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Abstract

Colonic epithelial cells are constantly insulted by luminal contents. Theeseliving, single
epithelial layer conserves its barrier functitlmough Lgb+ epithelial stem cells located at
the base of epithelial invaginations called crypts. Crypt stelts &irst proliferate, then
differentiate (giving rise to enterocytes, goblet cells; enteroendocrine cells and Tuft cells)
and migrate along the crygaxis where theyare shed into the crypt lumen. Skoczek et al.
2014, previously showed that monocytes hfacrophage precursor) induce colonic crypt
proliferation and regulate the number of LgrStemcells both in vivo and in vitr@uring
health and inflammation, differential macrophage activity and fundiibave previously
been characteriseth vivoandin 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 crygwagn
in particular, its influence on epithelial proliferation and differentiation using a 3D
macrophagecrypt coculture model. This study demonstrates that colonic crypt
proliferation significantly increases in the presence of+astivated (Naive), pro
inflammatory (M1) and artinflammatory macrophages (M2Here,Naive and M2
macrophages require cryphacrophage contact to trigger epithelial proliferation and pro
inflammatory macrophage@V1) can induce crypt proliferatiomiaa physical contact and
secretory factordependent pathway. Differentiated colonic crypt cell numbers of UEA
goblet cells, DCAMKL1+ tuft cells, @roenteroendocrine and Lgr5+ stem cell numbers
were maintained in theoresence of antinflammatory (M2), however a decrease in UEA
goblet cells and DCAMKL1+ tuft sa@lhd an increase in Lgr5+ stem cell numbers was
observed in crypts cultured with proflammatory (M1) macrophagdbat was dependent

on Ml-crypt contact.

Taken together, this thesis demonstrates that differentially polarised macrophages (Naive,
M1 and M2)canregulate colonic crypgrowth, differentiationand in particular suggest that
the epithelial stem cell fates influenced bypro-inflammatory(M1) macrophagesvhen in

contact with the colonic epitheliurm 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, stomacHh,istestine, large
intestine, rectum and anusThe wall of the Gl tract is composed of four distinctive layers,

the mucosa, the submucosa, the nougaris externa and the seroséiéo et al., 2000

The mucosa is the innermost layers of the gut wall ardisprised 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 aimaple columnar or glandular epithelia
canbe inthe stomach, smalhtestine,and colon (Reed kindWickham R., 2009)-{gure

1.1). The lamina propria, consists of connective tissue, blmad lymphatic vessels, with a
myriad of responsibilities. Most notably, it is home to a collection of lymphocytes and lymph
nodes, known as the gtassociated lymphoid tissue (GALT), which protects the Gl tract
infiltration from bacteria and pathogen3he 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 turaver rate in the human body\illiams et al., 2015).
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The large intestine

¢KS fFNBS AyiSadAySQa INRaa lFylraz2ye a&ada O2YLR
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 theolon 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 intwaginations commonly referred to asypts.

The mase intestine contains approximately &tlllion 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 resddzsadng

solid fecal matter to be defecated?@wel and Ghishan., 26). 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 netwwith the intestinal
epithelium and the GALT is critical in developing a healthy systemic and mucosal

immunoregulatory circuitrf{Macdonald, 2005).
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(a) Large intestine tunics

Figure 11: Anatomy of the gastrointestinal tract

An animated visualisation of the lower gastrointestinal tract &mel colonic gut wall(A) lllustration of the lower gastrointestinal tract, digested materials
pass through the small intestine to the ascending colon via the ileocecal valve, through the transcending and descengdimlgereld then reaches the
rectum and waste materials arestiarded(B) lllustrated crosssection of the colonic tissue revealing its structure and anatdrhg. opening of the
intestinal glandeadto the invaginations called crypt®nsisting of simple columnar cells which are structurally supported by the yirdtamina propria
A thin layer of smooth muscle cellbet muscularis mucosand the muscalaris, located beneath the lamina propria allivesnovement and folding of

the tissue to aid nutrient absorptioa ! RI LJA SR FNRY t KeéaAaz2f238 t.fdza | yR Wdz/ljdzSNAF Q& . IaAO0 | A&l
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However, due to the high abundance of commensal microbiota which exists within the
colon, it is of upmost importance that thtestinal epithelium maintains its barrier function

and integrity (Odenwald and Turner., 2017).

1.2 Intestinal gem celkdriven epithelial renewal

The intestinal epithelium and its colorscypts are composed of intestinal epithelial cells
form asinglecell thick,simple columnar monolayeheld in shape by tight junctioand act
as a physical barrier which protects the sefithelium from any harmful toxins, antigens
and microorganism which may inhabit the lum@eed and Wickham., 200®)ue tothe
continual assault originating from the lumen, the intestinal epithelial cellxantinually

replacedevery 45 daygNibali et al., 2014).

While the epithelial barrier regulates the absorbance of nutriemtater, and the transport

of waste productsit must further mediate the crosstalk between luminal contents and the
proximal immune system in a nanflammatory manner. Nomegulated transport or

leakage of pathological antigens through the barrier could lead to inadvertent inflammation
and escala 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 12). 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 ofdadherin has been linked with impedjn
epithelial proliferation(Groschwitz and Hogan., 2009). Tight junctions sudbcabudin,

Jaudins and junctional adhesion molecules can be found on the apical end of the epithelial
cell, these mediate ion movement and impede the transporuaiinal 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 coatingsisure 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., 2B@8}inatingly, to ensure

bacterial penetration isurther minimised, the intestinal epithelium maintains the highest

turnover recorded in the human body (Rees et al., 2020)
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Figure 12: Colonic epithelial barrier function

Diagram showing the three main tight junction barriengaexes 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 intestinakpithelium acts as a physical barrier, where its role is to protect the
underlying tissue from commensal microbes and invading pathogemsiaintain a high
rate of epithelial turnover and to reduce barrier damaigeuced inflammation, the
epithelial cryps shown irFigure 1.lare renewed within 46 days in humans and mice

(Okamura and Takeda., 2Q1Darwich et al, 2014).

Proliferation ofsuchintestinalepithelialcrypts is driven by multipotent adult stem cell
population at the base of the crypt whereltdivision occurs at average of once per day,
producing highly proliferative transamplifying cells. While migrating upwards, these
transit-amplifying cells further differentiate into functiespecific epithelial cells and are

shed into the lumen towats the end of their life span (Barker et al. 2007).
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The crucial driver of epithelial renewal are the intestinal stem cells located at the base of

GKS ONRBLII® 2A0K GKS FaaradaglyOoS 2F St SOGNRY Y
Cheng and Leblond as early as 1974 and decades of further re$eseted to the

identification of two stem cell populations within the crypt: the crygatse 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 et28lQ7; Yan et al., 2012).

Figure 13: Crypt base columnar (CBC) stem cells

Scanning electron microscope image highlighting the presénge Waf Sy R @MdR ardvisp Y OSf f
locatedbetween neighbouring Paneth cells (red arrows}jhe 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 ftianBC 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 sAstiZ0Ifm2
and SmocZamong others have been identified, bgieucine rich &rotein 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 trasasitplifying cells. By insertion of a

CreERT2 fusion protein into the LgrSuscthe Wnt target gene was localised in fagtling

OStta G GKS ONRBLIIQa o6lasS Ay o0620K GKS avlff
Lgr5+ CBC stem cells symmetrically divide every 24 hours at the base, gerdoaiah@BC

stem cell, one of whic® Iy 68 WLIJHzZAKSRQ 2dzi 2F (GKS &aaGdSy OS
Wy SdziNI £ O2YLISGAGAZ2Y QY gKSNBE GKSe IINB (GKSy a
2010). While only a fraction of Lgr5+ cells are capable otftiermg selfrenewal, a small

populaton of quiescent, sloveycling 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
damagedinduced regeneration (Ritsma et al., 2014; Yan et al., 2012). Crucially, intestinal
homeostasis was maintained in the colon, despite the depletion of Lgr5+ stésmoavg

where the stem cell niche was instead repopulated by Ligggerve stem cellghus

highlighting the high level of plasticity within the intestinal epithelium.

Where intestinal stem cells play a crucial role in the regulation of crypt grauth cells
are incapable of executing physiological functions of the intestinal epithelium such as the
absorption of waternutrients,and sustenance of the commensal microbiota, thus stem cell
differentiation is essential for maintenance of intestinal hewstasigBirchenough 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 larggestine, noncommitted cells
can be converted into secretory cells such as goblet, enteroendocrine or tuft cells and
absorptive enterocytes, depending on the biochemical influences of the muEagaré 1.4

(van Flier and Clevers., 2009).

No
—h

Interestinghlz. ¢ 24K SiG Ff ®X KIFE@S ARSYGAFTASR (GKFG O
RAFTFSNBYGAFIGA2Y SKSNB (GKS OSft f Qa-anplifying A &

X«
(0p))
c:

phase, essentially allowing the colonic cells to mature earlier compared to thelr sma
AYyiGSaagAylrt O2dzyGSNLI NIEX 6KSNB afliS O2YYAGYS
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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 earitmnation (Toth et al., 2017).
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Figure 14: Colonic crypt renewal

Diagram highlighting the cycle of epithelial renewal. Lgr5+ cells at the base of the crypt divide and migrate upwardsopecedsproliferate in the
transitamplifying zoneinddifferentiate to give rise to enterocyte, tuft, enteroendocrine or goblet cells. At the end of theiryifke the cells are then shed
into the crypt lumen and the cycle of renewal is repeatdwo-layeredmucus coatin@cts as a serpermeable membrane restricting commensal

microbiota to the outer mucosal layer, thereby preventing microbieepihelial contact in homeostas{€reated on Biorender.com, 2021).
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Enterocytes:

Enterocytes are camnar epithelial cells containing microvilli treir apical surfacethis

cell lineis themost commonly encounteredell 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 luminaltnents 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 dendligien the

lamina propria as they also possess MHC1/2(major histocompatibility complex) (Chen et al.,
2011).9 y (i S NJp@taboliSnd c@n also shape the microbidatavivowhere the high

epithelial oxygen consumption, leads to mucosal hypoxia only altpamnaerobic bacteria

to survive thus allowing the conversidibres into beneficial fermented compounds (Litvak

et a., 2018). Notablyenterocytes precursor cellalsoseemto able to dedifferentiate to

replace previously ablated Lgr5+ stem cell in timals 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 absorptivengerocytes cell lineage relies on the Notch signalling pathway,
where the balance between the repression of Mathl and Hes1 can decide between the
absorptive and secretory cell fate. The deletion of Mathl, a downstream Notch

transcription factor, led to al@ange 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 Mathl1 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 aggsical barrier
which ensures luminal microbes remain out of touching distance to the underlying
epithelium. To fullithis function, goblet cells within the epithelium ensure sufficient mucus

is generatedBirchenough et al., 2015)he mucus of the intestinal epithelium is largely
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composed of a variety of mucin proteins. Mucins are glycoproteins with a high number of O
linked oligosaccharides. The getming mucin subtypes have been identified as
MUC2/5/5B/6 where MUC?2 is the most commonly encountered mucin within the intestine

(Andrianifahanana et al., 2006).

