Day 2 compared to Day 1, however a significant
decrease in native crypt expression was noted in crypts cultured with Naive, M1 and M2
macrophages on Day 2 compared to Day 1. The expression of short crypts in control from
Day 1 to Day 2 remained unchanged. A significant increase in the expression of short crypt
was observed in crypts cultured with either Naive or M1 macrophages but not in culture
with M2 macrophages. The expression of spheroidal crypts remained unchanged both in the

absence and presence of Naive, M1 and M2 macrophages.
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Figure 5.1: Characterisation of colonic crypts morphologies in in vitro culture with Naive, M1 and

M2 macrophages

In vitro colonic crypts and co-cultures in 3D Matrigel highlighting varying organoid morphologies. A)
Native crypt B) Shortened crypt C) Spheroidal crypt D) Histogram showing percentage expression of
native, short and spheroid crypts when cultured with Naive, M1 and M2 macrophages (n=10 N>68),
*P<0.05 Naive Day 1 compared to Naive Day 2, **P<0.01 M1-Day 1 compared to M1-Day 2, £P<0.01
M2-Day 1 compared to M2-Day 2). Scale bar at 25um.
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5.2.2 Crypt length and epithelial area is reduced in culture with M1

macrophages only

To determine whether the culture of Naive, M1 or M2 macrophages along with colonic
crypts has affected the epithelial morphology, the longitudinal crypt length and epithelial
area was measured as described in Section 2.3.7, where images were captured on Day 1

and Day 2 of co-culture.

In Figure 5.2A, representative brightfield images of crypts cultured in the presence of Naive,
M1 and M2 macrophages are shown. The crypt length was analysed in crypts cultured with
Naive, M1 and M2 macrophages following 24 hours (Figure 5.2Bi) and 48 hours (Figure
5.2Bii) in culture. A significant decrease in crypt length was observed in crypts cultured with
M1 macrophages after 24 hours, but not when cultured in the presence of Naive or M2
macrophages compared to control crypts (Figure 5.2Bi). In comparison, no significant
changes in crypt length in crypts cultured with Naive, M1 or M2 macrophages were
detected after 48 hours in culture (Figure 5.2Bii). Further semi-quantitative analysis of the
crypt area also revealed a significant decrease in the average epithelial area of crypts
cultured with M1 macrophages compared to control crypts over 24 hours. The epithelial
area in crypts cultured with Naive or M2 macrophages was not affected compared to
control crypts. (Figure 5.2Ci). The epithelial area in crypts culture in the presence of Naive,
M1 and M2 macrophages did not differ compared to control crypts following 48 hours in
culture (Figure 5.2ii). In Figure 5.2D, the shedding area at the top of the crypt (shedding
zone) was measure semi-quantitatively analysed, where similar volume of shedding was
found in control crypts compared to crypts cultured with Naive and M1 macrophages.
However, shedding increased significantly in crypts cultured with M2 macrophages

compared to control crypts.
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Figure 5.2: Crypt length and epithelial area is reduced in vitro when cultured with M1

macrophages only

A) Representative epi-fluorescent images showing crypts in culture with Naive, M1 or M2
macrophages (arrows). B) Histogram showing the average length of crypts in culture with Naive, M1
or M2 macrophages after 24 hours (n=6, N>129) (Bi) and 48 hours (n=3, N>29) (Bii) (*"P<0.01
compared to Control; ££P<0.01 Naive compared to M1; (***P<0.001 M1 compared to M2). C)
Histogram showing the average epithelial area of crypts cultured alone and with Naive, M1 or M2
macrophages after 24 hours (n=6, N>129) (Ci) and 48 hours (n=3, N>29) (Cii) (*P<0.05 compared to
Control; *P<0.05 Naive compared to M1). D) Histogram showing the average shedding area of crypts

cultured alone, with Naive, M1 or M2 macrophages after 24 hours (n=3, N>28, £P<0.05 M1

compared to M2). Scale bar at 15um.

Having previously established that native and short crypts are most commonly present
within the Naive, M1 or M2 macrophage-crypt co-culture model, we have further shown
that the presence of M1 macrophages induces a significant shortening in colonic crypt
length and epithelial when cultured with colonic crypts in vitro. Next, we were determined
to examine other morphological properties which we have observed within our 3D
macrophage-crypt co-culture model, which includes the presence of small vesicles,

epithelial processes and “shedding” processes.

5.2.3 Epithelial vesicle expression is reduced in crypts cultured with M1 or

M2 macrophages

To understand whether vesicle expression is driven by the presence of macrophages within
the in vitro co-culture model, brightfield images were captured 3 hours following the co-
culture and the presence of epithelial vesicle were analysed in a binarily (as per Section
2.3.6). Representative brightfield images of epithelial vesicles (arrow) in culture with Naive,
M1 or M2 macrophages are shown in Figure 5.3A. The average percentage of vesicle
expression per crypt in the presence of Naive, M1 and M2 macrophages are shown in Figure
5.3B. Here a decrease was observed in all crypts cultured with Naive, M1 or M2

macrophages compared to control crypts.
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Figure 5.3: Epithelial vesicles expression is reduced in crypt in in vitro culture with M1 or M2 macrophages

A) Representative live cell brightfield images showing basal vesicle expression on (arrows) after 3 hours in crypts cultured alone, with Naive, M1 and M2
macrophages in vitro. B) Histogram showing the percentage of vesicles per crypt, cultured alone and in the presence of Naive, M1 or M2 macrophages

within each co-culture condition (n=5, N>51), ***P<0.001 compared to Control. Scale bar at 25um.
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5.2.4 Epithelial processes are present in crypt cultured alone and with Naive,

M1 or M2 macrophages

In our co-culture model, we have noted the presence of epithelial processes protruding
from colonic crypts after 1 hours of culture. To understand whether the expression of such
epithelial processes is driven by the presence of macrophages within the in vitro co-culture
model, brightfield-images were captured after 1 hours following the co-culture and the
presence of epithelial processes were analysed binarily (as per Section 2.3.6).
Representative brightfield images of epithelial vesicles in culture with Naive, M1 or M2
macrophages are shown in Figure 5.4A. The average number of epithelial processes per
crypt in the presence of Naive, M1 and M2 macrophages are shown in Figure 5.4B and the
average percentage of epithelial processes per crypt in the presence of Naive, M1 and M2
macrophages are shown in Figure 5.4C. Here, a decrease was observed in all crypts cultured

with Naive, M1 or M2 macrophages compared to control crypt.
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Figure 5.4: Epithelial processes are present in in vitro crypts cultured alone and with Naive, M1 or M2 macrophages

A) Examples of live-cell brightfield images showing basal epithelial protrusions (arrows) after 1 hours in crypts cultured alone and with Naive, M1 or M2
macrophage in vitro B) Histogram showing the number of epithelial processes present per crypt and C) percentage of epithelial protrusions compared to

the total number of crypts after 1 hour in crypts cultured alone and with Naive, M1 or M2 macrophages (n=5, N>44, non-significant). Scale bar at 25um.
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5.2.5 ‘Shedding’ processes are present in the upper region of crypts cultured

alone and with Naive, M1 or M2 macrophages

In our co-culture model, we have noted the presence of long epithelial processes protruding
from the upper region of the colonic crypts. In contrast to other processes previously
observed within our 3D Matrigel culture model, rounded cell-like cysts are a hallmark of
such ‘shedding’ processes. To understand whether the expression of such epithelial
processes is driven by the presence of macrophages within the in vitro co-culture model,
brightfield-images were captured after 1 hour following the co-culture and the presence of
epithelial processes were analysed binarily (as per Section 2.3.6). Representative brightfield
images of such epithelial processes (arrow) in culture with Naive, M1 or M2 macrophages
are shown in Figure 5.5A. The average number of processes per crypt in the presence of
Naive, M1 and M2 macrophages are shown in Figure 5.5B, whereas Figure 5.5C shows the
percentage of ‘shedding’ processes per crypt compared to the total number of crypts
analysed. In both, a decrease was observed in all crypts cultured with Naive, M1 or M2

macrophages compared to control crypts.
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Figure 5.5: ‘Shedding’ processes are present in the upper region of crypts cultured alone and with

Naive, M1 or M2 macrophages in vitro

A) Examples of live-cell brightfield images showing ‘shedding’ protrusions after 3 hours in crypts
cultured alone and with Naive, M1 or M2 macrophages in vitro. Histogram showing B) the average
number of ‘shedding’ protrusions present per crypt and C) the average percentage of ‘shedding’
protrusions compared to the total number of crypts in culture after 3 hours cultured alone or with

Naive, M1 or M2 macrophages (n=5, N>45, non-significant). Scale bar at 15um.

As the expression of vesicles, epithelial and shedding processes present in colonic crypt
cultures and Naive, M1 or M2 macrophage-crypt co-cultures was determined, we further
attempted to determine the frequency, position and classify the method of contact

between macrophages and colonic crypts in our 3D macrophage-crypt co-culture model.

5.2.6 M1 and M2 macrophage contact is reduced at the colonic crypt base

To determine the frequency and position of macrophage to crypt contact, the distribution of
macrophage contact along the longitudinal crypt-axis was quantified as per Section 2.3.6.
Figure 5.6A shows examples of epithelial-macrophage contact at each crypt region- base
(b), mid (m) and top (t) in culture with Naive, M1 or M2 macrophages. Figure 5.6B shows
the number of macrophages to crypt contact per crypt region after 24 hours in co-culture
whereas only crypts in contact with macrophages and their corresponding positions were
analysed in Figure 5.6C. Here, Naive, M1 and M2 macrophages cultured with crypts,
commonly located at the base and mid region of the crypt and less at the top. The
distribution pattern of M1 macrophages cultured with crypts closely resembled that of
crypts cultured in the presence of Naive macrophages. In contrast, macrophage contact is
reduced in crypts when cultured with M2 macrophages, where contact is significantly
reduced at the base, mid and top region of the crypt. Here it should also be noted, that the
majority of macrophages seeded within our 3D in vitro model, were not in contact with the

crypts and were in fact some distance apart.
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Figure 5.6: Macrophage to crypt contact is reduced in crypts in the presence of M1 and M2

macrophages at the base of the crypt in vitro

A) Representative brightfield images showing macrophages at the base (b), mid (m) and top (t)
regions of the crypt after 24 hours in vitro culture B) Histogram showing the average number of
macrophages distributed along each crypt region (n=10, N> 172) (*P<0.05 compared to Control). C)
Histogram showing the average percentage of macrophages distributed along each crypt region

when in contact with the crypt (n=10, N>172). Scale bar at 15um.
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5.2.7 Macrophage-body to crypt contact is predominantly observed in co-
culture model

As per Section 2.3.6, two distinctive macrophage-crypt contact characteristics have been
identified in the culture of colonic crypts with Naive, M1 or M2 macrophages where
examples of both the macrophage process (p) in contact with the base of the crypt and a
macrophage body (b) in contact with the base of the crypt are shown in Figure 5.7A. The
occurrence of both contact phenotypes (p) and (b) along the longitudinal crypt-axis were
analysed semi-quantitatively in Figure 5.7B, where all crypts with or without macrophage
contact were quantified and Figure 5.7C, in which only crypts in contact with macrophages
and their corresponding macrophage-crypt contact phenotype was quantified. Here it was
shown that macrophage body contact (b) was mostly exhibited in Naive, M1 and M2
macrophages. Significantly less macrophage process contact (p) was observed when Naive,
M1 or M2 macrophages were cultured with colonic crypts compared to macrophage body

contact (b) numbers after 24 hours in co-culture.
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Figure 5.7: Macrophage-body to crypt contact is predominantly observed in in vitro co-culture

model

A) Example of macrophage-process contact (p) and macrophage-body contact (b) shown after 24
hours in vitro colonic crypt co-culture B) Histogram showing number of macrophage-contact types
exhibited in each co-culture condition Scale bar at 10um (n=10, N>168 ***P<0.001 Naive-Body
compared to Naive Process; $$5P<0.001 M1-Body compared to M1-Process; £££P<0.001 M1-Body

compared to M1-Process)
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C) Histogram showing the percentage of macrophage-contact types per crypt when in contact with
the crypt in each co-culture. Scale bar at 10um (n=10, N>168 ***P<0.001 Naive-Body compared to

Naive Process; $$5P<0.001 M1-Body compared to M1-Process; £££P<0.001 M1-Body compared to

M1-Process)

Having demonstrated and categorised the preferential mode of contact between
macrophages and colonic crypts, we were also determined to show whether the
macrophage phenotype was maintained in macrophages which are in contact with the

colonic epithelium.

5.2.8 Macrophages maintain phenotypical characteristic when in contact

with colonic crypts
To determine whether macrophage in contact with colonic crypts maintain their phenotypic
characteristic as previously established in Chapter 3, immunofluorescent labelling of
macrophage cell surface markers was used to identify bone marrow derived macrophages in
contact with colonic crypts in vitro following 24 hours in culture. Figure 5.8Ai) shows
CX3CR1(red) and DAPI (blue) positive Naive macrophages (white arrows) in contact with a
crypt. Figure 5.8 Aii) shows F4/80 (red) and DAPI (blue) positive M1 macrophages (white
arrows) in contact with colonic crypts labelled with E-cadherin in green. Lastly, Figure 5.8
Aiii) shows MHC2 (red), DAPI (blue) positive M1 macrophages (white arrows) in the

presence of colonic crypts labelled with E-cadherin (green).

Figure 5.8: Macrophages maintain their macrophage phenotype when in contact with colonic

crypts in vitro
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A) Epi-fluorescent images of crypt-macrophage contact (white arrows) in vitro co-cultures showing
expression of DAPI (blue) and Ai) CX3CR1 (red) positive Naive macrophages in contact with colonic
crypts, Aii) MHC-2 (red) positive Naive macrophages in contact colonic crypts and Aiii) F4/80 (red)

positive M1 macrophages in culture with colonic crypts. Scale bar at 15um.

As previous results in this chapter have shown that physical contact between macrophages
and crypts be made in our in vitro macrophage-crypt co-culture model, we then aimed to
understand whether the juxtacrine Notch signalling pathway is required to establish cell-cell

contact between the macrophages and the colonic epithelium.