Uniquely, a two layered mucus structufitustrated inFigure 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 dact whereas the less dense outer

mucus layeprovides 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 o& (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 acrasthe 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 propris & achievedyothe 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 smailitestine 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 goleells can be coerced into hyperplasia and mucus hypersecretion via
Th2 mediated secretion of 4.3 and k4 during parasitic helminth infections (Finkalmann

SG 1t ®dX wnnnT aOYSyYyT AS SiG It dI Mphyod LY HAM
goblet cells within the colonic crypt entrance which can trigger the secretion of MUC2 via a
NLRP8VyD88 signalling pathways in a Ca2+ independent marigaletcells adjacent to

such sentinel cells are also induced into MUC2 secretion via a gap junctiatisg

pathway. This mechanism described above essentially allows bacteria to be flushed away
from crypt openings in order to prevent bactemgithelial contacduring inflammation
(Birchenough et al., 2017).
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Enteroendocrine cells:

EECs in the large @gtine 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,at secretory cell lines within the colon, EEC differentiation
also relies on the transcription factors Math1/Atohdhich is further discussead this

chapter Section1.3.2). 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 tfie KO o

I -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 seretdn)n (5
histamine, somatostatin, gastrin amtholecystokinin(CCK) in order to contribute to the
regulationof 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 atg hig

upregulated in IBD patients (Zissimopoulos et al., 24 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 E&@re able to regulate macrophage activity via the secretion of
GLR2 which has been shown to reduce iNOS, COX2h TN yBRexptegsion in LPS

activated macrophages (Xie et al., 2014). Similar observations were made by Saia et al.,
where CCK was alsauind to reduce NO production in peritoneal macrophages (Saia et al.,

2014).
Tuft cells:

Tuft cellsarethe least commonly occurring epithelial cell type of the intestine making up
only 0.5% of the epithelial population. (Bannerjee et al. 2018). Tuftcaii®e identified by
their apical bristles and a cell body which narrows towards both the apical and basal end
(Sato A., 2007). Initially, DCAMK+ cells within the crypts were postulated to be stem cell
markers, however Gerbe et al. has demonstrated D&XAMKLL 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 ablatiouaft cells
in the colon resulted in tuft cell depletion whereas Atetiéficiency 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
2nmc > |1 2gA0G0 SO td KIFEGS aKz2gy GKFG GdzFG OSft
intestine. To do so tuft cells rely on Gnat3 (tastéated Gprotein subunit) and TRPM5

(cation channel) both which are utilised in the detectiorPgeudomonas aerugisa

Interestingly, he small intestinal epithelium of both GndtZand TRPM5 knockout mice

were found to show depleted numbers of DCAMKL1+ tuft cells. Furthermore, the tuft cells
response to the parasité€ritrichomonas murigvas also impaired, thuslludingto the
chemosensory role of intestinal tuft cellsthin the epithelium(Howitt et al., 2016). Tuft

cells expansion was also observed géree 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 immeimesponse, this often leads to the recruitment of ILC2
cells (type 2 helper-€ells) which rely on 183 and L-25 secretiorto be activated. However,

until recently the source of 425 within lamina propria was unknown and it has since

become apparent tat tuft cells constitutively express-B5to maintain ILC2 activation. As a
result, the positive feedback loop allows ILC2 cells to produt8 lh order to continuously

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

The intestinal stem cells rate of sefnewal and differentiatiortowards the functional
epithelial cells mentioned abovs finely regulated by a myriad of paracrine and autocrine
factorsand over time a number of signallingagthwayssuch as BMP, Hedgehog, Notch, Wnt
and Epkephrin signallingnave been shown to contribute to the ISCs homeost§&st et

al., 2018).

1.3.1 The Intestinal Wnt signalling pathway

A major contributor to proliferation andhtestinal stem celhiche maintenance is the Wnt

signalling pathwaywhere the activity of Wnt is highest towards the base of the crypt and
decreases towards the top of the cryfusse and Clevers, 2Q1Scoville et al., 2008The

canonical Wnt pathway is initially triggered byding to the lipoproteiareceptor related

protein 5/6 (LRP5/6) and its geceptor frizzled (FZD), subsequently the protein Dishevelled
05+[ 0 A& NBONIHzA ( S Rcatknyh Ria thekd&strugtidrichidplex idiblocketl. 2 F |
The destruction complex coisss of a number of protein component such as adenomatous
Ll2feLkzara O02fA o6!t/ 0z OFaSAYy 1AylFrasS m o6/ YmMO
Ff ®X HAamMcUP® ¢KS O2-yalebijatlo®ytie pdtéin td thafislbcate i the y 2 F
nucleus andinds to the TCF/LEF transcription factor ultimately activating Wnt target genes

such as Myc, CGX CycliiD1, 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

0 SNI)A Y020 @FAYSI 6KAOK Aad-CINKSYy oNKO\QeEnywloiNy R d&
dZoAljdZA GAYF GA2Yy | YR LINGténk & ad tvahsfocalRdStBeNde R G A 2 y &
nucleus and TCEEF remains bound to its-cepressor 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 showFRigue 1.5.

Whnt signallingcan beregulated by a number dactors. For example, the membrafeund

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 FZBLRP5/6 complex. The deglation of FZD can be prevented by the secretory

protein, Rspondin, 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 Wnt9®hich are all commonly expressed in the intestinal
epithelium(Figure 1.9. (de Lau et al., 2014; Zebisch et al., 2013; Flanagan et al., 2018).

2y GFNBSG 3ISySa Olcftenin indefenders manr@i) However theR Ay |
mechanisms of the nenaronical Wnt signalling pathway has been less well characterised.
Here, the a select number of Wnt ligands, such as Wnt5a are able to activate thRe@¥t
(planarcell polarity)and WntCa2+ pathwayActivation of WP CP results in the activation
of the GTRses RAC1 and Rho, which then initiates-dgHiated signalling which is
postulated to regulate cell polarity and microtubule stabilisation. Alternatively, stimulation
of the WntCa2+ pathwawpctivates the phospholipase C (PLC), resulting in the seciation
internal Ca2+, activation of protein kinase C (PKC) and NFAT (transcriptional regulator
nuclear factorassociated with -Eells) where it is likely involved in the regulation of actin
polymerization Berwick and Harvey., 2013; Niehrs et al., 2KK@niyaand Habas., 2008
(Figure 1.8/Q.

The importance of Wnt signalling in crypt homeostasis have been highlighted by several

studies over the years, wheras demonstrated by Korinek et al in 1998, the ablation of

TCF4, a downstream Whnt target, led to am@dase in epithelial proliferation and stem cell
YFAYGSylFyOS oY2NRYyS] -caeiin lédftadheconstithyg 0 @ 5 St SGA2Y
differentiation of epithelial cells and subsequent loss in crypt function in vivo @ailr,

2007). Overexpression of the Wnt antagonist, Dickkbpésulted in the complete ablation

of crypts in vivo, whereas overexpression eggdndin resulted in human crypt

hyperproliferation (Kuhnert et al., 2004; Kim et al., 2005). Similarly, gibesin Wnt

activity have also been identified in inflammatory disease such as CD and UC (Serafino et al.,
2014). For example, the upregulationof PNE 2 6 A SNIISR Ay L-caielin A& | 0 f
SELINBa&aA2y S o6& AYKAOGA (G AMART dapérfilenSnamher3tesr Sy i 2 F
AYAOGALFOAY3 Iy AYONBFaS Ay OStf LINRPEAFSNIGAZ2Y
shown that IFN X~  lcell&dCnatory product, induced the expansion of quiescent stem cell

in the small intestine, while the inbition of Wnt also induced a decrease irblimediated

epithelial proliferation Richmond et al., 2038Moparthi and Koch have reviewed the
cooperative effects of the NFwy>~ a!t YX !'Y¢ yR {¢! ¢ AATYLffAy

target gene activatiomluringinflammationin their review (Moparthi and Koch., 2019)
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Figure 15: The canonical and nenanonical Wnt signalling pathway

Diagram showing thdifferential activation of theA) canonical Wnt signalling pathway) in the
absence of Wnt ligand stimulation, the GEKgXin complex remains intact leading to the
degradation of -caterin and preventing its nuclear localisatigii) following Wnt ligand
stimulation,i -catenin is phosphorylated and translocated to the nucleus where it activates
catenin mediated transcription factoB) planarcell-polarity (PCP) Wnt pathwayediated via JNK
or Rho signalling casca@@non-canoniccalciumdependentWnt signalling pathwaysgia the PKC

or NFAT mediated signalling cascééldapted fromBerwick and Harvey., 2013
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Feedback loops

h

Lysosomal
degradation

LGR4/5/6

Figurel.6: The Wnt signalling and-Bpondin feedback loop

Diagram showing thesgulation 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 efig@ndin inhibiting thdysosomal

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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1.32 The intestinal Notch signalling pathway:

The Notch signalling pathway also plays a vikd in intestinal homeostasis. Unlike the
other pathways involved, Notch relies on direct g¢elicell contact (Fre et al., 2005). A
number of Notch ligands, Jagged 1,2 (Jag) and Dle#td,3 and 4 (DIl) are able to bind to
the four Notch receptors (Noh 1-4). The binding of the ligand to the receptor results in the
cleavage by ADAM10 anesgcretase (S2 cleavage), after which the Notch intracellular
domain (NCID) is further cleaved (S3 cleavage) and translocates to the nucleus, where it
then interactswith the DNAbinding protein CSL and MAMLto activate the required

target gene such as Hds5,6,7 (hairy enhancer of splij) and Math1/Atohl (atonal protein
homolog 1). Figure 17) (Demitrack and Samuelson., 2016).

In the human colonic epithelium, pression of Notch 1,1 highly expressed in the basal

region of the crypt, specifically the stem cell niche, where Notch signalling was highly active
in cycling CBC celSmilarly, murine small intestinal work showed that Notch 1 and
expression as wedls the transcription factors Helsand Olfm4 werenostly expressedn

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 thesgimh

of the crypt, whereas Jagged 2 is expressed along the entire-arypt Novel work from

Shimizu et al, reported significant differences in the expression of iedtdigands 1 and 4
between the small intestine and colon, where DII1 was primarily localisatitive lower

region of the crypt and DII4 along the entire colonic crgigis, 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 feedbackvitop,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 ensuresthe even distribution of both absorptive and secretory cell lineages
(Collier et al.,1996; Stamataki et al., 201W)hen Notclsignallings initiated by a Deltdike

ligand from the signasending cell, the signaéceiving cell, translocated the cleavBi€I1D
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into the nucleus which then allows the transcription of Het occur, however the
expression of He§ antagonises the transcription of Atohl and therefore, sigeakiving
cell does not express Deltike ligands itself, where this cycle of cradktbetween the
signatsending and receiving cell maintains the positive feedback loop. A4 ies
predominantly expressed in the absorptive cell lineage and Atohl is required for the
differentiation of the secretory cell fate, in homeostasis this mecsiangenerates a

balanced expression of either cell lineagEgure 18) (Sancho et al., 2015).