5.2.9 M1 macrophage to crypt contact is maintained in the presence of DAPT

after 24 hours in co-culture

To understand whether macrophages could maintain cell-cell contact with colonic crypts in
the presence of DAPT. Crypts were cultured with M1 macrophages for 24 hours in the
presence and absence of DAPT (25ug/ml) and live-cell images were captured under an epi-
fluorescent microscope as per Section 2.3.1. Figure 5.9A shows representative brightfield
images of crypts cultured with M1 macrophages in the presence of DAPT compared to M1
vehicle control (VC). Macrophages (white arrows) are shown as Phagogreen (green) positive.
The number of Phagogreen positive cells located along the crypt-axis was analysed in Figure
5.9B, in which no significant differences were observed between M1 crypt co-culture
treated with DAPT compared to the vehicle control. Figure 5.10A, show representative live-
cell brightfield images cultured with M1 macrophages in the presence of DAPT compared to
M1 vehicle control (VC). The total number of M1 macrophages in contact with colonic crypts
were analysed in Figure 5.10B, and a non-significant decrease in contact was found in the
presence of the y-secretase inhibitor, DAPT compared to vehicle control (VC). Figure 5.10C,
the number of M1 macrophages distributed along each crypt region after 1 and 3 hours in
co-culture were analysed, where no significance was observed in crypts cultured with M1
(VC) or M1 macrophages in the presence of DAPT. Similarly, in Figure 5.10D, where only
contact between macrophages were and their position along the crypt-axis was analysed.
Here, the percentage of M1 macrophages distributed along each crypt region after 1 and 3
hours in co-culture were analysed, where also no significance was observed in crypts

cultured with M1 (VC) or M1 macrophages in the presence of DAPT.
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Figure 5.9: Phagogreen+ cells to colonic crypt contact is maintained in M1-crypt co-culture after 24 hours

A) Representative epi-fluorescent brightfield composite image of M1-crypt co-cultures compared to DAPT treated M1-crypt co-culture, showing (green)
expression in macrophages (white arrow) Scale bar 10um (B) Histogram showing Phagogreen+ cell expression per crypt in M1 co-culture conditions with VC

(Vehicle control) and DAPT (Notch inhibitor). (n=3, N>16) ns
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Figure 5.10: M1-crypt contact is maintained in the presence of DAPT in vitro

A) Representative live-cell brightfield images of colonic crypts cultured with M1 macrophages in the
presence of VC (DMSO-vehicle control) or DAPT after 24 hours. B) Histogram showing the average
number of macrophages per crypt in each culture condition (n=3, N>37, non-signficant). C)
Histogram showing the average number of macrophage distributed along each crypt region in each
culture condition (n=3, N=37, non-signficant). D) Histogram showing the percentage of
macrophages distributed along each crypt region in each culure condition (n=3, N>37, non-

signficant). Scale bar at 15um.

5.2.10 Appearances of dark, filopodia-like protrusions in colonic crypts

cultured alone and in the presence of macrophages
Throughout the culture of colonic crypts alone (Figure 5.11Ai) and in the presence of
macrophages (Figure 5.11Aii), we have sighted small, dark filopodia-like process protruding
from the colonic epithelium. Figure 5.11A, show exemplar live-cell brightfield images of the
presence of spindle-like shaped filopodia (arrow) with an approximate length of 10-15um

localised near the base of the crypt after 1 hour in culture.
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Figure 5.11: Appearances of dark, filopodia-like protrusions in colonic crypts cultured alone and in

the presence of macrophages in vitro

A) Examples of dark filopodia-like processes protruding from the colonic crypts cultured alone Ai)

and with M1 (Aii) or M2 macrophages (Aiii). Scale bar at 25um.
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5.3 Discussion:

In this chapter of the study, we have cultured colonic crypts along with bone-marrow
derived macrophage subtypes (Naive, M1 and M2) in order to track and characterise the

morphological changes both entities undergo over the course of our 3D Matrigel co-culture.

Following the isolation and co-culture of Naive, M1 or M2 macrophages with colonic crypts,
we observed a reduction in the presence of native crypts and an increase in shorter crypts
over the course of 48 hours when crypts were cultured with macrophages. As we have
shown that all macrophage subtypes are able to substantially upregulate epithelial
proliferation on Day 2, it is therefore likely that epithelial turnover has increased in these
crypts, thus increasing the rate of shedding. We did not observe any changes in colonic
spheroid formation in the presence of either Naive, M1 or M2 macrophages. This contrasts
Ihara’s work where, the direct adhesion of CD11c+ dendritic cells induced an increase in
spheroid formation (lhara et al., 2018). To further verify whether macrophages can induce
morphological changes in the epithelium, the optical volume of each colonic crypt can be
measured by capturing optical confocal slices and summating the epithelial area of each

plane using a confocal microscope in future experiments (Sieck et al., 1999).

Interestingly, when colonic crypts were co-cultured with M1 macrophages, the crypt length
and epithelial area was significantly reduced compared to crypts cultured alone, with Naive
or M2 macrophages after 24 hours. A detailed morphological study performed by Tan et al,
noted that the length of the colonic crypts can differ significantly depending on its position
in the colon, where the shortest crypts were found in the proximal colon and longer crypts
were present at the distal end (Tan et al., 2013). As crypts used in our co-culture model
were isolated from all three sections of the colon and homogenised prior to their co-culture
with macrophages in our 3D Matrigel, we can assume that the reduction in crypt length we
observed was triggered solely by the presence of M1 macrophage-dependent factor. In
contrast to our in vitro work in this chapter, a reduction in in vivo colonic crypt length was
also observed by Skoczek et al following the antibody-blocking of Ly6C+ cells in the mucosa,
suggesting that macrophage-predecessors may contribute to crypt atrophy instead.
Furthermore, as previously determined in Chapter 4, the number of goblet and tuft cells,
both derivatives of the secretory cell lineage, were reduced in crypts cultured with M1

macrophages. Whether such as reduction could contribute to the shortening of the crypt is
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currently not known and further work is required to determine this. Here a non-toxic
nuclear staining dye (NucSpot dye) could be used to track individual cells within the crypts

over a period of time.

According to Onfroy-Roy et al, colon deformability can be defined by the intestinal crypts’
capacity to elongate or shrink without tearing (Onfroy-Roy et al., 2020). One of the many
external factors which must be regulated to maintain colonic crypt survival is the
extracellular matrix where, within an in vivo setting, colonic crypt morphology is often
shaped by the topography of the surrounding extracellular matrix and the rearrangement of
ECM composition can play a significant role in the proliferation and differentiation of the
epithelium (Basson et al., 1996; Onfroy-Roy et al., 2020). In IBD, the increased influx of
neutrophils, T-cells and macrophages often exacerbates ECM degradation via the secretion
of various MMPs (matrix metalloprotease) and NEs (neutrophil elastase), naturally leading
to a loss in ECM scaffolding, increased epithelial shedding and alterations in cell morphology
in vitro. (Groulx et al., 2011). Previous studies have already established that human
macrophages are able to remodel and shape the extracellular matrix in order to aid its
migration through the interstitial matrix (Bahr et al., 2018). Interestingly, the metal
metalloproteinases (MMP), 8,9 and 10 secreted by M1 macrophages are significantly
upregulated in the mucosa of IBD patients and colitis-induced mice and often aid the
degradation of the extracellular matrix (Pedersen et al., 2009; Sullivan et al., 2014).
Furthermore, in early inflammation, M1 macrophages were shown to induce ECM fibrosis
and promote the activation of local fibroblasts, whereas M2 macrophages were activated
during the latter stages of intestinal scar resolution (Wynn et al., 2010). However, the
complete ablation of macrophages also prevents further ECM remodelling required to

strengthen epithelial scaffolding and support crypt survival (Valentin et al., 2009).

In vivo, the colonic basement membrane scaffolding components such as laminin (laminin
al and a2), collagen and elastin provided by mesenchymal cell; localised near the base of
the crypt are also essential for the proliferation and differentiation of the stem cell niche
(Hughes et al., 2010; Sasaki et al., 2002). However, as our macrophage-crypt co-culture is
devoid of other stromal cells, it is likely that M1 macrophages can manipulate colonic crypt
deformability by remodelling of the 3D Matrigel’s ECM within our co-culture model.

Interestingly, recent quasi-3D modelling work in the small intestine, carried out by He et al,
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has showcased the importance of extracellular matrix stiffening on epithelial differentiation,
where increased stiffening within the culture model, led to an increase in enterocyte and
ablation in tuft cell numbers, where Lgr5+ and Ki67+ cells numbers were also found to be

reduced at lower stiffnesses (He et al., 2021).

As we were unable to confirm the causative factor which led to the reduction in crypts
length within our M1 macrophage-crypt co-culture, to further understand the exact role the
macrophage subtypes have on ECM remodelling, we suggest the use of a traction
microscopy and displacement fields to identify whether forces/stiffness induced by M1
macrophages and collagen alignment influences crypt size in vitro. This will also allow us to
understand whether macrophage-mediated changes in ECM stiffness contribute to the
changes in epithelial renewal we have observed in the previous chapter (Perez-Gonzalez et

al., 2020).

We have also identified and observed a reduction in the presence of extracellular vesicles in
the presence of Naive, M1 and M2 macrophages when compared to crypts cultured alone
shortly following their isolation and culture. Although the exact functions of such
extracellular vesicles have not been delineated and require further attention, a number of
studies have reported similar findings within their culture model. For example, early work
from van Niel et al have shown that both human HT29-19A and murine MODE K epithelial
cell lines secreted exosome-like vesicles containing HSP-90 (heat shock protein 90), a-
enolase, MHC-2, A33 and tubulin from the apical and basal side where its presence was
significantly increased following IFN-y stimulation (Van Niel et al., 2001; Van Niel et al.,
2003). In 2010, Barreto et al’'s work also demonstrated that Caco-2 cells infected with a
rotavirus strain, released membrane vesicles slightly larger in size, which just as van Niel’s
work contained heat-shock proteins and most notably TGF-B, a potent regulator of
regulatory T-cell expansion in vivo (Barreto et al., 2010; lhara et al., 2017). Interestingly,
advancements in study of intestinal epithelia-derived vesicles were made in 2016, when
Jiang et al isolated the TGF-B1, A33+ producing vesicles and transferred them into DSS-
induced mice, which significantly reduced IBD severity in mice (Jiang et al., 2016). Similarly,
Leoni et al., also identified Annexin Al+ extracellular vesicles which promoted wound repair
in DSS-induced mice, where the cleavage of Annexin A1 was dependent on the matrix

metalloproteinase MMP9, also commonly expressed by M1 macrophages (Hanania et al.,
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2012; Leoni et al., 2015). During inflammation, the expression of chemokines such as IL-8,
MCP-1 and MCP-3 among others increases aberrantly, although we have noted that
macrophages are pre-dominantly localised around the base and mid-region of the crypt, we
are unable to confirm whether epithelial-derived cytokines are involved in the recruitment
of Naive, M1 and M2 macrophages (Wang et al., 2018; Reinecker et al., 1995; Kulkarni et al.,
2016). We therefore suggest that chemokine ligand expression in the co-culture media is

measured using commercially available ELISA kits.

Additionally, although, work from Oszvald and colleagues has shown that extracellular
vesicles within their culture model are able to rescue intestinal stem cell numbers by
transporting epidermal growth factors (EGF) following the depletion of exogenous EGF, as
the vesicles were derived from fibroblasts rather than the epithelial cells, it is unlikely
epithelial-derived vesicles carry a similar function within our 3D co-culture model (Oszvald

et al., 2020).

Conventionally, epithelial cells at the base of the crypt can be shed into the apical lumen in
order to rid of cells with excessive signalling, in an attempt to reduce tumor formation
(Slattum et al., 2009). However, a number of studies have reported a phenomenon in which
cells were extruded basally from the intestinal epithelium (Slattum and Rosenblatt, 2014;
Rosenblatt et al., 2001; Ohsawa et al., 2018). As mentioned, apoptotic cells are
predominantly extruded from the lumen at the top of the crypt, it is likely that ‘find-me’ and
‘eat-me’ chemoattractant are being secreted and received by nearby macrophages within
the 3D Matrigel co-culture model and we are unable to verify whether such signals play a
role in macrophage localisation. To overcome this limitation, we suggest that macrophages
are cultured along with an ex vivo explant crypt model, within which the epithelial barrier
remains intact similarly as to the work performed by Skoczek or Pearce et al (Skoczek et al.,

2014; Pearce et al., 2018).

As the colonic crypts are lifted from their in vivo environment and transferred in vitro
Matrigel-based microenvironment it is also likely that the cell polarity and microtubule
dynamics within the epithelium have been disturbed following its mechanical dissociation
(Muroyama et al., 2018). Here, work from Slattum et al, has confirmed that basal extrusion
may occur in an instance in which the microtubules have not been realigned and cause the

contraction of neighbouring cells at their apices. It therefore also becomes a possibility the
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vesicle-like exosome we have observed basally along the crypt-axis, are apoptotic cells
which have been extruded via the mechanisms mentioned above. It should be noted that
the size of the extracellular vesicles reported in other intestinal studies were 20-1000nm in
size and we lacked the magnification to identify the exosomes of smaller sizes in our study
(Bui et al. 2019; Jiang et al., 2016; Niel et al., 2001).We therefore propose the use of
transmission electron microscopy (TEM) to quantify the presence of intestinal epithelial
derived exosomes, a technique previously utilised in exosome studies of Oszvald and Bui et
al. (Oszvald et al., 2019; Bui et al.,2018). Similar to He et al’s work, the resolution of TEM
imaging could also be utilised to further capture and study the structural properties of
filopodial-mediated macrophage-crypt interactions (He et al., 2018). Furthermore,
additional work will be required in order to identify the contents of the exosomes which
could possibly will give us further insight as to its exact function in the recruitment of
macrophages. Although nanoparticle-tracking analysis and exosome-isolation kits and are
available and have been utilised previously to profile the proteinic contents of such vesicles,
it is challenging to isolate the vesicle we have identified in this manner within our 3D co-
culture model, we therefore suggest to immunofluorescently label for apoptotic ‘find-me’
and ‘eat-me’ signals as extensively described by Peter’s work (Bachurski et al., 2019; Peter

et al., 2010; Wong et al., 2016).

We have also identified two archetypical modes of macrophage contact, were the
occurrence of macrophage-body to crypt contact occurred more frequently compared to
macrophage-filopodia to crypt contact. Recent findings from Chikina et al have
demonstrated that macrophages specifically in the distal colon are able to insert ballon-like
protrusions (BLP) between epithelial cells (Chikina et al., 2020). Unlike, Rescigno’s work in
2001, these BLPS did not reach out to the lumen and were instead positioned between the
epithelial cells. Further, phenotyping also revealed that the BLP+ macrophages were
CD11che" (Rescigno et al., 2001; Chikina et al., 2020). In crypts cultured with M1
macrophage, which we have previously reported to be CD11c+ in Chapter 3, we did not
report an increase in macrophage-body to crypt contact which may have been indicative of
BLP formation. We therefore suggest that the capacity of Naive, M1 and M2 macrophages
to form BLPs is investigated further future experiments to understand whether the

occurrence of BLPs is linked to the differential changes in epithelial renewal we have
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reported in Chapter 4. A study from Goodman, has established that the formation of
tunnelling nanotubes (TNT) in M1 macrophages was reduced compared to alternatively
activated M2 macrophages. Although macrophages in our 3D Matrigel co-culture were
shown to express microtubule-like protrusions we did not identify any long and thin TNTs in
any of our macrophage subsets. It is likely that the 3D environment in our co-culture, unlike
other macrophage-filopodial studies, does not offer sufficient ECM scaffolding support in
order to allow the formation of TNTs and a polyacrylamide hydrogel-based co-culture model
may need to be developed to further characterise the formation of TNTs and their effect on
colonic epithelial renewal (Kress et al., 2007; Goodman et al., 2019). In this chapter, we did
not delineate the effect Naive, M1 or M2 macrophages have on the individual ECM
components within Matrigel. Understanding whether macrophage-secreted proteases can
affect the ECM scaffolding within our Matrigel-based co-culture model may allow us to link
these changes to the findings we have made in the previous chapter. To study this
mechanism further we suggest the use of a protein fingerprint assay as previously described
by Karsdal et al, in which the accumulation of smaller degraded ECM fragments within the
culture media can be characterised via mass spectrometry (Karsdal et al., 2013; Karsdal et
al., 2013*). Following the fixation of the crypt-macrophage co-culture with 4% PFA, the
Matrigel often disintegrated over the course of the immunohistochemical protocol resulting
in the partial loss of both crypts and macrophages. To study the formation of macrophage
and epithelial protrusions, we suggest live-imaging of the co-culture with a live-tubulin stain
(tubulin tracker) to further characterise the role of microtubules and cellular protrusions

play in establishing macrophage-crypt contact.

In macrophage-crypt co-cultures in which Notch signalling was inhibited for 24 hours using a
y-secretase inhibitor (DAPT), we noted a decreasing trend in M1 macrophage to crypt
contact. This may suggest that Notch signalling needs to be constitutively activated in order
for macrophage to remain in contact with colonic crypts, however, to confirm this
hypothesis, we will need repeat the experiments and monitor the contact behaviour

between the crypts and M1 macrophage over the course of 48 hours.

In this chapter we have also reported the rare sightings of small, dark filopodia protruding
from the base of the colonic crypt. In homeostasis, a small population of lymphocytes have

reportedly been residing within the epithelial barrier of the small and large intestine, where
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its presence decreases, respectively (Hoytema et al., 2017). Research suggests that such
intraepithelial lymphocytes (IELs) may play role in maintaining epithelial barrier integrity by
encouraging epithelial cells to migrate into the gap created by previously shed cells
(Cukrowska et al., 2017; Patterson and Watson., 2017). As we are currently unaware
whether the macrophage-IEL crosstalk within our co-culture are able to mediate epithelial
renewal via a yet to be identified mechanism, the exact number of IELs within our 3D
Matrigel co-culture model must be verified. To do so in the future, we suggest
immunofluorescently labelling such cells within our co-culture with the CD8aa and TCRaf3

markers which are unique to the IEL population (Ma et al., 2021).

In contrast to findings from Skoczek et al and Pull et al., in which F4/80+ macrophages were
recruited towards the crypts base following luminal LPS stimulation, we observed a
reduction in M1 and M2 macrophages when cultured with colonic crypts. The reason as to
why M1 and M2 macrophage do not contact the crypt’s +4 position as frequently as the
Naive macrophage phenotypes remains unclear and must be further investigated. (Skozcek

et al., 2014, Pull et al., 2005).

Within this chapter we have also attempted to measure the volume of shed cells extruded
into the shedding zone in a semi-quantative manner, in which we measured the shedding
zone at the top of crypt. Although we did not find any significant differences in shedding in
crypts cultured with macrophages compared to control it should be noted that, we were not
able to accurately distinguish apoptotic cells from any macrophages which may have
localised within the shedding zone. Furthermore, as crypts are embedded within a three-
dimensional space, shedding may occur at different focal planes. For this reason, we suggest
immunofluorescently labelling apoptotic cells with a cleaved caspase-3 antibody and

capturing live optical slices of the colonic crypt’s upper shedding region.

It should also be noted that the majority of macrophages seeded may not have been in
direct contact with crypts and it remains unclear whether secretory factors may be
secreted. Furthermore, during the co-culture of macrophages and colonic crypts, there is a
likelihood of incidentally placing the macrophages near the crypts’ basal region, therefore
we could not establish whether the macrophages have migrated to its point of interest. To
study macrophage migration and localisation towards the epithelium, a chemotactic assay

or transwell migratory co-culture assay should be set up in the future allowing us to quantify
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the rate of migration and confirm that macrophage have migrated and contact their

preferred position of along the crypt axis.
Conclusion:

In this chapter, morphological analysis of colonic crypts and macrophages revealed that,
colonic crypts are shortened by the presence of M1 macrophages; M2-crypt contact is
reduced compared to Naive and M1 macrophages and basal extrusion of larger
microvesicles is reduced in crypts cultured with M1 and M2 macrophages. Overall, we can
confirm physical interactions between Naive, M1 and M2 macrophages and colonic crypts
do occur within our 3D co-culture system and may differentially affect crypt morphology,
crypt-vesicle extrusion, and the macrophage localisation along the crypt-axis. Whether
macrophages are able to indirectly influence crypt morphology and epithelial renewal
through remodelling of the Engelbroth-Holm Swarm-based ECM is yet to be investigated. As
we show in this chapter that many macrophages within our 3D in vitro model were not in
contact with colonic crypts, it is unknown whether nearby macrophages are able to release
secretory factors to influence colonic crypt renewal. For this reason, the next chapter will
determine whether macrophage- secretory factors or physical contact we have observed

can alter colonic crypt renewal.
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Chapter 6: Physical Contact and Secretory Factors Differentially
Regulate Colonic Crypt Growth and Differentiation /In

Vitro

6.1 Introduction

One of the early hallmarks identified in IBD, was the increased production of monocytes in
the bone-marrow which then migrate and differentiate into macrophages. Which are then
strategically juxtaposed under the single-cell layer thick epithelium to intercept any foreign
invasions. (Meuret et al., 1978; Grimm et al., 1994; Bain et al., 2013). Although the
phenotypic characteristics and migratory mechanism of macrophages in IBD versus the
steady state have been well defined over the past decade, little is known regarding their
reciprocal relationship with the intestinal epithelium (Bain et al., 2013, Orecchioni et al.,

2019).

As previously described, work from Skoczek et al, has shown that monocytes are recruited
and form contact with Lgr5+GFP+ colonic stem cells following luminal stimulation with LPS
and studies from both Niess and Chieppa, were first to show that CX3CR1+ cells are able to
form transepithelial dendrites to sample luminal contents, indicating at strong physical
contact-depending crosstalk links between macrophages and colonic crypts exists (Skoczek
et al., 2014; Niess et al., 2004; Chieppa et al., 2006). Due to the high plasticity and variety of
secretory factors intestinal-macrophages are able to synthesise during the steady-state and
inflammation, it is difficult to understand whether juxtacrine, paracrine signalling or a

combination of both, can affect epithelial renewal in the intestine (Jablonski et al., 2016).

A juxtacrine signalling mechanism most commonly involved in the regulation of epithelial
renewal is the Notch pathway. In patients with ulcerative colitis, transcription levels of
Notch and Hes1 were significantly elevated (Ghorbaninejad et al., 2019). More recently,
work from Kuno et al, have shown that a TNF-a in combination with Notch signalling can
upregulate the expression of OLFM4 to promote mucosal regeneration in patients with

inflammatory bowel disease (Kuno et al., 2020).

Following the stimulation of from Notch ligands, the NOTCH1 receptor expressing epithelial

cells cleave the intracellular NCID, upregulate Hes1 expression which in turn the represses
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Atoh1 and consequently the signal-receiving cell does not display any Notch ligand itself
(Toth et al., 2016). The balance between the expression of Hath1/Atoh1 and Hes1 in
intestinal crypts plays a crucial role in the maintenance of the steady state in the mucosa.
An upregulation in Hes1 and suppression of Hath1/Atoh1 was observed in patients with
ulcerative colitis which resulted in the depletion of goblet cells (Zheng et al., 2011).
Furthermore, the loss of Notch activation, by inhibition of y-secretase, resulted in the
exacerbation of inflammation and impaired epithelial repair in colitis-induced mice,

highlighting the importance Notch plays in epithelial differentiation. (Okamoto et al., 2008).

Evidence of Notch-mediated crosstalk between macrophages and epithelial cells has been
alluded to by several studies. For example, in a co-culture of human macrophages and
epithelial cancer cell lines, it was found that M1 but not M2 macrophages showed an
increased expression of Notch ligands Jagl and DIlI4 which was dependent on the
upregulation of HIF-1, subsequently leading to the increased expression of Hes1 and
enterocyte numbers in vitro (Ortiz-Masia et al., 2016). In other studies, monocytes
expressing DIlI4 were recruited and interacted with hepatic epithelial cells following the
complete depletion of Kupfer cells in vitro (Bonnardel et al., 2019). Aziz et al, have also
identified that an increase in Jagged1 and Notch1l in colitis-induced mice was linked with the
proportional activation of flagellin-induced toll-like receptor 5 (TLR5) expression in the
colon. Interestingly, CD11c+ cells in the lamina propria and alveolar macrophages were also
demonstrated to express TLR5, thus it should be questioned whether the upregulation in
Notch/juxtacrine signalling observed by Aziz’s work is linked to the previously reported

surge of macrophages present in IBD (Aziz et al., 2013; Uematsu et al, 2006; Lei et al, 2021).

In contrast to the juxtacrine Notch signalling pathway, Wnt signalling largely operates in a
paracrine and autocrine manner (Koch et al., 2017). Understanding of the role of Wnt
signalling in inflammatory diseases is limited, however the aberrant activation of Wnt
components in cases of chronic IBD and colitis-induced mouse/rat models has become
apparent. Dysregulated Wnt signalling was frequently observed in the colon, where in 2018,
Swafford et al have demonstrated that the genetic deletion of LRP5/6 in CD11c+ antigen-
presenting cells led to a notable increase in disease-severity in colitis-induce mice (Clevers.,
2006; Swafford et al., 2018).Genetic mutations of the APC gene in canonical Wnt signalling

causing the dysregulated stabilisation of B-catenin, were observed in more than 80% of all
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colorectal cancer patients and in patients with Crohn’s disease, the expression of the Wnt-
downstream transcription factors TCF-1, TCF-4 and LRP6 was significantly reduced likely
contributing impaired barrier function (Miyoshi et al., 1992; Beisner et al., 2013; Koslowski
et al., 2012). Interestingly, Wnt target transcription factor, TCF-4 and LEF1 expression were
considered positive prognostic factors contributing to longer overall survival rates in
patients with colorectal cancer by Kriegl and colleagues, once again showcasing the effect

Whnt signalling plays in the regulation of epithelial homeostasis (Kriegl et al., 2010).

In colitis-induced models, the expression of Wnt3a and B-catenin were upregulated and a
10-fold increase in CyclinD1 expression was noted in rat models (Xing et al., 2015; Serafino
et al., 2014). Curiously, macrophages have also retained the ability to secrete a number of
Whnt ligands including Wnt3a, however a definitive link between macrophage mediated Wnt

secretion and intestinal inflammation is yet to be made (Malsin et al., 2019).

As we have observed a significant increase in Lgr5+ stem cell expression in colonic crypts
cultured with M1 macrophages in the previous chapter. We next aimed to determine
whether this phenomenon was reliant on secretory factors or physical contact between the
M1 macrophages and the epithelium in the first instance as this work can indicate whether
Notch or secreted factor dependent signalling pathway such as Wnt, Hippo etc could have
implications for the mechanisms by which potential changes in differentiation and growth
can occur. With increasing interest in utilising macrophages as a therapeutic target against
intestinal inflammation, we hope to further shed some light on the preferred mechanism of

macrophage-crypt crosstalk in this chapter (Na et al., 2019).

In the steady state of the colon, changes in external stimuli can prompt changes within the
stem cell nice. As crypt progenitors are able to produce more than 300 crypt cells per day,
balanced renewal is key in organoid growth, as aberrant or insufficient proliferation can lead
to impaired barrier function and promote inflammation (Marshman et al., 2002). Therefore,
we also aimed to determine whether prolonged culture of crypts with M1 macrophages
encourages or impairs colonoid formation in our 3D in vitro co-culture model. The findings
in this chapter suggest that M1 macrophages can utilise a physical contact mechanism to

regulate colonic crypt renewal.
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6.2 Results

In this chapter a novel in vitro ‘conditioned media (CM)’ co-culture model was utilised as
described in Section 2.2.10, allowing the comparison of the effects of macrophage to crypt
contact and co-culture derived-secretory factors on epithelial crypt growth and
differentiation via the incorporation of EdU and immunofluorescent labelling of epithelial

tuft, enteroendocrine, goblet and stem cells.

As a result of previous findings in Chapter 4, this chapter aimed to determine whether
colonic crypt proliferation is dependent on direct contact between Naive, M1 and M2
macrophage and colonic crypts. Furthermore, as we observed an increase in Lgr5+ stem
cells and reduction in UEA-1+ goblet cell numbers in colonic crypts cultured with M1
macrophages in the previous chapter, we next studied whether the alterations in epithelial
differentiation is dependent on physical contact between the ‘inflammatory’ M1
macrophages and colonic crypts. Therefore, goblet (UEA-1+), tuft (DCAMKL1) and stem cell
(Lgr5) expression in crypts were measured when cultured with M1 macrophages (M1 co-
culture), without direct contact to M1 macrophages but placed in vicinity of a M1-crypt co-
culture (M1 cond.media) and cultured in vicinity to M1 macrophages seeded alone (M1-
only) . Additionally, Wnt target gene expression of LEF1 and CyclinD1 in crypts within the
M1 co-culture, M1 cond. media and M1-only culture models were semi-quantitatively

analysed using immunofluorescently labelling.
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6.2.1 Secreted factors from M1-crypt co-cultures, but not M1-crypt physical

contact is required for M1-induced increase in EAU incorporation.

As EdU incorporation was shown to significantly increase in crypts cultured with Naive, M1
and M2 macrophages in Chapter 4.2.1, this chapter aims to determine whether physical
cell-cell contact between macrophages and colonic crypt cells or secretory products derived

from crypts cultured with macrophages is the causative factor for the observed increase.

Figure 6.1A show representative images of EdU (green) incorporation in crypts-(cells in red)
cultured in the presence of Naive, M1 or M2 macrophages (co-culture) and crypts cultured
without direct contact to Naive, M1 or M2 macrophages (conditioned media-CM) but placed
in vicinity to a co-culture. Semi-quantitative analysis of the percentage of EdU+ positive cells
compared to the total number of DAPI positive cells are shown in Figure 6.1B. In crypts
directly cultured with Naive, M1 and M2 macrophages a significant increase in the

percentage of EdU incorporation was observed compared to control crypts.

Colonic crypts cultured without direct contact between naive macrophages but placed in
vicinity of a Naive-crypt co-culture (Naive CM), the percentage of EdU incorporation
remained unchanged compared to control crypts. When crypts were cultured without direct
contact with M1 macrophages (M1-CM) but placed in vicinity to an M1-crypt co-culture, the
percentage of EdU incorporation was significantly increased compared to control crypts. No
significant changes in the percentage of EdU incorporation were found in crypts cultured
without direct contact with M2 macrophages (M2-CM) but placed in vicinity to the M2-crypt
co-culture compared to control crypts. Additionally, it should also be noted that the
percentage of EdU incorporation was also significantly higher in M1-CM in comparison to

Naive-CM or M2-CM.
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Figure 6.1: Secreted factors from M1-crypt co-cultures, but not M1-crypt physical contact, is

required for M1-induced increase in EdU incorporation in vitro

A) Representative epi-fluorescent images showing EdU incorporation (green) in the nuclei (red)
within colonic crypt-macrophage co-culture and conditioned media. B) Histogram showing the
percentage of EAU positive nuclei per crypt within each co-culture and secreted factor (CM)
condition. (n=4, N 235, compared to Control *P<0.05, **P<0.01, ***P<0.001; Naive compared to M1

£P<0.05; M1 compared to M2 $5P<0.01) Scale bar at 15um.