Usinga similarmechanism of negative regulatipamall intestinal Paneth cells which
express high levels of DII1 and DIl4 ensure that neighbouring Lgr5+ slismeenain 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 postutatieat nearby stromal and immune cells or
Reg4+ deep secretory cells maintain the stem cell niche via a similar mechiastisad

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

Notch signalling also plays a crucial role in the even distribufi@bgsorptive 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 galition 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 Notchsignalling 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 Hesl induced an increase in secretory cell fate in the inte$emithelium and
completely abrogated absorptive cell lineages (Jensen et al., 2000). Furthermotk, Hes
RSTAOASY U YA GsecrefadEBnhibit& Rlsodesulftefd in lan increase of secretory

cell lineages (Van Es et al., 2005). Crucially, the ngRpi&ssion of Notchl and Héswas
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 thesdifigs, earlier work from Zheng et

al, also revealed that increasing Hegxpression correlated with a decrease in Atohl and

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

al., 2006).
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Figurel.7: The Notch signalling cascade

Diagram showing the activation of the Notch pathway via directagdlladhesion. Here, the Delta
fA1S tAIFYR AYAGAFIGSA (KS -deiNRadeSexditidginit@ rel@ds&df @ 3 S 2
NCID, which is translocated and binds to the BiAling protein CSL and-@ztivator Mam

(Mastermind)to transcribe the necessary target genes (Adapted from Bray et al., 2006)
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Figure 18: 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 sigoaiving cells shown in red via
the Deltalike ligand, resulting in the downstream tramigdion of Hes1, which in turn inhibits Atoh1,
thus the signateceiving cell remains NoteHIGH and DELOW, whereas the sigraénding cell
remains NotcH_.OW and DLHIGH (Adapted from Sancho et al., 2015).
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1.33 Intestinal BMP, EGF, Hippo signag pathways:

Bone morphogenetic protein (BMP) signalling pathway, is a Stepdndent 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 receptorspBi¥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 gremlirdfZ@sent at the at the
oFrasS 2F G0KS ONRBLIIQa aidSy OStft yAOKS gKSNBE (K
2007). Noggin can also further promote Wnt signalling, by increasing the expression levels
of RPPTEN and-Rkt leading to the increased trahs? O | { Ac&tefin ® the rucleus (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 homeostasiand inhibtion of stem cell niche expansid¢Rigure 19) (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 afaactivati
P13K/Akt within the MAP kinase cascade which leads to the phosphorylaticoaténin

thus activating the canonical Wnt pathway (Suzuki et al., 2010). Furthermore, EGF also
encourages the secretion of mucins within the intestine (Damiano et al., 204#reas

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 sigalling pathway can be triggered bynamber ofinhibitory factors, such as
celkcell contact, binding of growth factors such as EGF and cell polavitgver,to date a
Hippo-specific ligandeceptor has not been found (Seval., 2020). Here, Hippo activation
relies on the translocation of the proteins, Yassociated protein (YAP1) and tafazzin (TAZ)

(Konsavage et al., 2013he mammalian serine/theorine 1/2(MST1/2) protein is activated
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its forms a complex with SAV1 (Hcéd 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 degradeih 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-BiNding

protein TEAD (TEA domain transcription factor) and activate the required target genes
(Figure 1.0) (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, wigelower expression was reported at in the small
intestinal villi (LieChittenden 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. Miagepleted 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 cloged

with other pathways sch as BMP,Notch and Wnt signalliByun 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., \2i@@4ersa, the

1l tmke! % O02YLX SE 61 & | f a2 -catknhahGsalib@ingittd R G K S
enter thenucleus,while in contrast, another study concluded that cytoplasmic Yafeil

TAZ can restrict Wrdignallingactivity 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 inaittevzation of Notch

signalling, where the ovegxpression of NCID also led to an increase in YAP/TAZ and TEAD
expression (Yimlamai et al., 2014; Moroishi et al., 20Irb)nice with DS$iduced colitis,

an increased presence of YAP1 was reported, wheileely 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 oxexpression in mice also induced intestinal hyperplasia
where an expansion of pgenitor cells was reportednterestingly, work from Kim et al, has

shown that PGEbinding 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).
Takentogether, 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 19: The BMP signalling cascade

Diagram summarising the activation of the downstream BMP signalling patfilwaybinding of
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BMP induces the phosphorylation of BMPR1/2, Smad 1/5/8, which then form a Stmaald1/5/8

complex to transloate into the nucleus where it can activate its target geri@gP 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, 20 T8eated on Biorender., 2021
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Figurel.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 cytoplasmicatiegrad

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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1.34 Epithelial cell shedding

Following the proliferation and differentiation, the epithelial cell migrates progressively
upwards until they are then shed into tlhemenand the end of their life cycle. However,
uniquely to the intestinal epithelium, the apoptotic cell is released ftbmepithelium

while maintaining epithelial integrityAs epithelial integrity is maintained by a singksl

thick epithelium, it is of upmost importance that epithelial cell shedding does not disturb

epithelial barrier functionWilliams et al., 2014).

Ly GKS mMoppnaz alRFENIQa ¢2NJ] RSY2yailuNr GSR

AyGaSadAaylrt @AttA YL@ dziaAtAasS | Wi ALLISND
JL., 1990). Here, the apoptotic cells, lossaBherin expression an@distributes the
positioning of ZEL, a tight junction protein towards the badateral 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 lb@rrwhere the entire process was
shown to take place within-20 minutes in the human small intestinéigure 111A)

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

Prior to the event of cell sheddindy¢ mechanism of cellleath, apoptosismust be

triggered, where poptosis can either be triggered via an extrinsic or an intrinsic pathway
(Jan and Chaudhry., 2019he intrinsic pathway is commonly triggered by stress, hypoxia
or DNA damage and other factors, which resuitthe activation of Be? family proteins
BAX/BAK and permeabilisation of the outer mitochondrial membrane (MOMP) and
subsequent release of cytochrome c. The combination of cytochrome ¢ withlApafis to
the formation of apoptomsome and triggers the seiton of procaspas® and caspase 3

signalling cascadén contrast the extrinsic pathway utilises the activation of the death

i KI
f A1 S

receptor, which can be triggered by external stimulisuchasT®F ! t ho[ YR 23GKSI

(TNFrelated apoptosisnducing ligads), in turn the intracellular domain, also known as the

deathinducingsignallingcomplex (DISC) is cleaved, releasing one of its partial components

procaspase8 which can then trigger the capsa8esignalling pathway while also activating

the MOMRdependent 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 triggeriaflanmmatory

response while alsteading to seldestruction (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 progressiondliessli

et al., 2012; Nenci et al., 2007). In mice, the administration of TNSulted in an increase

in epithelial permeability and barrier function, where mice deficient #0l_a residential

macrophage secreted cytokine, also resulted in increased pdbitityaand occurrence of

spontaneous colitis, whictould bealleviated by blocking of the zonulin receptor, thereby

reducing epithelial cell shedding (Kiesslich et al., 2007; Arrieta et al., ZDO@)ally, a lack

of epithelial barrier functioninthesS+ R& ad+ 4¢SS Yl & €SIFIR G2 af S|
into the lamina propria, which then triggers the activation of the intestinal innate immune

system (MontalbarArques et al., 2018).
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Figurell: Intestinal epithelial sheddingnd the extrinsic/intrinsic pathway of apoptosis

A) Diagram summarising the process of epithelial cell sheddiyibhe epithelial tight junctions are aligned and intafBasal adhesion proteins are
disjoined while celtell tight junction proteins remain intact) Tight junction poteinsare redistributed andl) neighbouring cells are linked beneath the
shedding zoe e) Tight junction proteins manoeuvre and direct the shedding zone out towards the lumen Whheecell is shed into the lumemwhile
neighbouring cells of the epithelium maintain their barrier funct{@adapted from Williams et al., 2018) Diagramsummarising the process of both
extrinsic and intrinsic apoptosis. The intrinsic pathway is commonly stimulated via stress, hypoxia or DNA damage whistnglylisiggers the release
of procaspasé® and caspase3. The extrinsic pathway is triggeredk®rmal stimuli, leading to the release of procasp&sand subsequent activation of

caspase3 (Adapted from Jan and Chaudhry., 2019).
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1.4 The intestinal innate immune system:

The intestinal epithelium and pathogen recognition:

Thelarge 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 protectionderlying
lamina propria, the epithelial cells are naturally in contact bacteria and foreign pathogens
which regularly breach the physical barrier leading to inflammatan.this reason, the
intestinal epithelium has evolved and developed protective hagism to efficiently deal

with luminal insults within the steadgtate and inflammation (Dietrich et al., 2018).

Following a breach and malfunctioning epithelial barrier functemveralinnate immune

cells including dendritic cells, macrophages and &lis 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 downstreaactivation 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 nuetof bacterial signatures. Here ligand binding to the PRR
initiates a downstream signalling cascade and subsequent upregulation-afffammatory
transcription genesSuchpathogen associated molecular patterns can also be recognised by
underlying antign presenting cells such as macrophages and dendritic cells, where both act

as the first responders of the innate immune respofid&ang et al., 2019).

Among the PRR family, twelve Hdte receptors (TLR) have been identified where each is

able torespond 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 diagyl tripeptides, whereas TLR3,7 and 9 recognise single,

double and CpG DNA strands (Takeda and Akira., 2006hg 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
2YY2yfteé t20fAaSR 0SYSIOK (GKS AydSadadgAaylf ONJ
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nature, its exact functional role in both homeostasis and inflammatory conditions has not

been extensively studied. Intestinal tisstesident macrophages have evolved amthpted

G2 0KS AyidSadAaySQa YAONRBSY@ANRBYYSYyld Ay 2NRSN
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 highlpactericidal responseshere homeostasis can be rapidly-re

established, however this response has been dampened in intestinal macrophawyeei

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 pathogemssociated pattern receptors such as &k receptors and NOD like
receptor in order to recognise commensal and pathogenic microbes (Allaire et al., 2018).
Intestinal macrophages in particular were shown to expresslikelreceptor 39 and

TREM2 amongthers, however expression of Myd88 and NOD2 were shown to be
downregulated, allowing tissueesident macrophages to carry out phagocytic tasks in in a

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

TheToll-like receptor 4 is predminantly 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 proteinMyD88, which leads to the downstream upregulation of the transcription
factor NFki and the induction of prenflammatory cytokines such as TNRnd ILY

among others (Hooper et al. 2014). Myd88 dependent TLR recognition can also severely
affect mecharsms of phagocytosis in macrophages, where the ablation of TLR2 and 4
caused an impairment in the effective removalksicherichia coli and Salmonella
typhimurim(Blander et al., 2014). Another PRR family are nuclediidding

oligomerisation domaiike 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 vitro, while gudies have shown that polymorphism in NOD2
proteinSELINB&aaA2y | NB KSIgAateée fAY{SR 6AGK I KAZTF
(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 ersfand 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 intestineesident macrophages have long been debatedhe liver, heart
and lung, tissugesident macrophages have been confirmed to migrate from the-yatkat

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

Initial studies have affirmed that haematopoietic stem cahdially present within the
bone-marrow can differentiate into either common myeloid or common lymphoid

progenitors depending on the presence of various cytokines such@SMH6, 11-6 or L-2,

IL-7 or 11:12, respectivelySeita andVeissmann., 2010).Such myeloid progenitors are then
further differentiated into eithererythrocytes, thrombocytes and crucially via the aid of
GM-CSF myeloblasts, where myeloblasts are finally capable of differentiating into basophils,
neutrophils, eosiophils or monocytes, where the presence of®&F is crucial for the
development of the monocyte phenotypeit et al., 2013). This process of differentiation is

summarised irFigure 1.12

Elegant fatemapping techniques applied by De Schepper et al, demtified a sub

population of seHmaintaining macrophages (gMac) which are derived from embryonic
precursors and are then placed in the underlyinggstinallamina propria. Interestingly

however following the depletion of such gMacs with diptheioain the residential

population was reestablished by bonenarrow derived macrophages instead (De Schepper
St ItdX Hamyod ! yAljdzsSte G2 GKS AyiuSadAyS:s
circulating monocytes constitutively migrate into the intestinalansa where they are then
educated towards a mature macrophage phenotype (Bain et al., 2014). Indeed, Shaw et al
confirmed that both yolksac derived, and bormarrow derived macrophages -@xist

within the lamina propria, however whether either spopulall A 2 y Q& T dzyi QubA 2 v &
is yet to be determined (Shaw et al., 2018).

A study fromWolf et al,recently revealed the existence of two independent pathways of
monopoiesis imomeostasis. Mnocytescanbe derivedfrom GM (granulocyte

macrophage prgenitor)where they give rise tpre-dominantly Ly6C+ and MHC?2
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monocytes or alternatively give rise MHC+Ly6Cmonocyte via the MDP (monocyte

dendritic cells) pathwayas shown inKigure 1.2B) (Wolf et al., 2019).

TheLy6C is a cell surfacgarkerhas been acknowledged as@bustmarker for circulatory
monocytes and MHQ@ were usually associated with antigpresenting cells such as
macrophages and dendritic cells where their role was to bind to pathogenic antigen in order
to display them orthe surface of the immune cejltaterto beidentified by Tcells,

subsequently initiating an appropriate immune response (Janeway et al., 2001; Desalegn et
al., 2019).