Here we have established that Naive and M2 macrophages are only capable of inducing colonic crypt
proliferation through physical contact in our 3D in vitro co-culture model, while M1 macrophages
were able to induce crypt cell proliferation via physical contact and in a secretory manner. As we
have previously shown in Chapter 4 that UEA-1+ goblet cell and DCAMKL1+ tuft cells were
significantly reduced in crypts cultured with M1 macrophages and Lgr5+ stem cell numbers
increased,next, we were determined to investigate whether the changes we have observed were
dependent on M1 macrophages physical contact or secretory factors in our 3D macrophage-crypt

co-culture model.
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6.2.2 Physical contact between M1 macrophages and colonic crypts but not

secretory factors decrease UEA-1+ cell expression

To determine whether the reduction in UEA-1 positive cell expression in crypts cultured
with M1 macrophages were induced by physical macrophage to crypt contact or via co-
culture derived secretory factors is revealed in Figure 6.2. Figure 6.2A show, representative
confocal images of crypts cultured alone, cultured along with M1 macrophages (M1 co-
culture), crypts cultured without direct contact to a M1-crypt co-culture (M1 cond.media)
and crypts cultured alone but placed in vicinity to M1 macrophages (M1-only). UEA-1
staining is shown in green throughout the crypt lumen, with E-cadherin (cell-cell adhesion
molecule) shown in red and DAPI positive cells shown in blue. In UEA-1 positive cells (white
arrows), UEA-1 labelling is extended from the crypt lumen into the cell’s vacuole. In Figure
6.2B the expression of the number of UEA-1 positive cells per crypt was analysed, where
numbers in crypts of M1 cond. media and M1-only culture models were maintained.
However, a significant decrease in the number of UEA-1 positive cell expression was
observed in crypts cultured in the presence of M1 macrophages compared to control crypts.
In Figure 6.2C, the percentage of DAPI positive cells that are UEA-1 positive per crypt were
measured, where the expression was maintained in all three, M1 co-culture, M1 cond.
media and M1-only culture models. Although non-significant it should be noted that UEA-1

expression was reduced in crypts cultured in the presence of M1 macrophage.

In Figure 6.2D, the distribution of UEA-1 positive cells in each region along the crypt-axis
was quantified. In control, UEA-1 positive cells were mostly located at the base and mid
region of the crypt with lower expression found at the top of the crypt region. UEA-1
positive cell numbers at the base of crypt in the M1 co-culture, M1 cond. media and M1-
only culture model remained unchanged. The number of UEA-1 positive cells expressed in
the mid region was also maintained in crypts in the M1 cond. media and M1-only culture
model, however a significant decrease in UEA-1 positive cell numbers was observed in
crypts cultured along with M1 macrophages compared to both control crypts and the M1
cond.media model. UEA-1 positive cell expression at the top of the crypt-axis was
maintained throughout crypts in M1 cond. media, M1-only culture models and crypts

cultured in the presence of M1 macrophages (M1 co-culture).
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Figure 6.2: Physical contact between M1 macrophages and colonic crypts but not secretory factors

decrease UEA-1+ cell expression in crypts in vitro

A) Representative confocal images showing UEA-1 expression (green), nuclei (blue) and E-cadherin
(red) in crypts cultured in the M1 co-culture, M1 cond. media and M1-only culture models. B)
Histogram showing the average number of UEA-1 positive cells per crypt cultured in the M1 co-
culture, M1 cond. media and M1-only culture models. C) Histogram showing the percentage of UEA-
1 positive cells per crypt cultured in the M1 co-culture, M1 cond. media and M1-only culture models
D) Histogram showing the average number of UEA-1 positive cells per crypt region when cultured in
the M1 co-culture, M1 cond. media and M1 only culture models. (n=6, N>76, *P<0.05 compared to

Control; ***P<0.001 compared to M1 co-culture) Scale bar 20um.
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6.2.3 Physical contact between M1 macrophages and colonic crypts but not

secretory factors decrease DCAMKL1+ cell expression

To determine whether the decrease of DCAMKL1 positive cells in crypts cultured with M1
macrophages observed previously in Chapter 4, was induced by cell-cell contact between
M1 macrophages and colonic crypts or by co-culture derived secretory factors, the
‘conditioned media’ co-culture model was utilised and DCAMKL1 positive cell expression
analysed. In Figure 6.3A, representative confocal images of crypts from the M1 co-culture,
M1 cond. media and M1-only model are shown, where DCAMKL1 positive cells are
visualised by green intracellular labelling enveloping DAPI (blue) positive cells within the
confines of the E-cadherin (cell-cell adhesion molecules) borders. The number of DCAMKL1
positive cells per crypt are shown in Figure 6.3B. Although statistically non-significant, a
reduction of DCAMKL1 positive cells was observed in crypts cultured with M1 macrophages
compared to control crypts. In comparison, the number of DCAMKL1 positive cells in crypts
of the M1 cond. media and M1-only culture model were maintained compared to control
crypts. In Figure 6.3C, the percentage of DCAMKL1 positive cells was compared to the total
number of DAPI positive cells per crypt, though non-significant the culture of M1
macrophages with colonic crypts resulted in a reduction in the percentage of DCAMKL1
positive cell expression compared to control crypts. In M1 cond. media and M1-only culture

models, DCAMKL1 expression in crypts was maintained compared to control crypts.

The distribution of DCAMKL1 positive cells in each region along the longitudinal crypt-axis
was analysed in Figure 6.3D. In control crypts, the majority of DCAMKL1 positive cells were
located at the base of the crypt, with fewer distributed across the mid and top region of the
crypt; this pattern was also observed in crypts from M1 cond. media and M1-only culture
models. In contrast, the expression of DCAMKL1 positive cells detected at the base of crypts
cultured in the presence of M1 macrophages was significantly reduced compared to control
crypts. The number of DCAMKL1 positive cells located at the mid and top region of crypts in

culture with M1 macrophages was also similar to crypts in control.
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Figure 6.3: Physical contact between M1 macrophages and colonic crypts but not secretory factors

decrease DCAMKL1+ cell expression in crypts in vitro

A) Representative confocal images showing DCAMKL1 expression (green), nuclei (blue) in
crypts cultured in the M1 co-culture, M1 cond. media and M1-only culture models. B)
Histogram showing the average number of DCAMKL1 positive cells per crypt cultured in the
M1 co-culture, M1 cond.media and M1-only culture models C) Histogram showing the
percentage of DCAMKL1 positive cells per crypt cultured in the M1 co-culture, M1
cond.media and M1-only culture models D) Histogram showing the position of DCAMKL1+
cells per crypt region in M1 co-culture, M1 cond.media and M1-only culture models. (n=6,

N>76, *P<0.05 compared to Control) Scale bar 20um.

As the results above confirm that M1 macrophage are only capable of reducing colonic crypt
UEA-1+ goblet cells and DCAMKL1+ tuft cell numbers through physical macrophage-crypt
contact in our 3D in vitro co-culture model. As results from Chapter 4 suggested that M1
macrophages can increase Lgr5+ crypt stem cell numbers in our 3D in vitro macrophage-
crypt co-culture, we therefore aimed to further investigate whether physical contact or

secretory factors are required to induce such changes.
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6.2.4 Physical contact in M1-crypt co-cultures but not secretory factors from

M1-crypt culture induce an increase in Lgr5+ cell expression.

As a significant increase in Lgr5 expression was detected in crypts co-cultured with M1
macrophages, it was determined, whether cell-cell contact between M1 macrophages and
crypts or crypt-macrophage co-culture-derived secretory factors induce such changes in
Figure 6.4. Representative confocal images showing basal Lgr5 expression (green) along the
crypt axis, in control crypts, crypts in the presence of M1 macrophages (M1 co-culture),
crypts cultured alone but placed in vicinity to M1-crypt co-culture (M1 cond.media) and
crypts cultured alone but placed in vicinity to M1 macrophages alone (M1-only) are shown
in Figure 6.4A. A Lgr5 gradient, originating from the base of the crypt and gradually
weakening towards the upper region is visualised in green and Lgr5 positive cells were
identified with the aid of E-cadherin (red) and DAPI (blue) as per Section 2.3.3. The number
of Lgr5 positive cells per crypt was significantly increased in crypts cultured in the presence
of M1 macrophages compared to control crypts. However, in crypts of M1 cond. media and
M1-only culture models, Lgr5 positive cell numbers were maintained compared to control.
Furthermore, crypts cultured along with M1 macrophages also expressed significantly more
Lgr5 positive cells in comparison to crypts within the M1 cond. media and M1-only culture

models.

In Figure 6.4B, the percentage of Lgr5 positive cells per crypt are compared to the total
number of DAPI positive cells per crypt, where a significant increase was detected in crypts
cultured with M1 macrophages compared to control crypts, however in crypts cultured
under the M1 cond.media and M1-only culture model, the percentage of Lgr5 expression
was maintained compared to control crypts. The distribution of Lgr5 positive cells along the
longitudinal crypt-axis was analysed in Figure 6.4D. In control crypts, the majority of Lgr5
positive cells were located at the base of the crypts with fewer located at the mid region
and the lowest numbers found at the top. Significantly more Lgr5 positive cells were
expressed at the base of the crypt cultured with M1 macrophages, where numbers in the
mid and top region were similar compared to control crypts. The number of Lgr5 positive
cells expressed at the base, mid and top region of crypts in the M1 cond. media and M1-

only model were also similar to control crypts.
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Figure 6.4: M1 macrophages induce an increase in Lgr5+ cell expression via physical contact; not

secretory factors in colonic crypts in vitro

Ai) Representative confocal images showing basal Lgr5 expression (green), nuclei (blue) and E-
cadherin (red) in crypts from M1 co-cultures, M1 cond. media and M1-only culture models. Aii)
Enlarged confocal images showing expression of Lgr5 (green) along the base of the crypt alongside
white light or DAPI (blue), E-cadherin (red) when cultured in M1 co-culture, M1 cond. media or M1-
only models. B) Histogram showing the average number of Lgr5 positive cells per crypt cultured in
M1 co-culture, M1 cond. media and M1 only culture models. C) Histogram showing the percentage
of DCAMKL1 positive cells per crypt cultured in M1 co-culture, M1 cond. media and M1-only models.
D) Histogram showing the position of DCAMKL1+ cells per crypt region when cultured in M1 co-
culture, M1 cond. media and M1-only models. (n=3, N>20, ***P<0.001 compared to Control;
*P<0.05, **P<0.01 M1 co-culture compared to M1 cond. media; £¥:P<0.001 M1 co-culture compared to

M1-only). Scale bar at 20um.
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6.2.5 Physical and secreted factors increase Lgr5 fluorescence intensity in

colonic crypts cultured with M1 macrophages

To semi-quantitively determine whether Lgr5 protein expression was affected by physical
contact between crypts and M1 macrophages or co-culture-derived secretory factors, the
crypt’s Lgr5 fluorescence intensity was measured and experiments were setup as per

Section 2.3.3.

In Figure 6.5A crypts, cultured with M1 macrophages (M1 co-culture), cultured alone and
placed in vicinity to a M1-crypt co-culture (M1 cond. media) and crypts cultured alone and
placed in vicinity to M1 macrophages alone (M1-only). Here Lgr5 fluorescence labelling is
basally expressed in RGB colours along the crypt-axis. Figure 6.5B, shows the average Lgr5
fluorescence intensity along the base, mid and top region of the crypt. In control crypts,
Lgr5 fluorescence intensity was observed to be highest at the base and mid region with
lowest values recorded at the top region. Lgr5 fluorescence intensity in crypts cultured in
the presence of M1 macrophages (M1 co-culture) was shown to be significantly higher at
the base, mid and top region compared to control crypts. Crypts cultured without direct
contact to M1 macrophages but placed in vicinity to M1-crypt co-culture (M1 cond. media)
was also shown to be significantly higher at the base, mid and top crypt region compared to
control crypts. Crypts alone cultured without direct contact to M1 macrophages (M1-only),
Lgr5 fluorescence intensity remained unchanged at the base and top of the crypt, however a
significant decrease was noted at the mid crypt region compared to control crypts.
Furthermore, Lgr5 fluorescence intensity in crypts cultured along with M1 macrophages (M1
co-culture) were also significantly higher compared to crypt in M1 cond. media and M1-only

culture model.
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Figure 6.5: Physical contact between M1 macrophages and colonic crypts and co-culture derived

secretory factors cause an increase in LGR5 fluorescence intensity in vitro

A) Representative confocal images showing the fluorescence intensity of Lgr5 (RBG heat map) in
each crypt-M1macrophage co-culture and ‘conditioned media’ co-culture model, where blue and
red labelling indicate the maximum and minimum fluorescence value expressed, respectively. B)
Histogram showing average fluorescence intensity (arbitrary value) within each crypt region (base,
mid, top) (n=4, N>20 *P<0.05, ***P<0.001 compared to Control; ££P<0.001 M1 co-culture compared

to M1 cond.media; %**P<0.001; M2 co-culture compared to M1-only.) Scale bar at 20pum

Having demonstrated that physical contact between M1 macrophages and colonic crypts is
required to increase Lgr5+ crypt stem cell expression and reduce UEA-1+ goblet cell and
DCAMKL1+ tuft cell numbers in vitro, we were next determined to investigate whether
these changes are dependent on the Wnt signalling and quantified the expression of the

Whnt target genes, CyclinD1 and LEF1 in our M1 macrophage-crypt co-culture model.
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6.2.6 M1 macrophages increase CyclinD1 expression in co-culture with

crypts

To determine whether physical cell-cell contact between macrophages and colonic crypts,
or co-culture derived secretory factors differentially affect CyclinD1 expression was further
studied in Figure 6.6. Figure 6A show representative confocal images where CyclinD1
expression (red) is expressed within DAPI (blue) positive cells in colonic epithelial cells in
control crypts, crypts cultured in the presence of M1 macrophages (M1 co-culture), crypts
cultured without direct contact to M1 macrophages but placed in vicinity to a M1-crypt co-
culture (M1 cond.media) and crypts cultured without direct contact to M1 macrophages but

placed in vicinity of M1 macrophages alone (M1-only).

Figure 6.6B shows the mean fluorescence intensity of CyclinD1 expression in crypt regions
of all culture models as described above. In control crypts, similar expression of CyclinD1
was found at the base, mid and top of the crypt. In crypts cultured in the presence of M1
macrophages (M1 co-culture) a significant increase in CyclinD1 expression was noted at the
base of the crypt compared to control crypts, however CyclinD1 expression was maintained
at the mid and top region of crypts. In crypts cultured without direct contact to M1
macrophages but placed in vicinity of a M1-crypt co-culture (M1 cond. media), the mean
fluorescence intensity of CyclinD1 expression remained unchanged at the base, mid and top
region of the crypt compared to control crypts. In crypts cultured without direct contact to
M1 macrophages but placed in vicinity of M1 macrophages alone (M1-only), the mean
fluorescence intensity of CyclinD1 expression also remained unchanged compared to
control crypts. Notably, the mean CyclinD1 fluorescence intensity in crypts cultured in the
presence of macrophages (M1 co-culture) were significantly higher compared to crypts from

the M1-only culture model.

Figure 6.6D show the total mean fluorescence intensity of CyclinD1 per crypt, where a
significant increase in crypts cultured with M1 macrophages was detected compared to
control crypts. In contrast, the total mean fluorescence intensity of CyclinD1 expression in
crypts cultured in M1 cond. media and M1 only culture models were maintained compared
to control crypts. In Figure 6.6E, CyclinD1 positive cells were identified as per Section 2.3.4
and the percentage of CyclinD1 positive cells was compared to the total number of DAPI

positive cells per crypt. Here, significantly more CyclinD1 positive cells were identified in
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crypts cultured in the presence of M1 macrophages (M1 co-culture) compared to control
crypts. No significant changes in the number of CyclinD1 positive cells in crypts cultured in
M1 cond. media and M1-only culture model were shown when compared to control crypts.
Notably, the number of CyclinD1 positive cells was also significantly higher in crypts cultured
along with M1 macrophages (M1 co-culture) when compared to crypts from the M1

cond.media and M1 only culture model.
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Figure 6.6: M1 macrophages induce an increase in CyclinD1+ cell expression via physical contact;

not secretory factors in colonic crypts in vitro

A) Representative confocal images showing nuclear LEF1 expression (red), nuclei (blue) in each
crypt-M1 co-culture and ‘conditioned media’ co-culture experiment. B) Histogram showing the
average fluorescence intensity of CyclinD1 within each crypt co-culture/conditioned media
experiment per crypt region. C) Histogram showing the average fluorescence intensity of CyclinD1
per crypt D) Histogram showing the percentage of DAPI labelled nuclei that are CyclinD1+ cells per
crypt (n=3, N>10, ***P<0.001 compared to Control; ££P<0.001 M1 co-cultured compared to M1

cond.media; *P<0.05,°°P<0.01,°**P<0.001 M1 co-culture compared to M1 only. Scale bar at 20 pm.

6.2.7 M1 macrophages increase LEF1 expression in co-culture and

conditioned media models but not within the M1 only model

To determine whether LEF1 expression is affected by physical contact between M1
macrophages and crypts or via crypt-M1 macrophage co-culture-derived secretory factors
or M1 secreted factors alone, the culture model was utilised. Representative confocal
images of LEF1 expression (red) localised within DAPI positive cells (blue) in all culture
models described above are shown in Figure 6.7A. Semi-quantitative analysis of the mean
fluorescence intensity of LEF1 expression per crypt region is shown in Figure 6.7B, where
the mean fluorescence intensity of LEF1 expression in control crypts is shown to be evenly
distributed along the longitudinal crypt-axis, in comparison, LEF1 expression in crypts
cultured in the presence of M1 macrophages was significantly higher at the base, mid and
top region of the crypts compared to control, M1 cond.media and M1-only crypts. A
significant increase in mean fluorescence intensity of LEF1 was also observed at the base,
mid and top region of crypts cultured without direct contact to M1 macrophages but placed
in vicinity of M1-crypt co-culture (M1 cond. media) compared to control and M1-only
crypts. A significant decrease in the mean fluorescence intensity of LEF1 expression was also
found in crypts cultured alone but placed in vicinity to M1 macrophage (M1-only) compared
to control, M1 co-culture and M1 cond.media crypts. Figure 6.7C, shows the total mean
fluorescence intensity of LEF1 expression along the entire longitudinal crypt-axis, where a
significant increase in crypts cultured along with M1 macrophages (M1 co-culture) was

found compared to control, M1 cond.media and M1-only crypts. Crypts cultured without
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direct contact to M1 macrophages but placed in vicinity of M1-crypt co-cultures (M1-cond
media) remained unchanged compared to control crypts. A significant reduction in the
mean fluorescence intensity of LEF1 was noted in crypts cultured alone but placed in vicinity
to M1 macrophages (M1-only) compared to control and M1 co-culture crypts. It should be
noted that crypts in the M1 co-culture model also expressed significantly higher LEF1
fluorescence intensity when compared to crypts from M1 cond. media and M1 only culture

models.
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Figure 6.7: M1 macrophages increase LEF1 expression through physical contact and secretory

factors in crypts in vitro, but not within the M1-only culture model

A) Representative confocal images showing nuclear LEF1 expression (red), nuclei (blue) in each
crypt-M1 co-culture and ‘conditioned media’ co-culture experiment. B) Histogram showing the
average fluorescence intensity of CyclinD1 within each crypt region C) Histogram showing the
average fluorescence intensity of LEF1 per crypt (n=3, N>14 compared to Control

*P<0.05, ***P<0.001,;££P<0.01 M1 co-culture compared to M1 cond.media ; ##P<0.0 M1 co-culture

compared to M1-only; ¥€P<0.01,%¢¢P<0.001 M1 cond.media compared to M1 only) Scale bar at 20 um.

As we have confirmed in this chapter that M1 macrophage-crypt contact increases Lgr5+
stem cell expansion, we finally sought to investigate the effects of these findings in
prolonged M1 macrophage-crypt co-culture, in which colonic crypt budding was

determined.

6.2.8 M1 macrophages stimulate an increase in colonic crypt budding

In Figure 8, the organoid budding capacity of crypts cultured with M1 macrophages
compared to control crypts was assessed. Representative brightfield images of colonic crypt
budding (white arrows) in control and M1 macrophage-crypt co-culture on Day 0 and Day 6
are shown in Figure 6.8A. The number of buds per crypt within control crypts and crypts
cultured with M1 macrophages are shown in Figure 6.8B, where a significant increase in
crypt budding was observed on Day 6 and 7 compared to control crypts. The percentage of
organoid survival in control crypts and crypts cultured along with M1 macrophages are
shown in Figure 6.8C. A steady decrease in organoid survival was noted in both control
crypts and crypts cultured with M1 macrophages, however no significant changes in the
percentage of organoid survival was found when compared to each day between crypts

cultured along with M1 macrophages and control crypts.
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Figure 6.8: M1 macrophages stimulate an increase in colonic crypt budding in vitro

A) Representative white light images (x10) of colonic crypts on Day 0 and Day 6 of (co)-culture. B)
Histogram showing the number of buds per crypt expressed over the course of 7 days in Control

*okk

compared to M1-crypt co-culture (n=3; N>9 Control vs M1 ""P<0.0001). C) Histogram showing the
percentage organoid survival per coverslip in Control compared to M1-crypt co-culture (n=3; N>16)

Scale bar at 25um.

In this chapter, the results reveal that secretory factors derived from crypts cultured only with M1
macrophages but not Naive or M2 macrophages increase colonic crypt growth; M1 macrophage to
crypt contact is essential for inducing differential changes in Lgr5 and UEA-1 crypt cell as well as LEF1
and CyclinD1 expression in colonic crypts and lastly, long-term In vitro culture of crypts with M1

macrophages drives organoid crypt budding in vitro.
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6.3 Discussion

This chapter demonstrated that Naive and M2 macrophages induce colonic epithelial
proliferation only via physical contact in contrast to M1 macrophages which induce crypt
proliferation via both physical contact and secretory factors. Similarly, direct contact
between crypts and M1 macrophages but not secretory factors resulted in an increase in
Lgr5+ stem cell, LEF1 and CyclinD1 expression as well as a reduction in UEA-1+ goblet cell
numbers. Furthermore, prolonged co-culture of M1 macrophages with colonic crypts
resulted in an increase in crypt budding in our 3D in vitro co-culture model. Proliferation
experiments in this chapter, demonstrated that direct contact between Naive, M1 and M2
macrophages to crypts can induce an increase in colonic proliferation, however only M1

macrophages could induce a proliferative response without direct immune-crypt contact.

The findings in this chapter suggest that M1-crypt contact derived secretory factors may
diffuse across the media to induce colonic crypt cell proliferation in crypt cultured alone. As
this phenomenon was exclusively observed within the M1 macrophage population, we
assume that M1 macrophage-derived secretory factors which are yet to be identified are

the causative factor.

Over the last decade, the pro-inflammatory cytokines generated by classically activated M1
macrophages have been well documented, where an increased production of IL-6, TNFa,
HIF1la and iNOS have predominantly been associated with the M1 macrophage phenotype
and were not found to be generated by the M2 macrophage population (Shapouri-
Moghaddam et al., 2018). In 2014, Kuhn et al, have demonstrated that IL-6 is critically
required to aid epithelial proliferation early on following colitis induced injury in the colon in
vivo, where M1 macrophage presence is also often highest during the early acute
inflammatory stages of injury (Kuhn et al., 2014; Krzyszczyk et al., 2018). However, inhibition
of IL-6 in the latter stages of colitis where M2 macrophages are predominantly present, did
not impair epithelial proliferation. These findings could suggest that M1-derived secretion of

IL-6 triggers intestinal proliferation during colitis (Kuhn et al., 2014).

As mentioned briefly in Chapter 4, iNOS mediated production of nitric oxide by M1

macrophages could also induce epithelial proliferation (Rath et al., 2014). A study from
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2013 has shown the production of reactive oxygen species such as NO can initiate an
increase in epithelial proliferation when exposed to commensal bacteria in mice in vivo
(Jones et al., 2013). One of the major regulators of ROS production in the colon is the
NADPH oxidase subunit, NoxO1 which was shown to play a critical role in wound repair of
DSS-induced injury in mice, where knockout of NoxO1 caused an increase in epithelial
proliferation (Moll et al., 2018). Interestingly, NoxO1 expression was also reduced in M1
macrophage in vitro, possible causing the increase in epithelial proliferation we observed

without direct M1 to crypt contact (Wang et al., 2020).

Other studies have also found an upregulated mRNA expression of the hypoxia induced
factor 1a (HIF1a) in M1 macrophages (Ortiz-Masia et al., 2016; Nakayama et al., 2013).
Hypoxia in the intestinal tissue can be caused by epithelial injury and breach of the barrier
function, HIF1 stabilisation then allows for the transcription of genes promoting wound
repair following injury (Goggins et al., 2013). Most recently it was found that stabilising
HIF1a in TNBS induced mice led to an increase in epithelial proliferation in in vitro (Goggins
et al., 2021). During inflammatory bowel disease, where hypoxia levels within the tissue are
high, HIF1a cannot be hydroxylated and is instead stabilised and highly expressed in the
cells due to the presence of pro-inflammatory cytokines such as TNF-a, a known secretory
product of M1 macrophages. To understand whether HIF-1a is upregulated in our
macrophage-crypt co-culture model, its presence within the co-culture model can be
detected via the use of commercially available HIF-1a ELISA kits, where its presence within

cell lysates is measured (Lee and Simon, 2015).

Whereas the previously described studies have reported an increase in intestinal
proliferation only in injury-induced colitis models to our understanding we are the first to
confirm that inflammatory M1 macrophages derived-secretory factors can trigger epithelial

proliferation in colonic crypts in their steady state (Kaunitz and Akiba., 2019).

Following the epithelial proliferation experiments we have carried out during this chapter, it
was clear that we were unable determine whether Naive, M1 and M2 macrophages are able
to utilise secretory factors independently of macrophage-crypt crosstalk. Future
experiments should include an experimental condition in which Naive, M1 and M2
macrophages are separated and cultured separately from the crypts to understand whether

macrophages are prompted to secrete cytokines and chemokines and affect epithelial
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proliferation without the requirement for direct contact between the macrophages and
colonic crypts. This experimental condition was utilised henceforth and described as the

“M1-only” condition in further experiments in this chapter.

Furthermore, as we are currently unsure as to which exact M1-secretory factors are causing
an increase in epithelial proliferation and the conditioned media should be tested for pro-

inflammatory cytokine levels via the aid of ELISA kits in the future.

As we aimed to understand the epithelial renewal and have successfully identified a few
distinct epithelial cell lineages such as the Lgr5+ stem cells, UEA-1+ goblet cells and
DCAMKL1+ tuft cells, it remains unknown which effect M1 macrophages have on the transit-
amplifying cell lineage within the colonic epithelium. As such cells are unlikely to express the
markers previously mentioned, we suggest the use of CD24, Bmil and/or HopX to label for
progenitor cells and self-renewing stem cells located in the +4 position (Furstenberg et al.,
2011; Barker et al., 2012). Furthermore, identification of the ckit+ deep secretory goblet cell
progenitors as performed by Rothenberg et al would also widen our understanding of the
effect M1 macrophages have on the process of epithelial proliferation and differentiation in

the colon (Rothenberg et al., 2012).

While colonic crypt proliferation experiments from this chapter suggest that M1
macrophages can increase crypt cell proliferation via secretory mechanism and findings in
Chapter 4 suggested that the colonic epithelium’s differentiated cell lineages and Lgr5+
stem cell numbers can only be influenced by the presence of M1 macrophages, we directed
our focus towards understanding whether physical contact or secretory factors are required

to regulate colonic crypt renewal in the latter part of this chapter.

Since we have reported that crypts cultured with direct contact to M1 macrophages were
shown to increase Lgr5+ stem cell numbers (Chapter 4), it begs the question as to whether
this mechanism is dependent on juxtacrine signalling or short-range paracrine signalling.
Over time it was recognised that Notch signalling is a potent regulator of the intestinal stem
cell niche both in the small and large intestine, where it maintains the stem cell pool via the
‘lateral inhibition” and negative regulation of Notch (Sancho et al., 2015). Thus, by altering
Notch signalling within the intestinal epithelium it is entirely possible to affect the

epithelium’s balance of self-renewal (Stamataki et al., 2011).
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Treatment of the small intestine with DBZ (a y-secretase Notch inhibitor) led to an 84%
reduction in Lgr5EFGP+ stem cell numbers within the epithelium and subsequently,
intestinal differentiation was also perturbed (Van Dussen et al., 2012). Lgr5+ stem cells
themselves are highly expressive of both the Notch receptor, NOTCH1 and NOTCH2, where
the double deletion of such receptors leads to the complete loss of stem cells within the
intestine. Although, single deletion of the Notch ligand DII-1 and DlI-4 did not affect Lgr5+
stem cell numbers, double mutant mice showed a reduction in the stem cell pool,
furthermore individual loss of NOTCH1 or DII-1 also led to an increase in goblet cell
numbers, while ISC number were maintained (Pellegrinet et al., 2011). In the small intestine,
the Lgr5+ stem cell niche is maintained by the constitutive stimulation of the stem cell’s
NOTCH 1 and 2 receptor by neighbouring Paneth cells which express DII-1 and DlI-4,
however, to date it is not fully understood how Lgr5+ stem cells in the colon maintain their

stem cell pool in the absence of Paneth cells (Sato et al., 2011).