As mentioned above, the intestinal macrophage population is continuously replenighed
an influx of monocyte in homeostasis antligh 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 e2@17).

Following 23 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 intestaraina 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 wasted that monocytes are not only
recruited to the intestinal mucosa during inflammation but are also constitutively migrating

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

The gradual education of monocytes towards a macegghphenotype has been coined the
WY 2y 2000 HSNF | £ £ Q LING, KybE9I® MHCIP'SCXSCRIY manecytes

gradually gain the cell surface marker MHCII and finally morph into E4}8DD649",

MHCI9h CX3CR®"and Ly6€" 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

macrophagesKigure 1.4).

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 TINE2 and IFN
LINE RdzOGA2Y Ay NBaLRyaS (G2 YAONROA hfitmed yadz Gaz
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that mucosal eosinophils also express Cd11+ and F4/80 mankersthus requiring
further cell surface marker characterisation. (Warschkau and Kiderlen., 1999; Mowatt and

Bain., 2011).

As both dendritic cells and macrophages are considered @mfigesenting cells (APC)

where they may share similar functional roles, studies needed to distinguish between either
population. Work from Tamoutonour et al, has shown that theiéceptor CD64 is only

expressed in intestinal macrophages but not dendritlls (Tamoutonour et al., 2012; Bain

et al., 2013). Another commonly expressed macrophage marker is the fractalkine receptor,
CX3CRL1. As reviewed by Regoli et al., CX3CR1 expressing macrophages are involved in
functions ranging from gut antigen samplitmwound 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 ashortthalf ¥ S 2F o 6SS{1a I FGSN g

be replenished by bloothonocytes (Jaensson et al., 2008).

Conclusively, the combination of the aforementioned markers can then betosed
positively identify anacrophage populatioboth in vivoandin vitro. (Zigmond et al.201;2

Bogunovic et al. 200%Bain et al., 2018

The differentiation froma haematopoietic stem cell towardsnaonocyteand subsequent
macrophage phenotype in a steady state heavily depends on the environmental presence of
the macrophage colony stimulating factor {&86FjFigure 1.12A(Pixley J., 2012)evy early
researchhas shown that macrophages are able to form colonies in the presence -of CSF
M-/ { C o{ Gl ytSe St |If oz w~daitholdgh HB@Ahanda®pbieticx I Y R {
stem cells) express low levels ofGEF, increasddvels are found in both monocytes and
macrophages. Here M SF, a myeloid cytokine can directlyraegulate the PU.1

transcription factor and initiate a myeloid cell development within HSCs (Mossédtieltgdr

et al., 2013). MCSF stimulation leads to thé@sphorylation of tyrosine residues and

activation of the MAPK pathway which subsequently activate the p38 pathway, commonly
associated with the production of piaflammatory cytokinesuch adl-mi = -h¢ b-GBR L |
(Zarubin et al., 2005; Lloberas et @016; GoberHGosse et al., 2005).

The central role of MCSF 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 a@SF1R also led to the complete ablation of tissue
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resident macrophageis vivo Dai et al., 2002; MacDonald et al., 201@}riguingly, further
research by Sehgal et al, has shown thaCBIF null mice and a#fiSFR antibody showed a
reduction in macrophge numbers but also reduced Paneth and Lgr5+ intestinal stem cell

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

While monocyte to macrophage differentiatioalies on the presence of various cytokines
and chemokines, the macrophage phenotype and functian also be significantly altered
by laminapropria 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 112: The process of monocyte differentiation in the boraarrow

Diagram showing\) various differentiation pathways of haematopoietic stem cethere a monocytic phenotype can be derived in the continuous
presence of GMCSF (granulocyte/macrophagmlony stimulating factor)and B)the independent pathways of myeloid differentiation, where they can be

derived from granulocytenacrophage progenitors (GMPS) shown in red or via the monaiséritic cell (MDP) pathway, shown in blue (Adapted from

Wolf et al.,2019).
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Figure 113 The monocytewaterfall differentiation pathway

Diagram highlighting the process of intestinal monocyte differentiation towards a macture
macrophage phenotype. In vivo, Ly6C+, MHHCX3CRibw monocytes arrive in the lamina propria
where they gradually gain the macrophage markers MHC2+, CX3CR1, Gbédsiviy CCR2 and
LYBC expression in midga{n and Schridde2018).
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Figurel4:Phenotypic cell surface marker expression of tisstesident monocytes and

macrophages

Figurehighlighting the differential markers expressed in intestinal tissesdent monocytes and
macrophages, wherexpression of Ly6C is increasingly downregulated, while marker expression of
F4/80, MHC2, CX3CR1, CD14 and CD11c is increased (Adapted freraB&2012).
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1.4.2 Macrophage activation and the M1 and M2 paradigm

In 2000, Mills et al, have made the observatibat macrophages respond differentially to
stimuli from either Th1l or Th2 cellMills et al., 200Q)Whereas Th1 cells stimulated a pro
inflammatory cytokine response in which production of 4/FN'NF" is upregulated, the Th2
cells induce the upregulated secretion ofdlland H13 (Berger A., 2000 A f f Qa @ 2 NJ
demonstrated that mice with a Th1l cytokine profile were more likely to produce
macrophages producing nitric oxide (NO) in comparison to Tlaihstrwhere arginine was
metabolised to produce ornithine insteadihese 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 madnages were also shown to
respond differentially to LPS stimulation, where M2 macrophages continually produce

ornithine while M1 macrophages do ndtigure 1.5) (Mills et al., 1991).

The functions of both M1 and M2 macrophages have been shown to diffafisamtly
(Orecchioni et al., 2019). Following activation via Th1 derived secretory factors (IAl
macrophages produce inflammatory cytokines such as'TNIEL , Il-6 and nitric oxide in a
bid to rapidly alleviate acute inflammatiofigure 1.5). (Martinez et al., 2006)IFN the

main cytokine associated with M1 activation as it is recognised as the major Th1 cytokine
product (Mantovani et al., 2004). Expression of-tRNen triggers thedownstream

activation of Jak1/2 which activate STAT1 legdp an increase of cell adhesion molecules
and upregulation of cytokine receptor expression of IL6R, IL2ZRA among others in human
(Martinez et al., 2006).

The ToHike receptor 4 (TLR4) was shown to recognise LPS stimulation, leading to the
activation of Myd88 and consequently upregulating production of-TNIE6 and IEL and
MHC2. (Takeda and Akira., 2004). Notably by way of upregulasgdand Tnfaip3I
expression, M1 activated macrophages and can also induce the release of inflammatory
cytokines via the activation of transcription factor-k in response to LPS and HeN
regulate the innate immune response (Jin et al., 20kbgontrast M2 macrophages driven
by Th2derived secretory factors trough STAT6 activatiori@Lll-4), exhbit anti-

inflammatory properties, thus producing-10 and TG¥.

The cytokins, 1-4 and IL13 are the mainsecretoryproducts of Th2 cells, binding to-4

leads to the activation of the Jakl and Jak3 further causing the activation of STAT6
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(Martinez etal., 2013; Lian et al., 2012). Althoughtlknockout mice did not show any
macrophage depletion, tissuesident macrophages were unable to respond and

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

The Gtype Mannose receptor (CD8) was shown to be upregulated in M2 macrophages

and tissue resident macrophagehereA p@stulated to increase the phagocytic capadity

vivo (P.J Murray et al, 2014). The phagocytosis of apoptotic cells and cell debris can then
enhance the antinflammatory functions of the M2 macrophages by inducing increased IL

10 production (Piraghai et al., 201&Jthough M1 macrophages mediate the early

inflammatory response, they can undergo phenotypical changes overtirassist wound

healing, these macrophages closely resemble the M2 macrophage characteristics (Das et al.,
2015).

Over the years, several studies have attempted to understanduhetionalroles both M1
and M2 macrophageglayin anin vivoenvironmentwhere they have revealesome of
their differential effects in the steady state versus inflammati@nhoux & Jung., 2014;

Mantovani et al., 2013).
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Figure 115 Immune-cell response in intestinal tissue homeostasis and inflammation

Diagram showing the presence of intestinal macrophagesAjiintestinal homeostasiB) bacteriainduced inflammation an€)parasiteinduced
inflammation, here CX3CR1+ macrophages are present during homeostasis, M1 macrophages are activated by the presenediafethdecretion of

LGY YR (KS 12§disdbriyigparasiiciectivné results in the recruitment of M2 macrophages
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1.4.3 Macrophages in intestinal inflammation and disease

Intestinal homeostasis heavily relies on the presence of intestigairophagesthusits
dysregulationcan result in the loss of tolerance towards commensal bacteria, consequently
causing inflammation in the underlying mucosa. The cause of chronic infiiomms

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
AYFELFLYYLFO2NRE 026St RA&ASHAaSa ltekaber@nt/ NB Ky Q&
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 eadilyenced 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 macrophagéslly,

inflammation causes an influx of monocgt®wards 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 treffects of colitis in CCR2 depleted micevivo(Platt et al.,

2010) Whereas CX3CR1+ macrophages maintain their tolerance for microbial pathogens
and continually produce antnflammatory cytokines such as1D, newly extravasated
monocytes were showmduce the secretion of prinflammatory cytokines such asiL

and TNPa ¢Sttt a Abh{ ® CdzNIKSNIankdptes G KS WAY T |
outnumber residential CX3CR1 macrophages by 10:1. Due to its bactericidal and
inflammatory nature, these CCR23TR™® are also thought to drive inflammation.
Microarray analysis of the CX3C@RY6¢9" 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@iin vivoWith time, such pre
inflammatory monocytes differentiate into MEX™" CD11%%" cells with the ability to

induce a naive-€ell 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. Theiaflammatorycytokine 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 IE10 inin vivomice induced spontaneous colitis (Zigmond ket 2014). Later

work also showed that the absence ofllQ led to decreased mitochondrial damage and
dysregulation of PRR recognition, subsequently leading to the increased expression of the

inflammatory cytokine Hli , which is also upregulated in IBP €t al., 2017).

Similarly, TGF is another antinflammatory cytokine which is prédominantly produced by
residential M2like macrophages and is considered to be an immunosuppressant (Zizzo et
al., 2012). Furthermore, Schridde et al work also suggestsegulate macrophage

numbers by dampening the expression of monocytes via the inhibition of CCL8 in colonic
macrophages and depletion of the TGFeceptor reduces the production of both TNF and
IL-10 (Schridde et al., 2017).

1.44 Macrophages role itissue 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 mononugbéagocytes. 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 apo@té | Y R NS & FYRBUIEY K
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 Mdike phenotypewhich can then aid epithelial wound repair (Martinez
and Gordon, 2014 However in chronic inflammation, this process is impaired and M1
macrophages remain in their piaflammatory state, where consequently inflammatory
cytokine expression such as TNFvliand 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 viva 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, I£1 expression was shown to play a role in mediating inflammation. Here the
IL-1 precursor mainly expressed by intestinal epithelial cells expdeissthe 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 myedeltiderived £l
expression was observed in the latter stages otimd repair, where it is able to promote
vascularisation, HU deficiency can lead to impaired repair, increased colon permeability
and crypt proliferation in DSS induced micesivo(Bersudsky et al., 2013; McEntee et al.,
2019). As Wilkinson et al awighlighted, 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 letlb an increase in prinflammatory Mtlike expressiomn vitro.

(Wilkinson et al. 2019).

The metabolism of iron algdiffersin M1 macrophages compared to its M2 counterpitl
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 (Sindrilaal,€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 pathwéngre the inhibition of Notch

led to the decreased M2 macrophage presence in epidermal celliingso Qin et al.,

2019; Xia et al., 2021).