Shimizu et al’s colonic experiments show that DII-1+ cells commonly reside at the bottom of
the crypt, whereas DII-4+ cells reside in the upper part of the colonic crypt. Additionally,
both DII1 and DlI-4+ epithelial cells were shown to be Atoh1+ (expressed in cells of the
secretory lineage) but Hes-1 negative (an inhibitor of Atoh1+ allowing for lateral inhibition
and negative regulation) (Shimizu et al., 2014). Li et al’s, recent mRNA quantification of
Notch ligands Jag1,2 and DII-1,4 in BMDM derived M1 and M2 macrophages has shown that
both Jagl (2-fold increase) and DII-1 (12-fold increase) are highly expressed in M1
macrophages in comparison to MO (Naive) (Li et al., 2018).Interestingly, a study from Ito et
alin 2011, demonstrated that exposure of bone-marrow derived dendritic cells to LPS did
not increase DII-1 ligand expression however in stark contrast, LPS exposure to bone-
marrow derived macrophages did lead to a significant increase in DII-1 expression thereby
alluding to the observed increase in Lgr5 expression observed in our 3D M1-crypt co-culture
model, in which M1 macrophages were also differentiated via its exposure to LPS (and IFN-
v). (Ito et al., 2011). Whether Jagl or DII-1 in M1 macrophage affect the notch-responsive
intestinal stem cell niche via this juxtacrine mechanism within our 3D co-culture model is

yet to be determined.

Over the past decade, a number of studies have also revealed that Notch signalling can play

a crucial role in mediating intestinal crypt differentiation (Spit et al., 2018). Notch inhibitory
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studies have reported goblet cell hyperplasia, increased Paneth, enteroendocrine and tuft
cell marker expression (Van Dussen et al., 2012; Van Es et al., 2005). In addition,
Atoh1/Math1 was identified as a crucial regulator of the secretory cell lineage, where the
depletion of Atoh1 can results in the ablation of goblet cells within the intestinal epithelium
(Shroyer et al., 2007). In 2016, Ihara et al, have previously demonstrated an increased
expression of both Jagl and Jag2 in CD11c+ dendritic cells which was also associated with
the depletion of goblet cells in colitis induced mice. This study also reflects the findings of
this chapter where we also found a reduction in UEA-1+ goblet cell numbers in crypts in
direct contact with M1 macrophages (lhara et al., 2016). Ihara further suggested that the
increase in Notch ligands could activate Notch signalling in the colon further leading to the
inhibition of goblet cell differentiation. Similar findings were reported by Pope et al, where
the abnormal activation of Notch coincided with reduced mucus production and a reduction
in goblet cell number in vivo (Pope et al., 2014). In a subsequent study in 2018, Ihara et al.,
confirmed the reduction in of both the goblet cell marker Muc2 and upregulation of Hes1
(absorptive lineage marker) but most notably did not find a significant difference in mMRNA
expression of Lgr5 (Ihara et al., 2018). Another in vitro study indicated that the increased
presence of HIF-1a is required to induce the increased expression of Notch ligands Jagl and
DII-4 in M1 macrophages, consequently the upregulation resulted in the increased
expression in Hes1 and increased enterocyte presence in Caco-2 and HT29 epithelial cell

lines (Ortiz-Masia et al., 2016).

It has been well established that Notch-high cells can give rise to enterocytes on the other
hand Delta-like ligand-high expressing cells differentiate into secretory cells. The colonic
crypts follow a stochastic differentiation pattern subsequently leading to a enterocyte:
goblet cell ratio of 3:1 in vivo (Collier et al., 1996; Zecchini et al., 2005). Crucially, Toth et al
has shown that the ratio is initiated in the commitment zone located two rows above the +4
stem cell zone and relies on the lateral inhibition of Delta-Notch ligands (Toth et al., 2017). It
is therefore likely that the hyper-stimulation of Notch receptors by M1 macrophages
resulted in impaired differentiation of secretory goblet cells and is highlighted in our direct
M1-crypt co-culture by the reduction of goblet cells in the crypt’s mid region, although this

will have to verified in future studies.
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Although the findings in this chapter indicate that M1 macrophage-crypt contact is required
to affect epithelial differentiation, we were unable to identify which juxtacrine or short-
range signal is required to bring about the changes we have observed, and we were unable
to prove whether Notch or other juxtacrine signalling pathways such as Eph-Ephrin were the
causative factors leading to the observed increase in Lgr5+ stem cells. In order to
understand the role Notch signalling plays in more detail, the next step is to identify the
signal receiving/sending ligands and receptors within this co-culture model by
immunofluorescently labelling for Jagl/2, DII-1/4 ligands and Notch1/2 receptors.
Additionally, labelling the intestinal epithelial cells with the transcription factors Atoh1 and
Hes1 as performed by previous studies will allow us to analyse the shift in balance between
the secretory and absorptive cell lineage in the presence of M1 macrophages (Ishibashi et

al., 2018; Gracz et al., 2018; Zheng et al., 2011).

Interestingly, in our M1-crypt co-culture, the increase in Lgr5+ also coincides with the
depletion of UEA-1+ goblet cells. In the small intestine, a number of secretory progenitors
were shown to de-differentiate in order to replenish the intestinal stem cell pool following
tissue damage (Buczacki et al., 2013). Furthermore, colonic work from Rothenberg et al, has
previously identified a subset of goblet cells, which express c-kit+, DII1, DlI4 and EGF the
expression of which was increased in when crypts were treated with the Notch inhibitor
DAPT (y-secretase inhibitor) and the formation of organoids was promoted. Vice versa, the
depletion of c-kit+ cells via toxin-conjugated antibodies led to a decrease in organoid
formation, highlighting their importance in maintaining stemness (Rothenberg et al., 2012).
More recently, Murata et al’s work has found that, following the ablation of Lgr5, the
replenishment of the stem cell niche is highly dependent on the transcription factor Ascl2 in
both the colon and small intestine and can be expressed by secretory and absorptive
progenitors located in the transit-amplifying zone. Following injury, these cells are recruited
towards the base of the crypt where they eventually express Lgr5 (Murata et al., 2020).
Furthermore, early work from Barker et al also identified the presence of LGR5+GFP- cells
along with LGR5+GFP+ in the colon but not in the small intestine, indicating that all not all
colonic stem cells are clonally derived, thus progenitor de-differentiation may be more
prevalent in the colon compared to the small intestine (Barker et al., 2007). In 2016, Sasaki

et al’s novel work also identified the presence of Regd+ and c-kit+ deep secretory cells in the
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colon, which when ablated led to a loss of stem cells and reduced colonoid growth. (Sasaki
et al., 2016). This was followed by further findings in which it was confirmed that Atoh1, the
Notch transcription factor predominantly expressed in the secretory cell lineage, are able to
replace Lgr5+ cells following epithelial injury (Castillo-Azofeifa et al., 2019). Although injury
was not induced in our co-culture experiments, the presence of M1 macrophages may
mimic inflammation and trigger the mechanism of de-differentiation within the epithelium
causing the increase in Lgr5. Furthermore, the loss of secretory progenitors may also explain
the decreased presence of UEA-1+ goblet cells and tuft cells in our co-culture model, as

stem cell de-differentiation may be preferred.

Similarly, to goblet cells, tuft cells also rely on the expression of Hath1/Atoh1 for its
differentiation, however they also require the expression Pou2f3 (Pou domain, class 2
transcription factor 3) (Gerbe et al., 2012). Unlike goblet cells, the functions of tuft cells
have not been delineated although some research has shown they may play a role in
promoting epithelial repair following DSS and radiation injury (May et al., 2014).
Additionally, it was also found that the deletion of DCAMKL1 in the small intestine resulted
in the enhanced expression of Notch1, a receptor also commonly expressed on Lgr5+ stem
cells (Mourao et al., 2019). Whereas we recorded a significant decrease in tuft cell numbers
in crypts when cultured with M1 macrophages in Chapter 4 and a decreasing trend in tuft
cell presence, the findings in the current chapter were not statistically significant. As only
0.4% of the epithelial population consists of tuft cells in vivo, a large sample size is required
in order to identify any changes (McKinley et al., 2017). In this study, a 10um Z-stack (optical
slice) was used to identify any DCAMKI1+ tuft cells within the region, however as the
average crypt width lies at around 40um the likelihood that the tuft cell within the crypt was
not recognised is high, henceforth we suggest that the entirety of the crypt is imaged in

future experiments (Tan et al., 2013).

In this chapter we have also demonstrated that direct contact between M1 macrophages
and colonic crypt results in the overall upregulation of the downstream Wnt transcription
factor LEF1. A number of Wnt ligands have been recognised to stimulate the intestinal
epithelium including Wnt3a, Wnt5a, Wnt6 and Wnt9b, however as LEF1 can only be
activated via the B-catenin dependent canonical Wnt pathway it can be inferred that the

non-canonical Wnt ligands Wnt5a and Wnt6 did not initiate the increase in LEF1 localisation
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in our co-culture model (Komiya and Habas., 2008; Flanagan et al., 2018; Niehrs et al.,
2012). In the small intestine, niche factors such as Wnt3a and R-spondin are provided to
Lgr5+ stem cells by neighbouring Paneth cells, in contrast, the colonic epithelium must rely
on external cells such as mesenchymal cells, myofibroblasts and macrophages to provide
such factors. Specifically, macrophages recruited following injury in colitis-induced mice are
able to secrete Wnt3a to support epithelial restitution (Saha et al., 2016; Aoki et al., 2016;
Valenta et al., 2016).

In the intestinal epithelium, a gradual Wnt gradient can often be observed with high
expression of Wnt localised at the base of the crypt and the least located at the top of the
crypt, however a number of studies have established that Wnt signalling occurs over a
short-range. In 2016, novel work from Farin et al, has demonstrated that Wnt3a secreted
from Paneth cells is directly transferred to Lgr5+ stem cells bound to the Fzd receptor,
which then diluted the ligands along the crypt-axis via cell division rather than cellular
division, thus proving that Paneth cell derived Wnt3a does not freely diffuse. Promisingly,
work from Skoczek et al, has shown that ‘inflammatory’ monocytes were recruited directly
towards Lgr5+GFP+ stem cells in the colonic epithelium ex vivo, however as the
phenomenon of short-range signalling has not been widely studied, it will need to be
determined whether Wnt3a producing macrophage utilise this mechanism in the future

(Farin et al., 2016; Skoczek et al., 2014).

During tissue damage, neutrophils often arrive at the site of inflammation via transepithelial
migration which requires the expression of ICAM-1. Here ICAM-1 was shown to engage the
AKT which in turn drives B-catenin and subsequently epithelial repair is promoted (Luissant
et al., 2016; Miyoshi et al., 2017). Interestingly, ICAM-1 is also upregulated in M1
macrophages via a NF-kb dependent pathway, and especially high expression of ICAM-1 was
also noted in the colon of colitis-induced mice (Wiesolek et al., 2020; Orrechioni et al., 2019;
Yang et al., 2015). Whether the upregulation of ICAM-1 contributed to the observed
increase in LEF1 expression in our co-culture model will need to be further explored in

future experiment.

Interestingly, in 2018, it was reported that signalling filopodia, known as cytonemes were
able to transport Wnt8a, a B-catenin target ligand at the tip of the cytoneme to

neighbouring cells, where they were bound to Fzd/Lrp6 to activate B-catenin in zebrafish

245



and gastric cancer cells (Mattes et al., 2018). Furthermore, in response to intestinal
inflammation among other Wnt ligands, Wnt8a expression is especially high in colonic
macrophages (Swafford et al., 2018). As both our study in Chapter 5 and Skoczek’s work in
2014 have reported the occasional presence of cellular processes within the respective
colonic co-culture models and the increase in epithelial LEF1 expression in this chapter is M1
macrophage contact dependent, this emerging mechanism may play a role in regulating
Whnt signalling and epithelial renewal and its involvement will need to be studied further in

the future (Skoczek et al., 2014).

Along with LEF1, the expression of the Wnt target gene Cyclin D1 was also highly
upregulated following epithelial contact with M1 macrophages. Cyclin D1 is the most
abundant cyclin and is commonly expressed throughout the large intestine. Cyclin D1 and
has long been established to be a key regulator required for the transition of cells from the
G1to S phase in the cell cycle, where elevated levels of cyclin D1 are often found at the M
and G2 phase (Yang et al., 2006; Shtutman et al., 1999; Stacey D.W., 2003). Furthermore, an
overexpression of CyclinD1 has frequently been noted in patients with colorectal cancer,
where akin to our M1-crypt co-culture model, epithelial proliferation is upregulated when
compared to the healthy mucosa (Shakoori et al., 2005; Maeda et al., 1998). In the
embryonic pancreatic epithelium, it was shown that M2 macrophages were able to regulate
the epithelial progenitor cell’s exit from the cell cycle and differentiation towards the islet
cell lineages, however to our knowledge it is now understood whether intestinal
macrophage can control the intestinal cell cycle in vivo or in vitro (Mussar et al., 2014). To
understand whether M1 macrophages differentially regulate the cell cycle in colonic crypts
compared to control crypts, we suggest immunofluorescently co-labelling for CyclinD1,
CyclinE2 and Cyclin A, potentially giving us further insight into each cell’s current cell cycle

progression.

An interesting study from 2020 has observed that the deletion of the extracellular signalling
kinase 1 and 2 (ERK1/2) from intestinal epithelial cells during postnatal development led to
a significant increase epithelial proliferation and activation of Wnt-target gene Cyclin D1.
Furthermore, real-time PCR analysis revealed a dramatic increase in the expression of the
Notch ligands DII-1/4, Jag1/2 and Notch receptors Notch1 as well as increase in the

transcription factor Hes1, where similar to our study, these results were accompanied by a
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reduction in goblet cell numbers, which could later only be recovered via the inhibition of
Notch1 in vivo (Wei et al., 2020). Whether M1 macrophages are able to inhibit ERK1/2 in
order to activate the Ras/Akt/mTOR and upregulate Wnt signalling is currently not known

and will need to be investigated further in the future.

Unlike, Notch signalling, the Wnt pathway does not require cell-cell contact to transduce its
signal, this begs the question as to why we have observed an increase in Wnt signalling
following direct contact with M1 macrophages. Previous studies have shown that both Wnt
and Notch can be regulated by each other to some extent (Collu et al., 2014). Here Foltz et
al, demonstrated that GSK3p is able to stabilise the NICD1 domain thereby positively
regulating Notch signalling (Foltz et al., 2002). Where one study has shown that Notch1 can
tether itself to non-phosphorylated B-catenin thereby dampening its effect on downstream
Whnt target genes, another study found that another study found that the interaction
between Notch1/NICD and B-catenin, reduces the ubiquitination and subsequently
enhances Hes1 expression in vivo (Jin et al., 2009). In addition to expressing Notch ligands,
early research has that the exposure of macrophage to LPS and IFN-y also leads to the
increased protein levels of the signal receiving Notch1 receptor in RAW 264.6 macrophages
(Monsalve et al., 2006). Notably, the mammary gland stem cells in mice, also rely on
macrophage’s-derived Wnt ligands to maintain its stem cell niche, where its secretion was
dependent on the expression of mammary stem cell-mediated DII-1 signalling (Chakrabarti
et al., 2018). It could therefore also be a likely possibility that this mechanism is mimicked
our M1-crypt co-culture model. The crosstalk between Wnt and Notch will need to be
studied further to understand whether such a correlation is existent within our M1-crypt co-

culture model.

Following our previous findings in which we have shown that Lgr5+ stem cells and newly
proliferated cell numbers were increased we then further investigated whether these
factors can affect the prolonged culture of colonoids within our M1-crypt co-culture model.
Indeed, the continuous culture of colonic crypts and M1 macrophages led to increased
presence of organoid budding after six days within the 3D in vitro co-culture model,
suggesting that the inflammatory M1 macrophages may contribute to the long-term survival

of colonic organoids.
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We also noted a decline in colonoid numbers in both crypts cultured alone and in the
presence with M1 macrophages over the course of seven days. As mentioned previously,
the colonic epithelium relies on external stimuli to provide the growth factors required for
survival, however such factors can be quickly diminished within an Matrigel-based organoid
model (Meran et al., 2017). One of the major stem cell niche’s supporting factors are the
ECM components such as laminin, collagen IV and entactin which when degraded forces the
Matrigel to lose its structural rigidity and is unable to maintain the 3D scaffold, thus no
longer supporting organoid formation (Aisenbrey and Murphy., 2020). As organoid survival
remained consistent in both culture conditions, it can also be assumed that the M1
macrophages did not differentially degrade the extracellular matrix components. A recent
study has previously described that M2 macrophages but not M1 macrophages are able to
influence the remodelling of the ECM by aiding matrix alignment in vitro, whether M1-
driven ECM remodelling occurred within our co-culture model cannot be confirmed and is
yet to be determined (Witherel et al., 2020). Although the 3D in vitro growth factor-reduced
Matrigel has been utilised throughout this study, it has been identified as a product with
high batch-to-batch variability, where varying protein contents may have an unidentified
effect on the macrophages and the colonic epithelium. (Aisenbrey and Murphy., 2020). As a
resolution, Sachs et al have suggested the use of synthetic collagen gels in order to grow
small intestinal organoids thus reducing batch-to-batch variability. Interestingly, small
intestinal organoids within a collagen-gel model were self-organized into a continuous tube-
like structure, which could also potentially allow us to study and compare epithelial renewal
between neighbouring crypt domains in the future (Sachs et al., 2017). A study from 2018
also found that when M1 macrophages were cultured in Matrigel-containing laminin, an
increase in arginase-1 producing M2-like macrophages was found and that ECM1
(extracellular matrix protein 1) expressed in tissue-infiltrated ‘inflammatory’ macrophages
are also aberrantly upregulated in IBD, where the knockout of ECM1 resulted in the
impaired polarisation of M1 macrophages and increased production of arginase-1,
commonly secreted by M2 macrophages (Luu and Liu., 2018; Zhang et al., 2020). For these
reasons it cannot be confirmed whether M1 macrophages have maintained their phenotype
and function throughout the course of the organoid culture experiment as M1 macrophages
can potentially re-differentiate into a M2 macrophage phenotype as previously described by

Orrechioni’s work (Orrechioni et al., 2018).
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A recent study into the culture conditions for the growth of colonoids has revealed that
recombinant Wnt3a does not support the long-term survival of human and mouse
colonoids, secretory Wnt3a derived from L-Wnt3a was suggested to be more suitable to the
maintenance of the stem cell niche. Furthermore, the study revealed that the absence of
Wnt3a, Noggin and R-spondin leads to increased colonoid differentiation and a reduction in
Lgr5+ stem cells (Wilson et al., 2021). Although we also relied on the use of recombinant
Whnt3a as many other organoid studies have utilised in the past, with the replenishment of
growth-factor containing culture media every two days of culture we were unable maintain
intact colonoids for a longer time period, whether the use of L-Wnt3a cells derived Wnt3a
as suggested by Wilson et al would prolong their colonoid survival will have to be

determined in future experiments. (Fair et al., 2018; Clevers, 2016).

Lastly, a myriad of inhibitory drugs are available to be used in the future to delineate the
individual pathways macrophages utilise to communicate with epithelial cells. To determine
whether M1-derived stimulation via the expression of delta-like ligand or jagged, we suggest
that M1 macrophages are pre-incubated in the inhibitor drug prior to the co-culture,
allowing us to determine the ligands required for M1 to crypt cell signalling. The use of 5-
ASA (aminosalicylates) for alleviating chronic inflammation has long been recognised as a
well-known inhibitor of the Wnt/B-catenin pathway, where B-catenin and cyclinD1 were
significantly downregulated in colon cancer cell lines (Bos et al., 2006; Munding et al., 2012).
Similarly, anti-TNF-a therapy also downregulated B-catenin to challenge inflammation in IBD
(Li et al., 2011; Bradford et al., 2017). In future experiments, we would like to understand
the effects 5-ASA and anti-TNFa have on macrophage-crypt crosstalk and will allow us to
evaluate whether the inhibition of Wnt signalling is sufficient to inhibit stem cell expansion

within our M1-crypt co-culture model or a non-canonical Wnt pathway is utilised instead.
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Conclusion:

Under in vivo conditions, the presence of M1 macrophages in the lamina propria usually
represents one of many inflammatory factors which the colonic epithelium can be exposed
to (Rees et al., 2020). Due to the unique experimental setup, by minimising the
environmental factors the colonic crypts are subjected to, we were able to confirm that, the
unique M1 macrophage phenotype can increase colonic proliferation in a paracrine manner,
and juxtacrine signalling mediated crosstalk between ‘inflammatory’ M1 macrophages and
colonic crypts regulates stem cell expansion, the differentiation of tuft and goblet cells as

well as promote organoid budding in prolonged co-culture with colonic crypts in vitro.
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Chapter 7: General Discussion and Future Outlook

In this study, our key findings demonstrate that macrophage subtypes differentially regulate
colonic crypt proliferation and differentiation in Chapter 4, characterised the spatio-
temporal interactions between macrophages and colonic crypts in our 3D Matrigel-based
co-culture (Chapter 5) and further demonstrated the capacity of M1 macrophages to
promote colonic Lgr5+ stem cell expansion in a juxtacrine-signal dependent manner in
Chapter 6. Overall, our findings showcase the influence non-activated, pro-inflammatory,
and anti-inflammatory macrophages have on colonic crypt renewal. In this chapter we will
discuss the potential implications of our findings on future research and offer an outlook
into novel experimental models which may be utilised to further our understanding of

macrophage-epithelial crosstalk in the future.

As the colon houses the largest microbiome population in the body, continual insults to the
epithelial barrier function must be maintained to remain in homoeostasis. The ever-present
macrophages in the underlying lamina propria partially modulate barrier integrity by
resolving pathogen-driven inflammation via its highly conserved role as a phagocyte. Over
the last two decades however, its malleable nature has allowed it to take on further
functions and were shown to play a crucial role in the maintenance of the intestinal steady
state. In this study, our key findings demonstrate that macrophage, depending on its
metabolic state (Naive, M1 or M2), engage with the colonic epithelium and subsequently
increase epithelial proliferation and alter epithelial differentiation, as summarised in Figure
7.1. More prominently, Figure 7.2, summarises our work from Chapter 6, in which we
identified that M1 macrophages are able regulate epithelial renewal in a contact-dependent

manner.

Conventionally, a breach in the epithelial barrier triggers the recruitment of Th1 or Th2
immune cells towards the site of inflammation, where in turn either pro-inflammatory IFN-y
or anti-inflammatory IL-13 and IL-4 cytokines are secreted, respectively (Kayama and
Takeda., 2012). Residential macrophages and inflammatory macrophages are then educated
to obtain a ‘inflammatory’ M1 macrophage phenotype. However, within an in vivo setting, it
is unlikely that steady-state colonic crypts will encounter M1 macrophages, and it thereby

becomes difficult to study the ‘inflammatory’ M1 macrophages effect on the epithelial
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signalling. Unlike other in vivo studies, the use of our 3D macrophage-crypt co-culture
allows us to further study the effect individual macrophages states (Naive, M1 and M2) on

epithelial renewal without disturbing crypt homeostasis.

Based on our findings in this study, future work should endeavour to identify the signalling
pathways which prompted the changes in epithelial renewal within our co-culture model
(Figure 7.3). In the intestinal epithelium, colonic proliferation and differentiation is closely
regulated by the activation and inhibition of various signalling pathways, including Wnt,
Notch, Hedgehog, BMP and Eph-Ephrin signalling, where disruption to one of the
aforementioned pathways could potentially cause a rippling effect leading to the
dysregulation in epithelial renewal. In Chapter 6, we have alluded to the potential knock-on
effect contact-dependent signalling may have on Wnt target genes. Although the role of
individual signalling pathways within the intestine have been well defined, little research
has characterised the reciprocal relationship between the signalling pathways in either
health or disease. To utilise macrophages as a therapeutic target, the signalling pathways
which are either up or down regulated in the absence and presence of macrophages must
therefore be profiled in detail. As a next step we therefore suggest the use of proteomic
profiling and immunofluorescently co-labelling of key Notch, Wnt,BMP and Hedgehog target
genes to further understand the signalling triggers required to result in the changes we have

observed in Chapter 4 and 6.
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Figure 7.1: Summary of key findings in the co-culture of Naive, M1 and M2 macrophages with

colonic crypts

Schematic table summarising the effect of Naive, M1 and M2 macrophages on epithelial

proliferation, enteroendocrine, goblet cells, tuft cell and stem cell numbers within the 3D co-culture

model. Created on Biorender (2021).
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Figure 7.2: Summary of key findings of the M1-crypt conditioned media experiments

Schematic table summarising the effects of M1-crypt contact and M1-secretory factors on colonic
proliferation, epithelial differentiated cells, Wnt targets genes (CyclinD1 and LEF1) and organoid

budding efficiency within our 3D co-culture model. Created on Biorender (2021)

254



M1 PHYSICAL
CONTACT

® o

P -
L autocrine
® A)signals?

LV

BMP? HDG?

”

WNT? NOTCH?

M1 SECRETED FACTORS

@

Figure 7.3: Potential signalling pathways requiring further investigation

Diagram outlining the potential signalling mechanisms involved in M1-driven epithelial renewal and

the role of A) Wnt signalling pathway and Notch signalling B) in M1 contact dependent epithelial

renewal. C) The role of M1-induced hypoxia and D) M1-derived IL-6 secretion on epithelial

proliferation. Created on Biorender (2021).
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7.1 Non-epithelial influences on macrophage phenotype and intestinal

epithelial renewal

In this study, specifically in Chapter 4 and 6, we have demonstrated that the presence of
Naive, M1 and M2 macrophages can differentially influence epithelial renewal in vitro.
Whether macrophages can regulate epithelial cell proliferation and differentiation with the
same potency in vivo is currently unknown. By excluding, other external lamina propria cells
from our 3D co-culture model, we have precluded macrophages from interacting with other
variables, and regulating the intestinal epithelium in an indirect paracrine manner within

our co-culture model.

One of the cell types residing in the lamina propria are FoxP3+ cells, known to suppress the
immune response and promote oral tolerance within the lamina propria as a preventative
measure to reduce inflammation-driven damage (Cosovanu and Neumann., 2020). In the
dynamic in vivo microenvironment, constitutive secretion of IL-10 by tissue-resident M2-like
macrophages leads to the maintenance of FoxP3+ T regulatory cells (Hadis et al., 2011). T-
reg derived secretion of IL-10 was later found to support epithelial Lgr5+ stem cell renewal,
while the depletion of Treg cells in vivo of the small intestine led to an increase in epithelial
differentiation (Biton et al., 2018). Although currently, there is no evidence to suggest that
the depletion of macrophages, could affect the capacity of T regulatory cells to maintain the
stem cell niche, the possibility exists for residential macrophages to regulate the stem cell

niche in conjunction with FoxP3+ regulatory T cells.

The underlying stromal cells, such a fibroblasts, myofibroblasts and mesenchymal stem cells
and lamina propria-resident T-cells are all able to regulate the activation of macrophages in
vivo (Yip et al., 2021). For example, mesenchymal stem cells were shown to direct
macrophages towards a M2 macrophage phenotype in a tumor microenvironment, leading
to decreased production of iNOS and other pro-inflammatory cytokines (Mantovani et al.,
2012). Furthermore, when mesenchymal stem cells were introduced to DSS-colitis induced
mice, an increase in IL-10 and a reduction of iNOS was reported, possibly suggesting that the
inflammatory macrophage phenotype has been de-polarised towards an anti-inflammatory

M2-like phenotype (Mao et al.,2017).
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In the intestine, the stem cell niche is also in close contact with a-SMA+ myofibroblasts,
which were demonstrated to provide the niche with R-spondin, hepatocyte-growth factor
(HGF) and PGE2 (Sigal et al., 2017; Pastula and Macrinkiewicz., 2019). Karpus et al, was also
able to identify CD90+ fibroblasts exclusively localised near the colonic stem cell niche,
which induced stem cell proliferation via the secretion of semaphorin-3 in a NRP2-
dependent manner (Karpus et al., 2019) During inflammation, activated fibroblasts were
also shown to polarise macrophages towards the M1 phenotype, thus indicating that
macrophages are also able to respond to fibroblast-derived secretory factors (Onfroy-Roy et
al., 2021). Figure 7.4 highlights the potential stromal-macrophage interactions which may
contribute to intestinal epithelial renewal and their synergistic effects on colonic

proliferation and differentiation should also be studied further in the future.

Although this reductionist in vitro co-culture model was not intended to include other
endogenous stromal cells, we were unable to determine whether other lymphocytic cells
are present within our co-culture model. As previously mentioned in Chapter 5 of this study,
we have reported sightings of small dark filopodial processes which we were unable to
identify further, as these processes were also visible in crypts cultured alone, it is entirely
possible that a fraction of lamina-propria resident cells have been isolated and seeded
during the colonic crypt isolation. Here, unpublished work from the Sobolewski lab have
shown that CD103+ intraepithelial lymphocytes were present in crypts cultured in vitro 3D
Matrigel were present, which resembled dark filopodial like processes as we have previously
described in Chapter 5. Interestingly, transfer of such CD103+, a4B7+ y&- T lymphocytes
into the intestinal tissue resulted in an increase in Th1/Th17 accumulation likely
exacerbating disease progression (Jeong-su Do et al., 2017). Whether such intraepithelial
lymphocytes are present and could interact with the macrophage’s subtypes present within
our co-culture model is yet to be determined and requires further work to understand their
potential effects on epithelial renewal. Other sub-epithelial resident cells such as pericytes
and neural cells, also play a crucial role in supporting the epithelial homeostasis of the
intestinal crypt and were shown to affect intestinal stem cells division and differentiation
(Powell et al., 2011). Interestingly, here enteric glial cells were shown to inhibit intestinal
proliferation via the secretion of TGF-B1, while contractile pericytes interlaced in the

basement membrane in vivo are commonly involved in the angiogenesis and
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revascularization (Neunlist et al., 2007; Mifflin et al., 2011). . As we have not confirmed the
absence or presence of either cell types within our co-culture model, we are unsure
whether pericytes or glial-macrophage crosstalk as described by Grubisic and colleagues
could affect macrophage function and therefore cause the differential regulation in
epithelial renewal (Grubisic et al., 2020). Previously, little was known regarding the presence
of the above mentioned stromal and mesenchymal cells following a colonic crypt isolation,
however recent work from Bruegger and colleagues have shown following the isolation of
crypts and cell sorting that almost 95% of all cells were of epithelial origin, less than 4% of

lymphocytic cells and 1% of mesenchymal cells lineage (Bruegger et al., 2020).