Several studies have identified TGF I & I y2 01 KSNJ FI O 2 NJ NBIj dzA NS R
repair. This was showrr@viously where gerriree mice deficientin TGFmM | y dzYo SNJ 2 F
inflammatory colonic lesions were found (Shull et al., 1992). In skin wound experiments,

where macrophages were depleted, a decreased iHTGFr Yy R +9DC gl a | faz2 ¥
etal., 2010).TGF S E LINJS alsohighyh IBDIpatients, 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 iR TBF (1 Kdza Ay RAOI G Ay 3
derived TGF LJX & | NRfS Ay FTARAY3I (GA&aadzS NBLI AN 6

In a tumorigenic environment, tumour associated macrophages produce large amounts of
TGF Ay 2NRSNJ (2 &dzLJLJ2 NIi  Ahdng 2téeNateArsvaded tiat | Y R Y S
TGH ’s@esdertitial for the polarisation of M2 macrophages via the transcription SNAIL

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

1.45 Luminal sampling of macrophages

Seminal work in 2004, has shown that CX3CR1+ macrophages are abl@l® lsammal

antigens by extending processes between epithelial cells (Chieppa et al., 2006; Rescigno et
al., 2008).The presence of such mucosampling macrophages is heavily CX3CR1
dependent as its removal can lead to decrease in mucosal macrophagdm@\@Gontreras

et al., 2011)Within the steadystate of the mucosa, macrophages can be exposed to a
number of stimuli, which cause the release of cytokines such a$ TN#6 and I1E10 among
others. (Duque et al., 2014). Intestinal macrophages pligp a role in the differentiation of
CDA4+ T cells into FoxP3+ regulatonells, where the number of intestinal macrophages

were proportional to Treg numbers (Denning et al., 2007; Denning et al., 2011). Here,
macrophage mediated {10 secretion is esséial for the maintenance of FoxP3+c&ll

expression where L0 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, irsanilar fashion CX3CR1+ macrophages have also been
shown to send out protrusion into the lumen in order to capture antigen samples (Chieppa

SG FftPdX HAancLvY KAIKEAIKIGAYT GKS AYLR2NIFYy(d NP

1.46 Intestinal epithelial pahogen recognition:
Likeimmune 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 epitiaéderived immune response.

Bacterial components such as LPS and flagellin can bind to TLR4, which then induces the
expression of CXCL1, a chemoattracts subsequently recruiting aiptigeanting

macrophages and dendritic cells towards the crypt basar(@ret al., 2010). Furthermore,
TLR4 was also shwown to induce proliferation within human intestinal celsGkaligand

(Hsu et al., 2010, Brand et al., 2010).
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The nucleotidebinding oligomerisation domaihike receptor (NLR) is another PAMP which
activates downstream signalling of NdB 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
increasedsusceptibility to TNBBiduced colitis was found due to the increasing buifdof
bacterial burdenn vivo(Sidiq et al., 2016). Furthermore, nbkie receptors (NLRs) also
participate in the clearance of parasites via the secretion-@blwhich pronotes 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.
LyiSNBadAay3atesx {1201S1 SiG IFtQa @g2NJ-tygeA(K aes
mice, exposure to LPS showed no increases in epithelial prolifer&timiarly, other

studies have highlighted the importance of Myd88 in which its deficiency impaired epithelial

repair (Pull et al., 2005; Rakdffahdum et al., 2004).

While the inn&e 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 systento ensure that repetitive threats from a reoccurring pathogen are

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

The intestinal innate immune system works in close association with the adaptive immune
systemwhich mounts a rapid and momathogenspecificsecondary immuneesponse

upon recognition of previously encountered pathogens. Here ttveemajor plaers of the

adaptive immune system arecEll and Bcell lymphocytecell lineagegChoy et al., 2017).

The adaptive immune system is initiated by nearby antigesening 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 ahyjlto translocate to the interfollicular

zonecanprime TFcells (Mazzini et al., 2014).

T-helper cells play an essential role in activating other cells within the immune system and
thereby indirectly regulate Bell specific antibody secretion. Earlynwdrom Boom and
colleagues in 1988, have identified the presence of distinct CExéH 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)elLstudies then also confirmed the
presence of H17-producing Th17 cells. (Ilvanov et al., 2008). Both, Thl and Th2, subsets
could also be differentiated via their secretory products, were Th1 cells produced IFN y R
IL-2 whereas Th2 cells largely pro@acanttinflammatory cytokines such as4land 113

and 1:10 (Szabo et al., 2000; Bonechhi et al., 1998). Dysregulation indikrésponse can

lead to chronic inflammatory bowel disease. Early work from Neurath et al, suggested that
IFNY R S Fific® allBwaied the symptoms of CD in vivo, possibly highlighting the role
Thl-cells play in disease progression (Neurath et al., 2002). However, this is in stark contrast
to UC patients, where Th2 cells were present andIFNSELINS & & A2y 61 a y2i
(Romagnani S.,1999). In the presence of such activated T cells, rzite @ifferentiate

into IgGA+ Rells, where the production of IgGA aids as a protective barrier between the

commensal bacteria and the epithelium (Cerutti A., 2008 Gutzeit et dl4)20

During intestinal homeostasis, regulatory T cells are commonly presented in the lamina
propria, where theycansuppress inflammation and maintain tolerance against commensal
bacteria via the production of {10 and TGF 6 / 2 & @eéuyhaiz., 2020). In the steady
state, CD11b+ macrophages ensure FoxPf@g Tells are persisent in the mucosa via the

secretion of I[E10 (Murai et al., 2009). This in turn prompts FoxP-3edlcells to inhibit the
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production of preinflammatory cytoknes (Tiemessen et al., 2007; Okeke and Uzonna.,
2019). Additionally. FoxP3+ Treg cells also contribute to bacterial clearance where its
secretion of IE13, triggers an increase in phagocytic activity in macrophages (Proto et al.,

2018).

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

contribute towards thepathogenesi®f inflammatorybowel disease (Lissner et al., 2015).

1.6 Inflammatory bowel disease and Intestinal Inflammation

Chronic inflammation is defined as theability for a tissue to resolve acuieflammation.

Inflammatory bowel disease (IBD) is the chronic inflammatory disorder of the

A AGNRPAYUGSAGAYLFE GNI OGX 6KSNB / NBPKyQa RA&SIH a

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

In the UKpver 250,000 peop# 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 dugo an increase in urbanisation (Pasvol et al., 2020; Ahuja et al., ZI1i®).

prevalence of UC is higher in the general population, regardless of geography, whereas CD is

more common in childrerugathasan and Cohen et al., 2008).

£ 0 K2 dzZAK |/ &shafeg shine pathodedit f@atures 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 mucsa 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 appdectomies are clearly linked to an increased
susceptibility to IBDHowever, @er time, a combination of factors hag@own to increase
the patients susceptibility to UC and CD including alterations in the patients microbiome,

genetic factors, alteratiom epithelial barrier function and immune response (Ramos and
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Papadkis., 2020). For examplel@o of all IBD patients have affected family members,

while genetic linkage and association studies have identified several mutations and risk loci

which can catribute 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 M@®D2gene are crucidbr

the regulation of the Tcell responseNOD?2is an intracellular sensor of MDPs and defects in
NODZ2expression can severely affect microbial sensing and defective processing of bacteria
(Nabhani et al., 2017). TriggeriNgdD2results in the activationfathe downstream target

NFS . 3 O0KSNBO0& AYyRdAzORY B WRKS [ @&KSAONS GRA2NES @Ft & b@2 y
SLIAGKSE Al Ay SCODeEhdPTRNE NBI $23 K 2ANRy It & t Ay S|
disease, however the opposite was true for UC, where lgethes exhibit a protective

function (Sabbah et al., 2009; Franke et al., 2010). Furthermore, IBD was also associated

with IL23R, JAK&hd STATgene, where genetic mutations could direcéiffectthe

recruitment of preinflammatory Th17 cells (Andersonadt,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 SUEICA41, HNF4A,
CDHlandLAMB1have also been associatadth 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 whickegst in a symbiotic relationship,
changes in the microbiome diversityrcalso contribute to IBD pathogenesis (Khosravi et al.,
2014). Significantly, in the small intestine, the diversitBatteriodeteand Firmicutes

phyla was reduced where such abnormalities could reportedly be mended by the

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

In homeostasis,ite mucous layer is around 700um thick, largely composed of2oa the
surface of the epitheliunand canundergo hydrationmix with IgG and other antimicrobial
peptidesto reduces the likelihood of microbepithelial contact (Johansson et al., 2014;
Johansson and Hanson., 20E8)wever in chronic inflammatory diseases, the inner
mucosal layers are often defective in patients with IBD, partly caused by the reduced
presence of golet cells within the epithelia, which in turn further irritates the colonic tissue

(Gersemann et al., 2009).
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In the steady state, followingcute injury commonly initiated by a breach in the epithelium,
neutrophils are recruited to the site of inflammatia@nd are later removed by incoming
macrophages via phagocytosisa hyporesponsive manngnowever under chronic
conditions, neutrophils surval is upregulateé&nd exacerbate inflammatiothrough the
release of various prmflammatory cytokinesgausirg further tissue damagas

phagocytosis by macrophages of the neutrophil population is prevefRRadk et al., 2016).

In the inflamed colon of patients with IBDD14+ monocyte migration to the lamina propria
is increased, consequently lading to the diffietiation and accumulation of CD11c+ pro
inflammatory macrophages (Kamada et al., 2008; Ogino et al., 2od@hermore,
macrophages in IBD patients also displayed the ability to induce an abnormally high
expansion of inflammatory Th17 celisheretheir production of preinflammatory

cytokines such as-17, TNF' among others, escalate inflammation, indirectly causing
further tissue damag€Ogino et al., 201,3Tesmer et al., 2008When CD68+ (a phagocytic
marker) macrophage numbers in IBD patieneye analysed, it was found that large
segments within the inflamed tissue contained lower or no CD68+ macroptthgdack of
macrophage presence within the inflamed tissue thereby highlighting the importance this

cell population plays in the resolutiaf 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 GNCSF, a caial 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 upregulafi in human cell surface markers CD40, CD14 and TREM1
wasrecognised (Steinbach and Plevy., 2014). Furthermore, secretory cytokine production of

I-12, 16, -8 and TNP g SNBE | f a2 20aSNWSR gKSy O2YLI NBR
the inflammatory ole macrophages play in IBD pathogenesis (Dinarello et al., 2009; Hart et

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

Invivostudies have also shown the differential effects cytokicasplay in UC and CD. For
example, UC lesions produced increased amount-6fdhd normal amounts of IFNSX g KA f S
normal amounts of IFN 6 SNX LINRRdzOSR Ay /5 oCdzaa Si& Ff o
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response was not increased in @Dwever, an increase in both Th2 and Th17 was noted in

UC. Furthermore, increased leveldiefl3 were also noted in UC models (Heller et al.,2002).

For patients with mild or ulcerative colitis;aBninosalicyclic acid is commonly utilised

treatment method (Lim et al., 2016). If the patient is unresponsive tbareectal 5

aminosalicyclic acitteatment, corticosteroids such as hydrocortisone and budesonide
(Scholmerich et al., 2004). Patients with severe ulcerative colitis can be treated with anti

¢CbCh olGdzy2NJ ySONRaAa FLFEOG2NIh0 Y2y20t2yFt Iy
Seyedian eal., 2018). Following 5 weeks of AMtNF therapy in IBD patients, Dige and

O2ftt Sl 3dzSa y2GSR I aA3IYATFAOIY(d NBRdAzOGAZ2Y AY
Ay L.5 LIGASyGazr gKAES ¢2N] FNRY +2a SiG X
macrophage nmbers increased after 4 weeks of amtNF therapy (Dige et al., 2016; Vos et

al., 2012).Although, anfiNF therapies have improved patient outcomes over the last

decade, a significant number of patients are rre@sponsive or intolerant to the drugs

descrbed 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, reseasdtere utilsedin vitro
experimental models for almost a decadehere the models are constantiyvolvingto

mimic the in vivo setting more closglyyapun et al., 2019)
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1.7 Intestinal organoidculture models

The current multihit 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 vivomodel, it becomes difficult to stly the molecular
signalling interactions between individual cell populations within the colonic tissue. For this
reason,in vitromodels have and are currently being utilised to further understand crosstalk
between lamina propriaesident cells and the iestinal 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 diseas#ere immortal cell lines are commonly grown

as a monolger onto a culture dish/flask (Kapalczynska et al., 204§}t inexpensivand

requires relatively low maintenanaeallows for easily accessible gene manipulaten,
techniquewhichremains relevant to this day (Almeqdadi et al., 2019). For exampld wo

from AFGhadban and colleagues were able to study interactions between macrophages and
the intestinal epithelium within a 2D exulture model however such culture models often

only vaguely mimic the in vivo environment (Jensen and Teng., 208haklba et al.,
2015).However, there are some limitations to such culture systems, as the cell morphology
FYR YSGFro2ftAayz 2F OSttQa Odz Gdz2NBR 2y a2 |
function observedn vitro (Duval et al., 2017).0 counter this, overtte last decade, the
development and utilisation of 3D culture models has increased exponentially and have
Fff26SR NBaSFNOKSNAR (2 o0SGGSNI dzyRSNRERUGI YR
and epithelialimmune cell crosstalk in vitro (Jensen arehg., 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 selfrenewing human small intestinal and colonic organoids (Sato et al., 2009; Sato
et al., 2011)Previous #empts to culture organoids to study Lgr5+ stem calisng a 2D
monolayer were unsuccessful, thus scaffoldbaged 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 of
cellsin culture the structural suppomvhich 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, polyrhased hydrogels can be
optimised and tailoredo 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 fdeCa
interadion (Fang and Eglen., 201 Table 1 highlights the differences between 2D and 3D
cell culturesNew emerging and advances in organoid culture are further discussed later in

this study inChapter 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 cecultured with inflammatory monocytes to extensively studythegliakimmune

cell crosstalk in vitro (Skoczek et al., 20T4)is model was adapted for this study to include

to study the renewal of colonic crypts when cultured with macrophages in an 8iro

organoid culture model.

74



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 117: 2D vs 3D in vitro cell culture model

Summarydiagramhighlighting the distinct differences of 2D and BDvitro cell culture

(Adapted from Kapalczynska et al., 2D16
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1.8 Rationale

Previously, Skoczek et al. has shown that immune cells of monro@teophage lineage

work in concert with gut epithelial stem cells to maintain gut homeostasis. Furthermore,
unpublished work from the Sobolewski lab has demonstrated that inflammatory nyte®c

are able to cause a significant increase in crypt cell proliferation and increase in the number
of stem cellswhencompared tothe homeostatic setting. The molecular and cellular
mechanisms by which the epithelial stem cell niche is modulated by oyeemacrophage

cells during inflammation is largely unknown.

Monocytes and macrophages arise from a common precursor in the bone marrow and are
recruited to thelamina propriawhere they undergo a foustep differentiation process to
become tissue resideérmomeostatic macrophages; a process called the Monocyte Waterfall
Pathway. During inflammation, this differentiation pathway cannot be completed, and the
LIKSy2G8LJS 2F Y2y20eiSa 6S02YSa KIFItftGdSR G Fy
Hallmarks of inflammatory hwel disease (IBD) include increase in the number of these
monocytemacrophage 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 crygipithelial 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 rik of acquiring mutationsTaken 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 reductionistin vitro co-culture system was developed to help determine how
macrophages affect the crypt epithelial renewal during inflammation, particularly the
proliferation anddifferentiation of cells contained within the epithelium such a stem,

goblet, tuft, enteroendocrineells and enterocytes.
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1.9 Hypothesis
Naive, inflammatory (M1) and homeostatic (M2) macrophages differentially regulate colonic

crypt renewalin vitro

1.10 Aims
1. To develop and characterise anvitro macrophagecrypt coculture model to
comparepro and antiinflammatory macrophages on crypt cell growth and

differentiation

2. Todetermine whether Naive, M1 or M2 macrophages regulate colonic crypt cell

proliferation

3. To determine whether Naive, MT M2 macrophages regulate colonic crypt cell

differentiation

4, Characterise the physical interactions between the colonic crypt epithelium and

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

2.1 Laboratory Consumables

2.1.1 Chemicals and reagents

Chemical and reagent

Source

100% Methanol

Advanced DMEM/F12
Ammonium ChlorideNH,Cb)
B27 supplement

BovineSerum Albumin
Cytocentrifuge filter paper
D-glucose

DAPT! -secretase inhibtr
Dimethyl sulfoxide (DMSO)
Disodium phosphateNa2HPO4)
Donkey Serum

DTT 1,dithriothreitol

EDTA

EdU ClickT Reaction kit
Ethanol

GlutaMax

Growth-Factor ReducedMatrigel

HeatlInactivated Fetal Bovine Serum

FisherScientific
ThermoFisher, Gibco
Fisherscientific
ThermoFisher, Gibco
SigmaAldrich
Thermo Shandon
FisherScientific
TOCRIS
SigmaAldrich
FisherScientific
SigmaAldrich
Formedium
FisherScientific
ThermoFisher
Honeywell, VWR
ThermoFisher, Gibco
VWR

ThermeFisher, Gibco
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HEPES

HEPES

Hoechst33342

Human Wnt3a
Interferon (IFN)
Interleukin13 (IL-13)
Interleukin4 (I1L-4)
Lipopolysacharide (LPS)
Murine EGF

Murine Noggin

Murine RSpondin
Murine RMCSF

Murine Wnt3a
N-acetyltL-cysteine
N2-supplement
Non-essential amino acid
PAP Pen
Paraformaldehyd¢PFA)
PenicillinStreptomycin

Phosphate buffered saline

Phosphate buffered salineGaCl-MgC})

Potassium Chloride (KCI)
Propidium lodide

Reastain Quicbiff Kit

ThermoFisher, Gibco
FisherScientific
ThermoFisher

RnD System®io-Techne
SigmaAldrich
SigmaAldrich
SigmaAldrich

RnD systems
Peprotech

Peprotech

RnD System&io-Techne
Peprotech

Peprotech
SigmaAldrich
ThermoFisher, Gibco
ThermoFisher, Gibco
Abcam

SigmaAldrich

Gibco

SigmaAldrich

Gibco
FisherScientific
SigmaAldrich

Reagena
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RhodamineconjugatedUlex europaeus Vectorlabs
Agglutin I(UEAL)

RPMI 1640 ThermoFisher, Gibco
Sodium bicarbonate (NaHGO) FisherScientific
Sodium chloride (NaCl) FisherScientific
Sodium Dodecyl Sulfate (SDS) Melford

Triton-X Roche

Vectashield Antfading mount Vecorlab

Tablel: Chemicals and reagents

2.12 Primary and secondargntibodies

Antibody Species Origin Clonality Dilution Source/Cat. Number
ujcatenin | Rabbit Monoclonal | 1:100 Abcam/Ab242226

CCR2 Rabbit Monoclonal 1:100 Abcam/ab203128
CD11b Rabbit Monoclonal 1:100 Abcam/ab52478

CD1lc Armenian Hamstel Polyclonal 0.5mg/ml | Apcam/Ab33483

CD206 Mouse Monoclonal 0.3mg/ml | Apcam/ab8918

CD64 Rabbit Monoclonal  1:100 SinoBiological/5008R0272
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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CyclinD1
DCAMKL1
Ecadherin
F4/80
F4/80
GSK3

h/m

E-cadherin

IgG Isotype

Control

1gG2b
Isotype

Control
LEFL
Lgr5
MHCII
Occludin

Z01

Table2: Primary antibodies

Rabbit

Rabbit

Rabbit

Rabbit

Rat

Rabbit

Goat

Rabbit

Rat

Rabbit

Mouse

Rat

Mouse

Rat

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
Biorad/MCA497GA

Abcam/Ab242226

RND System&fF648

Abcam/ab172730

Biorad/MCAG006GA

Abcam/Ab242226

OregenelMA503316

Abcam/ab25333

SantaCruz/S€271842

SantaCruz/Se33725
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Conjugate Reactivity Species Origin  Dilution Source/Cat. Number

Alexa Fluor Anti-mouse Donkey 1:200 Invitrogen/A21202
488

Alexa Fluor Anti-rat Donkey 1:200 Invitrogen/A-21208
488

Alexa Fluor Anti-rabbit Donkey 1:200 InvitrogenA-21206
488

Alexa Fluor, Anti-mouse Goat 1:200 Invitrogen/A-11004
568

Alexa Fluor| Anti-rabbit Donkey 1:200 Invitrogen/A10042
568

Alexa Fluor Anti-rat Goat 1:200 Invitrogen/A 11077
568

Alexa Fluor| Anti-rabbit Donkey 1:200 Invitrogen/A3157
647

Alexa Fluor Anti-rat Goat 1:200 Invitrogen/A21247
647

Alexa Fluor, Anti-mouse Donkey 1:200 Invitrogen/A-31571
647

Table3: Secondary antibodies
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2.13 Preparation of 4% formaldehyde

As a fixative, a 4% formaldehyde solution was prepaPedaformaldehyde (0.04g/ml)

(Sigma), was added to a beaker containing PBS. Using a hotplate/stirrer (Stuart U152), the
solution was heated between 600°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 acidPFAwas stored in the fridge and used within 24 hours of makingtored

in the freezer atH n @/ londterm storage (up to 1 month)

2.14 Preparation of SDS (Sodium dodecyl sulfate)
To prepare a 1% working solution, SDS (Melford) was added to a beaker of PB4 @otdl
stirred for at least 24 hours prior until the powderfully dissolvedTheworking solution is

stable for one month at room temperature.

2.1.5 Preparation of Ammonium ChloridéNH:Cb)
To prepare a 100mM working solution of Ammonium Chloride (FiSleerntific) was added
to a beaker of PBS (pH 7.4) and stirred untilgbevder 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 1986ith approval of the University of East Anglia Ethical
Review Committee, Norwich, U.K. Female C57BL/6-Qigg®ase Modelling Unit) aged
between 812 weeks, were euthanized by g43phyxiation and subsequent cervical

dislocation in accordance witBchedule 1 of the Act.

2.2.1 Isolation and culture of bone marrowderived macrophages

Following the isolation of the femur/tibia and the removal of residual connective tissue, the
02ySQa SLALKeEaSa oSNBE aSOSNBRI I efRoninghs 0602y S
using a 28auge 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 centrifogatt 600g for 10 minutes

the cell suspension wassispended in warm RPMI1640 bonemarrow yieldwas
establishedFigure 2.1)and the cells were appropriately seeded ontevéll ultra-low

attachment plates (Corning) at a cell density of 1 %&gml. To drive BMDM

differentiation towards macrophages, supplementanyrine RM-CSF (Peprotech) at a
concentration of 0.2ug/ml was added on day 0 andI3e schematic ifigure 23

summarises the protocol described above.

A

(1x107)
® N o

o
.
L)
L]

Bone-marrow derived cells

Y.

5 10 15 20
C57BL6 mice/experiment

Figure 21: Bonemarrow derived cell isolation and culture

A) Scatter plot showing the bormarrow cell yield, averaging 5.9x10.2(Mean+ SEN 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., 2013BMDM 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 byrestv f

media. For M1 activation, supplementary LPS (100ng/ml)and IFNo p ny 3k Y 0 6 SNB
to the media solution. To reach M2 activation4l10ng/ml) and H13 (10ng/ml) were

added instead.