As crosstalk between stromal cells, mesenchymal cells and macrophages is evidently crucial
to intestinal homeostasis, we therefore also suggest that future work should attempt to
determine whether lamina propria-resident cells mentioned above including Fox-P3+ T-cells,
CD90+ myofibroblasts, CD103+intraepithelial lymphocytes and Connexin-43+ glial cells are
present within our crypt-macrophage co-culture model and to further help us understand
whether crosstalk between other lamina propria-resident tissue cells and macrophages can
contribute to the differential changes in epithelial renewal as we have previously reported

in Chapter 4 and 6 (Stevens et al., 2020).
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Figure 7.4: Intestinal stromal cell-macrophage crosstalk

Diagram highlighting the potential stromal-macrophage crosstalk links and their potential effect on

epithelial renewal to be investigated in the future. Created on BioRender (2021).
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7.2 Emerging organoid culture and IBD models

In the last decade several epithelial- non-parenchymal co-culture models have been
developed to study the mechanism of inter-epithelial crosstalk. Over time, several culture
models have been developed and refined to more closely mimic certain aspects of intestinal
in vivo microenvironment while also giving researcher more control over the variable
factors in culture. While 2D co-culture models as setup by Kaempfer et al, where Caco-2
epithelial cells were co-cultured with THP-1 monocytes allow us to gain a better
fundamental understanding the reciprocal effects on cytokine secretion and epithelial
integrity in a bid to closely mimic the physiological conditions of intestinal homeostasis and
inflammation, increasingly complex culture model have been developed (Kaempfer et al.,

2017).

A novel culture technique which is increasingly gaining traction is the use of the organ-on a
chip model (Low et al., 2020). In this miniature microfluidic culture model, a well-defined
microenvironment can be created with the use of photolithography where patterns and
scaffoldings are etched onto the base of the chip and later coated with ECM components
such as collagen and laminin, allowing the culture of epithelial cells. This method allows the
user to predetermine the organoid’s shape and size thus yielding more predictable data.
Although previously, Caco-2 epithelial cell lines were cultured onto the microchips,
advanced work from Verhulsel et al., has demonstrated that the culture of small intestinal
epithelial monolayers derived from mouse-organoids is feasible. Furthermore, the presence
of stromal cells can also be incorporated within the dynamic chip model (Verhulsel et al.,
2020). An additional advantage of culturing intestinal epithelial cells in within a microfluidic
chip chamber, is that the fluid flow can mimic the peristaltic flow within an in vivo
environment. Not only can this influence the physiological characteristics of the epithelium,
it can also regulate the chemical gradient of growth factors within the chamber (Figure

7.5A) (Lentle and Janssen., 2008: McCarthy et al., 2020%*).

Similarly, microfluidic models have also been utilised to create co-culture ‘droplets’, which
can produce intestinal spheroids (Collins et al., 2015). In 2016, Dura et al have also utilised a
microfluidic model to study individual cell-cell interactions between NK cells and leukemia

cell lines order to observe single-cell interactions (Dura et al., 2016).
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ECM are commonly derived from animal sources, scaffolding support within this study, is
provided by the Engelbroth-Holm Swarm mouse tumor, mainly consisting of laminin (60%),
collagen type IV (30%) and entactin (8%), which can promote the formation of colonic
organoids in an in vitro setting (Corning Matrigel datasheet., accessed 2021). However, as
Hughes et al has noted, along with the ECM components, varying concentrations of
intracellular proteins were also present within the Matrigel and is therefore unlikely to gain
FDA approval for future therapeutic use (Hughes et al., 2010). To overcome this limitations,
crosslinked polyethylene glycol (PEG) hydrogels are also utilised to embed tissue onto,
providing more control over the matrix stiffness. However, the growth of organoids on such
a platform remains problematic and requires further optimisation as described in detail by

Magno and colleagues (Wen et al., 2014; Magno et al., 2020).

The intestinal basement membrane which offers structural support to the overlaying
epithelium is largely composed of laminin and collage type IV, the production of which is
mediated by epithelial and stromal cells (Roulis and Flavell., 2016). Although it is unknown
whether endogenous stromal cells are present in our co-culture model and whether such
cells could potentially be regulated by differential macrophage subtypes to cooperatively
regulate colonic epithelial renewal in vitro, analysis of previous colonic crypt isolations
performed by Bruegger et al have shown that less than 1% of all cells where of
mesenchymal origin (Bruegger et al., 2020). As the intestinal extracellular matrix is a highly
complex in nature and consists of several hundreds of molecules which are involved in the
maintenance of tissue architecture, barrier function and migration, it is likely that both the
colonic epithelium and macrophages utilise this network to its advantage in vivo (Pompili et
al., 2021). Supporting this, work from Luu and colleagues have suggested that differing ECM
proteins can indeed regulate both macrophage morphology and function. Here the
adhesion of macrophages to either laminin, Matrigel or vitronectin resulted in an enhanced
M2-like phenotype expression compared to their adhesion to collagen, fibronectin, or
fibrinogen (Luu et al., 2018). Furthermore, in vivo work from Skoczek et al have noted that
Lgr5-GFP+ stem cell processes from colonic crypts were shown protruding through the
laminin-rich basement membrane to contact monocytes in the lamina propria (Skoczek et
al., 2014). As laminin is the major component of the Matrigel used within our co-culture

model, it begs the question as to whether this phenomenon prevails within our in vitro
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model. For the reasons stated above, we therefore suggest that future work should
endeavour to determine, whether the ECM components specifically present within our co-
culture model are able to regulate or interact with differential macrophages subtypes and
subsequently affect colonic crypt renewal. Specifically, the role of the ECM1 gene,
previously discussed in Chapter 6, should be further studied as it’s upregulation in M1

macrophages evidently plays a major role in IBD’s pathogenesis (Zhang et al., 2020).

As we have established in Chapter 3, the intestinal epithelium in our 3D culture model
remained intact and therefore resembled crypt in the in vivo steady state. To understand
whether the role and effect macrophages have on epithelial renewal differs in damage-
induced crypts several colitis-models can be utilised in the future. For example, Liso et al.,
have utilised Winnie mice, in which a mutation in the Muc2 gene altered mucus production
thus causing colonic inflammation in mice (Figure 7.5B). Furthermore, their work reported
an increase in MHC2+ immune cell recruitment and an alteration in the commensal

microbiome in Winnie mice compared to control (Liso et al., 2019).

As M1 and M2 macrophage activation depends on the secretory response of Thl and Th2
cells, respectively (Mills et al., 2001). Spontaneous inflammation is triggered in SAMP1/yit
mice, in which a Th1l-cell response is triggered and thus likely activates macrophages
towards the M1 phenotype. This would allow us to potentially study M1 macrophage-crypt
contact further within in an in vivo setting rather than in vitro as performed in Chapter 5.
Additionally, following the isolation and co-culture of SAMP1/yit mice we could further
investigate whether Naive, M1 or M2 macrophages are able to normalise epithelial renewal
in vitro (Pizarro et al., 2011). A similar inflammatory response can also be triggered in mice
in which IL-10 was targeted for deletion (Figure 7.5C) (Roers et al., 2004). Whether the
organoid co-culture of Winnie with either Naive, M1 or M2 macrophages can alleviate or
further exacerbate epithelial renewal could widen our understanding of the differential
capacities the macrophage activation states (Naive, M1 or M2) have on wound repair and

renewal.
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Figure 7. 5: Emerging organoid culture and IBD models

Diagram showing A) the experimental setup of an organ-on-chip model, where intestinal epithelial
cells are cultured on a photolithography-sculpted scaffold and laminal flow is created to mimic
peristalsis. (schematic adapted from Bein et al., 2018). B) The potential use of Winnie mice to either
study the M1’s macrophages restitutional abilities in vivo or the effect of Naive, M1 and M2
macrophages in a Winnie crypt-macrophage co-culture model. C) the potential study of in vivo M1
macrophages and their role in wound repair and epithelial renewal in vivo/in vitro. Created on

Biorender (2021).
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7.3 Therapeutic targets against IBD and the role of macrophages

During inflammatory bowel disease, the aberrant production of cytokines produced by
multiple source such as macrophage, dendritic and T-cells, are directly linked with the
deterioration of the intestinal tissue observed in UC and CD. For this reason, studies in the
last two decades have focused their attention to specifically targeting immune cells with

varying degrees of success.

Along with the increase in inflammatory monocytes and macrophages, another hallmark of
inflammatory bowel disease is the increased presence of Th-17 helper cells. Pro-
inflammatory macrophages are able to secrete Th-17 cell-recruiting cytokines such as IL-12
and IL-23 which then exacerbate tissue damage. Initial clinical trials have attempted to aid
intestinal resolution by introducing anti-inflammatory cytokines such as IL-10 and IL-11,
while also inhibiting IL-12 and 1l-23, however the direct induction of anti-inflammatory

cytokines displayed low efficacy in IBD patients (Rang Na et al., 2018; Ogino et al., 2013).

In recent years, the use anti-TNF treatment has prominently featured as a preferred
treatment method in IBD patients with chronic inflammation and heavily relies on the
inhibition of inflammatory macrophages, subsequently preventing the recruitment of T-cell
and reducing pathogenesis in IBD patients. Here TNF-receptor targeting drugs such as
infliximab and azathioprine, promote the maintenance of ‘regulatory’ M2-like macrophages
in IBD patients, while inhibiting the activation of inflammatory signalling pathways in
macrophages (Figure 7.6A) (Vos et al., 2013). However due to varying efficacies in patients
and the occurrence of severe side-effects, alternative therapies are still being pursued

(Shivaji et al., 2019).

A promising new therapeutic drug named Alequel, which aims to increase the oral tolerance
in IBD patients and was recently proven to alleviate inflammation in CD patients, where
initial clinical trials were shown to reduce IFN-y and increase in IL-10 and IL-4 levels, thereby
likely promoting the polarisation of anti-inflammatory M2 macrophage rather than M1
macrophage phenotype. The oral administration of AlequelTM is currently in phase 2 of the
clinical trials (Figure 7.6B) (Israeli and llan., 2010; National Library of Medicine,
NCT02185183, accessed 2021). Similarly, the PDE4 (phosophodisesterase-4) inhibitor,
Apremiliast, is also showing promising results in the alleviation of inflammation in UC

patients and is currently in phase 2 of the clinical trial study. Here, Apremilast suppressed
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the inflammatory response in macrophages following stimulation with LPS in a PKA-CREB
pathway-dependent manner while also inhibiting proliferation and cytokine production in
Caco-2 cells in vitro (Figure 7.6C) (Li et al., 2018; National Library of Medicine,
NCT02289417, accessed 2021).

The risk of developing intestinal cancer in patients with inflammatory bowel disease
increases depending on the extend of the colonic disease and the disease duration (Greuter
et al., 2020). Macrophages are also being increasingly utilised as an alternative approach to
tackling and inhibiting intestinal tumour metastasis and growth. For example, Zanganeh et
al, exposure of macrophages to an iron-oxide containing nanoparticle, induced a Th-1 type
response and an increase in M1 macrophages while also significantly inhibited the growth of
adenocarcinoma in vitro (Zanganeh et al., 2016). In colorectal tumours, tumour associated
macrophages (TAMs), largely share a similar phenotype to M2 macrophages and are
commonly present within the tumour environment in which they are known to promote
tumour cell proliferation (Lin et al, 2019). Promising work from Song et al., reported that
manganese dioxide nanoparticles are able to trigger the re-education of such TAMs towards
the M1-like phenotypes, which reduced the expression VEGF and HIF-1a within tumours in
vivo (Song et al., 2016). Although the use of macrophages to treat tumour formation are
increasing, little to no studies have investigated whether macrophages can be manipulated
in order to prevent the exacerbation of inflammatory bowel disease and requires more
attention (Sun et al., 2021). As persistently increasing cellular proliferation is often observed
in patients with colitis/IBD and colorectal cancers, in which the constitutive secretion of pro-
inflammatory cytokines maintains chronic inflammation in vivo (Lyons et al., 2018). We have
also reported that inflammatory macrophages significantly upregulate crypt proliferation in
Chapter 4 and is therefore important to understand and identify a therapeutic approach to

reverse excessive proliferation and reduce the risk of tumour formation.

In comparison to the previously mentioned drugs, the favonol, quercetin which is found in a
number of fruits and vegetables, was also demonstrated to alleviate colitis and increase
microbiota diversity in mice (Lin et al., 2019). Interestingly, exposing colonic organoid to LPS
while treating them with quercetin, led to a significant suppression of inflammation in vitro.
Specifically, the mRNA expression of TNF-a, Slpi (serine protease inhibitor) and LCN-2 was

reduced in the presence of quercetin (DiCarclo et al., 2019). As other studies have shown
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that the knockout of S/pi in M1 and M2 macrophages can lead to an increase in iNOS and

arginase activity, respectively, while increased LCN-2 expression was considered a M1-

polarisation factor, it should be questioned whether quercetin can directly influence the

metabolic state of macrophages in homeostasis and inflammation in order to reverse the

effects in epithelial renewal we have reported in Chapter 4 (Figure 7.6D) (McCartney-

Francis et al., 2014; Cheng et al., 2015). The previously mentioned therapeutic drugs which

may rely on the activation of M1 or M2 macrophages for epithelial wound repair are

summarised in Figure 7.6.
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7.4 Concluding remarks

In conclusion, we have utilised a unique 3D macrophage-crypt co-culture model in order to
demonstrate the differential effects of non-activated (Naive), inflammatory (M1) and anti-
inflammatory (M2) macrophages have on epithelial proliferation and differentiation,
importantly, this study describes the phenomenon in which inflammatory (M1) macrophage
unlike its anti-inflammatory (M2) or non-activated (Naive) counterpart are able to promote
Lgr5+ stem cell expansion in a contact-dependent manner in vitro. Further work should be
directed to determining the causative signalling mechanism which have prompted the
macrophage-driven changes we have observed in the colonic epithelium. We anticipate that
the findings in this study will contribute to our understanding of the dynamic relationship
between macrophages and colonic crypts in homeostasis and aid the development of

preventative strategies and new therapeutic targets against IBD.
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APPENDIX A. Organoid budding efficiency in the presence of M1 macrophages
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Figure A.1: Organoid budding efficiency and survival in long-term culture.

A) Representative white light images (x10) of colonic crypts on Day 0 and Day 6 in the presence and absence of M1 macrophages. Scale bar at 25um.
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