2.2.3 Liberation of adherent macrophage population vitro

Toisolate the monocyte population on day 4, the floating cell population was collected,
centrifuged at 600g for 10 minutes and-saspended in fresRPMi1640media(Gibco) To
segregate the macrophage population on day 7, the supernatant of each welewased,
the wells washed in PRBH 7.4, Gibcaand Versend€Gibco)(1ml) was added to each well
and incubated for 3%C for 10 minutes until the macrophages fully detached themselves
from the well bottom. The cell suspension was treamtrifuged at 600g for 10 minutes and

re-suspended in fresh media accordingly.

2.24 Cytospinning of bone marrow isolates

Cells were isolated and uspended at 1xF@&ells/ml as previously described. To ensure an
equal distribution of cells onto thdide, a filter card (Therm&isher) was placed between

the microscope slidéVWR) and the cytfunnel allowing the absorption of excess media.
Following the cytospin (Thermo Shandotmg tell suspension (120ul) was transferred to the

cytofunnel and centfuged at 4509 for 5 minutes.

2.25 Histological staining of BMDC

To histologically stain and record phenotypical changes, bone matesived cells were

isolated during different time points of their development. Initially, an appropriate cell
number (1 x 18cells/ml) wascollected,and the cells were cytoentrifuged at 4509 for 5

minutesusing the Cytospi{iThermaShandon) Themicroscopeslides(VWR)were airdried
overnight and fixed in the RESTAIN QDI 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 slgtesghen rinsed in
water, airdried overnight and mounted with DPX (Sigmsing size 0, 16mm coverslips
(VWRX)he following day. The histological stains were then captured on a bfigllolt

microscope.

2.26 Immunofluorescent labelling of BMDCs

Forimmundabellingof amonocyte and macrophage population, the BMDM were cultured
for 5 & 7 days, respectively. In brief, the bone marrow isolates were then cytocentrifuged at
4509 for 5 minutes. The slides were fixed with in 4% PFA. Following fixation, thenardes
washed with PBS and 0.1% TritéRoche Diagnosticg)as added for 20 minutes. The cells
were later washed in iceold PBSandprimary antibody (Table 1.2) was added and left to
incubate overnight at %C. The following day, cells were washed in PBS and a secondary
antibody (Table 1.3) was added. Followingl@o2r incubation at 4C, the slides were finally
mounted with VectashielHoechst(Vector Labshefore being imaged on an

epifluorescere or confocal microscope.

2.27 Flow cytometry

For the characterisation of thia vitro macrophage population, a flow cytometer (Beckmann
Coulter Cytoflex) was utilised. Its versatilitioas 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
(uswally 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 deslmg while

passing through a laser beam positioned adjacent to the streBigufe 22A)

As the laser strikes each single cell with varying excitation wavelengths, the fluorescence
light emitted by the cells can then be measured by pihetodetector and are translated
onto a computer Figure 220). 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 sidescatter (SSC) where eacan provide the user with further information regarding
GKS OSftftQa LIKSYy2G@8LIAO LINRBLISNIASad ¢KS F2NBI N

shape, whereas the sidgcatter is proportional to cell granularitizigure 22B).

In this study, the instmnent was used in order to characterise the phenotypénafitro

bone marrowderived cells (BMDC) via an indirect immunolabelling protocol.

The following protocol was implemented to fluorescently label bone mamewved cells

using a primary and a corgated secondary antibody:

On Day-9,. a 5 /wara collected from each ultrlow 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 andsespenad in PBS/FBS (10%) at a cell density
of 1x1C cells/ml.100ul of the cell suspension was then transferred to a762mm
polypropylene tube (BD Falcon) and primary antibodies (diluted in 3% BSA) li$tetlén
1.2were added. Following a 3@inute incubaion on ice the cells were washedith 3%
BSAand centrifuged at 400g for 5 minutes and Aldker conjugated secondary antibodies
(diluted in 1% BSA) listed Trable 1.3wvere added to each tube. After another incubation
time of 30 minuteon ice, a wasliiig step andinal centrifugation, the samples were then
analysed using a flow cytometer (Beckman Coulter Cytoffer)inimum of 30,000 events
were recorded for each condition, where more than 2,000,000 events were recorded to
measure the FSC and SSC ah iBMDMM1 and BMDMM2 phenotypesAdditionally, to

measure celViability, un-treated cells were stained with Propidium lodide (Ipal).

Thedata obtainedwas analysed usingeckman Cytofleklow Cytometry Analysis software

to measure celsurface marker expression of bongarrow derived cells, at least 3x10

events were measured and theyated to exclude cell debris (events of SSC and FSC of <20).
On a histogram overlay, the area expressed by the antgpatificprimary antibody marker
wasthen measured and deducted from the area expressed by theigBody to reveal the

true cell surface marker value displayed as the percentage.
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Figure 22: The principle of floncytometry

Setup of flow cytometry system showiig the fluidics systenB) FSC and SSC detection of a cell

within a flow cytometeIC)the general method of detection and processing of data (Adapted frc

Adan et al., 2017).
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2.28 Isolation andculture 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 witloide
PBS to remove excefsecal 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 pOmI dHO with NaCl (140mM), KCI (5mM), HEPES (10rdW)odse (5.5mM),
NaeHPQ (1mM), MgC(0.5mM), CaCl (1mM), EDTA (ImM), DTT (0.153pghgliitdmine
(200mM), Pen/Strep (200U/ml) and NEAA (%) 1 hour. To liberate the crypts, the
solution containing the tissue was shaken to aid gentle dissociation and then collected
following crypt sednentation. The single crypts were embedded in growth facemtuced
matrix matrigel (VWR) and seeded onto No.0 coverslips {0.08mm) contained within 12
well plates (Starlab). Following polymerization of the matrigel after 8 minut83 4 the
coverslips were flooded with 0.1ml of colonic crypt culture media (Advanced DMEM/F12,
containing B27 (20ul/ml), N2 (10ul/ml);&tetytL-cysteine (0.163ug/ml).HEPES (10mM),
Pencillin/Streptomycin (100U/ml), GlutaMAX (2mM), EGF (50ng/ml), Nogging/baprall
from Peprotech), WnBA (200ng/ml) and Rpondinl (1mg/ml) (BioTechne).

2.29 Coculture of macrophages and colonic crypts

To isolate the monocytes and macrophages population, the cells were harvested on day 4
and day 7, respectively. On ddythe supernatant was removed, and the adherent
population was liberated usingml of Verseng(0.48mM) The cells were centrifuged, and
macrophages at a cell density of 3X#asthen added to the colonic crypt/Matrigel

solution (prepared as previously sieribedin Section 2.2.) the mixture was then seeded

onto a No.0 coverslip with. Following polymerization at@G7or8 minutes,the Matrigel was
then flooded with100ul ofmurine colonic crypt culture mediurfprepared as described in
Section2.2.8). The isolation and culture of bor@arrow derived macrophages and colonic

crypts is summarised iRigure 2.3.
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Figure 23: Sumnary of the 3D in vitro macrophagerypt co-culture protocol

Summary diagrarshowing theA) Thein vitroisolation and culture of bonenarrow derived cells
and their differentiation towards a bormarrow derived macrophage phenotype following 7 days in
culture with MCSFThe progressive changasmorphology have been tracked using cytospun cells
and DiffQuick stainingB) Thein vitroisolationof murine colonic cryptand their ceculture along

with differentiated bonemarrow derived macrophage€reated in Biorender (2021).

2.210 Culture of macrophages and colonic cryptstie WO2 Y RAGA2Y SR YSRA
Wamyt e@Q Y2RSH

Macrophages and crypts were isolated and cwdtlias previously described. fiigure 2.3

macrophagecrypt coculture are seeded on part of the coverslip, while crypts alone were

seeded on the other part of the same covershjgure A shows an example of a tdotted

3D matrigel ceculture model withhomogenous macrophages and crypts suspended in

media (Mcrypt coculture).Figure 24Cand24B& K2 ¢ (G KS SELISNAYSY (il t &

O2YRAUAZ2YSR YSRAIQ ONRBLII&a YR Wam 2yfeQ ONEBL

91



2 A
. .
° @ L J L]
. ‘o
"M1-CRYPT "M1-CRYPT
CO-CULTURE" CO-CULTURE"
\§ J
e A
‘o
® .
“M1-CRYPT "M1-CONDITIONED
CO-CULTURE" MEDIA" CRYPTS
. J
e A
(@
L 3 (®
.
"M1 ONLY" CRYPTS
. J

Figure 24: Conditioned media experimental setup

Diagram showing th&) Two-dotted Matrigel culture of crypts in the presence of Miacrophages.
B) Two-dotted Matrigel cultured with crypts in w/o M1 macrophages &)@ wo-dotted Matrigel

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

2.211 Culture of macrophages and colonic crypts with DAPT

Macrophages and crypts were isolated andcettured as previously described, however for
treatment with the! -secretase inhibitor, DARTOCRIS)he 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 cryjpis.
concentration 0f25>M was previously utilised within a 3D crypt culture model by Van
Dussen and cldaguesHere small intestinal crypts were isolatediltured 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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expressionproliferation,and apoptosisn vitro. During the treatment, the organoid budding
efficiency andl Lgr5sGFP+ cell numbers were then monitored over the course of 5 days (Van

Dussen et al., 2012).

2.212 Immunofluorescent labelling otrypt-macrophage cecultures
For characterising cells within the-calture system, epithelial and macrophage marker
specific antibodies were used. Following theadture, 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 (pH7ptepared as previously describedSection
2.1.5was 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% Xntess added for 30

minutes to permeabilise the organoids. Nepecific binding was inhibited using 10%
Donkeyor Goat serum (Gibco) (depending on antigen retrieval) for 20 minutes. A primary
antibody (Table 1.2) was added for overnight incubatiod®at The following day, a
compatible secondary antibody (Table 1.3) added for 2 hou#8GtFinally, the slides we
washed and mounted with Hoechst/Vectashield. the slides were later visualised using an

epifluorescence or confocal microscope.

2.213 EdU incorporation experiments

Colonic crypts were cultured as previously descritbadlowing 24 hours postulture, a
100uM EdU solution, diluted in crypt culture medium (1ml), was added to each coverslip
(10ul)to obtain a final concentration of 10uMBy repeatedly pipetting the EdU solution up
and down ten times, it was ensured that a homogenized solution was attairtesl crypts
were then left to incubate at IT/5% C@overnight. On day 2, the cryptsarne fixed in and
further exposed tdNH:Clz for 13 minutes, washed in 1% SDS for 5 minutes and
permeabilised in TritoiX for another 30 minutes. The crypts were subjected to the €llick

reaction cocktai{ThermoFisherFf 2 NJ op YAy dziS&a & LISNI YI ydzF | Ol «
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2.3 ImageAnalyss

All fluorescent images were captured thre equatorial plane (the plane which passes
through the equator of the cell/cryptysingeither a Nikon Twith a x20 0.4 NA (numerical
aperture), Zeiss Axiovert 200ith a x20NAor Zeiss LSM10-METAwith ax63 1.4NA

0.75mm WD oil immersion objectiveas usedAll images were analysed with Fiji (Image J)

software.

2.3.1 Epifluorescence and confocal microscopy

Fluorescent molecules tagged to antibodies or dyes, emit light biarg excited by
shortwavelength 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 TI, Zeiss Axiovert O0kbnfocal microscope
(Zeiss LSMS10-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 detectauch 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 kigure2.5A).

In confocal microscopy, following the excitation of the specimen, emitted light converges
onto a second objective lens towards a narrow pinh&8ligting behind the pinhole is a
detector quantifying the emission of light. The sample is scarses@raltimes to obtain an
image Figure 25B). Overall, this results in high resolution with lower background
fluorescence in comparison to a traditional #porescence microscope (Bretschneider and

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

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

FLUORESCENCE MICROSCOPY

(A) (B)

objective lens

j dichroic
7 4 e v ]
= V4 /  t—filter
i cube

- objective lens
imaging | pin hole — J,—A

lens : .
i detector w=

Figure 25: The principle of epfluorescent and confocamicroscopy

Diagram showind\) epifluorescence microscope setuphere 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 leBigConfocal microscope setuwhere

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 aréhswn in green and emitted fluorescence shown in red (Adapted from

Bretschneider and Weile, 2019).

2.32 Quantification of EdUJabelled crypt cells
All fluorescent crypt images were captured at a RR&64magnificationZeiss Axiovert

200Mor Zeiss LSNM10-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-Bdtlei doublepositive

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

2.33 Quantification of Enteroendocrine, Tuft cells, Goblet andSem cells
To identify enteroendocrine cells (Ckor)(Abcam), tuft cells (DCAMKL1+)(Abcam), goblet
cells (UEAL+) (Vectorlabs) and stem cells (Lgr5+)(Origensfaaks were taken at a 1um

intervals forspum above and below the equatorial plane.

Gobilet cells were identified by following the UEA present within thecytoplasm of the
individual cellghroughout the equatorial planeEcadherin was used to aid the visualisation
of the cytoplasnwithin the goblet cell Figure 26). The location of each marker positive cell
was recorded and separated into three crypt regiobbese (cells within the +4 position of

the crypt), mid and top region.

To identify the stem cells within a crypt, the basal Lgr5 expressieaatfcell across the-z

stack (optical sliceshum above and belowthe equatorial plane was counteéigure

2.7A1). The average Lgr5 fluorescence intensity within each crypt regismweasured by
recording the overalf f dz2 NS A OSy G YSI & dzNB Y S yaloag tieErypS I OK
axisas shown irFigure 27Aii. Here the overall fluorescent per cell was measured in each
crypt region (Base, Mid and TOP). To accurately measuravérage 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 26: Identification and analysis dJEAL1+ goblet cells

Analysis of goblet cells numbers using Egreen) staining. DAPI+ and UEAcells (A) at the
equatorial plane were counted. To confirm UEAtaining originates from the cell (A), staining was

followed 5um above and below the equatal plane.
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Figure 27: Identification and analysis of Lgr5+ stem cells

Ai) Analysis of Lgr5+ stem celimbersin each cryptind crypt region (Base,Mid, ToBdasal
expression of Lgris shown irgreen. DAPI+ cel{shown in blueyvere identified at the equatorial
planeandLgr5+ stem cells (A) were identified titneir continuous basal expression of Lgr5 across all
planes of the cell (5um above and below the equatorial plane). NotecilaBis located abovehe
equatorial plane and asnot included in the data.4®adherin (shown in red) was utilised to aid the
ARSYGATFe& St OKAiDMitidu BAPE 2elfgfidwh iNBIUe)Eede identified, and three
separate fluorescence measuremei(®x2 pixels) were taken antie fluorescence value of each cell

within a crypt region was averaged and presented

2.34 Quantification of nuclear fluorescence intensity

Images were captured using the confooatroscope (LSM10-META) with a X8oil a 63

1.4NA0.75mm WD oil immersion objectiv@o quantify the expression of Cyeliri and

LEF1 within the nucleuBitst the TIFF images were converted tbi8and theaverage

fluorescence value ofwerynucleus preseniat the equatorial plane wathen measured.

Using FiiL YI 3S wQa Lkt eée3z2zy (22t G§KS ydzO0ft SI NJ I NBI
of each individual DAPI+ nuclei in the equatorial plane. The arbitrary fluorescent value of

the chanrels occupied by Cychlnl and LEF1 were then measuasishown irFigure 28.
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Figure 28: Identification and analysis of nuclear LEF1 localisation

Analysis of nuclear fluorescence intensity per cpDAPI+ and LEF1 expression in a ddyfthe
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 Cychbl. Scale bar at 15um.
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2.35 Quantification ofmacrophage localisationvesicle localisation and
epithelial protrusions along the crypfxis

To measure macrophage localisatiaiong the crypiaxis live crypt images were first

captured ona brightfield microscope at x10 magnification using a GXCAM3He

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

recorded and presented as the percentage and average number of macroghgge

contact point per total crypt number.

Epithelial vesicles were defined as small (less than in diamete}), rounded droplets

found in the vicinity (>10um) of the colonic epithelium, where the presence gesicles
within our macrophagerypt ceculture model, were analysed in a binary mannehere

one or more vesicles present near the cry@saquantified as 1 and the absence of vesicles

near the crypt was quantified as(Bigure 2.9

Epithelial prcessesvere defined as slendesharpprotrusions which measure less than

>20um in length and inontact with the colonic epitheliu@ & o | pasBionéarid below.

Such processes were quantified, analysed, pragented as the percentage and average

number of epithelial processes per total crypt numigeigure 2.9kp W{ K S Résdey 3 Q LINE
were defined as long (<20um), processes exclusively praséimé mid and upper region of

GKS ONRBLIWIS 6KSNB dzyft A1S SLAGKSEAIET LINRPOSaasSa
globularinshaped { KSRRA Yy 3¢  LgdhaBtifed and @BedentgdadliBe percentage

and average number of processes per total trypmber (Figure 2.9G

2.36 Morphological analysis of colonic crypts

The morphological characteristics of colonic cryiptsivowere analysed by first capturing

brightfield images using a GXCAM3EAt x10 magnificatiorilhe length of the crypt was
YSIFadz2NBR dzaAAy3a CA2A LYIF3IS wQa fAYySIEN (223 ¢
beginning of the shedding zone was measuredyre 29D). The epithelial area was

measured by following the perimeter of the polarised crypts (excluding the lunkegire

2.9A,B,G.
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Figure 29: Morphological analysis of in vitro macrophaggrypt co-culture

Panel showind\) Quantification of macrophagerypt localisation in each crypt regioB-Base M-

Mid, T-Top).B) Measuring crypt length, the distance between the base and the start of the shedding

was measuredC)Measuring crypt area, the perimeter aroutite polarised epithelium at its

equatorial plane was highlighted and measuf&drhe perimeter around the shedding zone

OKAIKE AIKGSR Ay NBRO ¢l & YSI adz2NBER .&Esagieotart 3 S  WC
epithelial vesicle present d@he base of crypt, whictvas quantified in a binary manng&)Example of

an epithelial process which was analysed and presented as the average number of epithelial process
percryptG)9 E YLIX S 2 F S LI ( K Sresént neaih@ épfeRigioppite crygN® O S & a
GKAOK gl & ljdz2 yGAFASR YR LINBaSyiGdSR Fa GKS | @SNI 3
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2.3.8 Measuring nitrite concentration within a culture system

To measure nitric oxide formation, the nitrite concentration (a stableitmduct of ntric

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 froreaell plate in

which cells were seeded at a density of 1% and centrifuged at 600g for 5 minutes to

ensure the media is void of all cells. As a control group, RBKD media was used to

compare to BMDMlerived media. Similarly, to measure nitrite concetita within the co

Odzt G dzNBE Q& YSRAFX GKS &dzLJSNY I (4mgciophéagacon xf 0 &1 &
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 cryptaiced 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-binute incubation, further 0.05ml dfl-1-

napthylethylenediamine dihydrochloride (0.1 % w/v in 1% &ma) 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 conteation of each sample was determined

via interpolation of their respective absorbance values against the standard dtigued

2.10.
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Figure 210: Nitrite standard curve

Absorbance readings of the nitrite standard curve following a Griess A3gadMDMderived

media andB)in cryptmacrophage caultured derived media (n=3).

2.3.9 Measuring nitric oxide expression in BMDM using the MODEL probe

A nitric acid probe (MDEE5 b/ 0 { Ay Rf & R2YylFI SR 06& 5NXal NAYQ:
performed in collaboration with Carla Arnau Del Valle. BMDMs were isolated and cultured

onto No.0, 19mm coverslips within 42ell plates. On Day 7, the nitric acid probe was added

and simultaneouslyctivated towards an Mphenotype,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 (Zeiss988M

24 StatisticalAnalysis

All experiments were repeated at least three times unless stated otherwise. Data are
expressed as meanstandard error of mean (SEM), n= number of independent
experiments, N= minimum total number of crypts and a minimum of 20+ crypts per
experiment were ounted. Statistical analysis was carried out using the Graphpad Prism 8
software. Comparisons between two or more groups were measured usingvapéANOVA
with posthoc Tukey analysis and a pairegkst was utilised to compare differences
between two grops. Rvalue 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 cRigure
2.10)
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Chapter3: Developmentand CharacterisatiorOf 3D In Vitro Qypt-
MacrophageCo-culture Model

3.1 Introduction

The colonic epithelium is continually exposed to luminal insults such as commensal
microbiota, foreign pathogens and chemidaigradation and is therefore required to renew
itself every 45 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

1 f K2dzZ3K GKS YI ONRLKIISaQ FoAatAade G2 Of SN T
recognised for more than a century, in the intestine their role has seemingly expanded and

are now considered to be crucial regulators afell expansion and wound repdMurai et

al., 2009; Hesketh et al., 2017; Wang et al., 2019). In the steady state, monocytes

constitutively enter the lamina propria, where the gradualifferentiate into mature

Y ONRPLKI 3Sa RdzNAy3 | LHNRPOSHEI ORQ YISIR(G K KIS& W& 2ly
Tamoutounour et al., 2012). Due to the high presence of commensal microbiota in the

colonic mucosa, intestinal macrophages have evolved and are ablsciondinate

commensal microbes from foreign pathogens via PAMPS (pathogen associated molecular
patterns).Shouldepithelial barrier functiorbe compromisedn homeostasisresidential

macrophages arable to antagonise the pathogen via phagocytosis wh#e akcreting
severalanti-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 gastrogstinal tract to resolve acute inflammation

(Lissner et al., 2015Aberrant 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 interestinglhe 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 hypesponsive and produce-Il0, TGF | Y2y 3 2 i KSNA
repress the immuneesponse in the steady state, TINFX-6 andl high nitric oxide

production are secreted by macrophages in inflammatory disease further exacerbating
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GAa&adz8 RIYI3S 065dz2jdzS yR 585402GSI dZE®PS wHamnT
work defined two macrophage subtypes based on their response to either Th1l or Th2

NE3dz  G2NB OStfasx KSNB am WAYTFELYYIFO2NEQ YI C
2F YAGNRO 2 EMYRESE FOKY Iyl 2aNE W WIHGGNR LK 38538 FNRBRY ¢
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 factorswhioh Yy RSGSNXAYS GKS LI GASYyGQa
such as genetics, microbiotics and environmental factors, macrophages and the adaptive

immune cells are postulated f@ay a key role in thexacerbation of chronic inflammation

in the colon(Ramos and Pap&i$., 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 ppulation on colonic crypt renew@&Maloy and Powrie., 2011\We have

therefore developed and characterised a 3D in vitro macropkagpt coculture model,

which will allow us to mimic the conditions of health and inflammation as it may occur in

vivo, to study the effects of proandanti-inflammatory macrophagerypt 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 differnle 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 (ShapeMohgadamet al. 2018).

In colonic cryptsthe functional cellgesiding within the epitheliunare responsible for
maintaining the intestinal steady state, these include secretory cells sugbldet cells, tuft
cells and enteroendocrine cells and the absorpewerocyte cell lineagewhile stem cells
located at the base of the crypt divide and proliferate to maintain the high epithelial
turnover rate required for intestinal homeostagBarbara et al., 2003yleran et al., 201).
Over the last decade the cultugg 3Din vitrointestinal crypts has made it possible to track

and quantify differentiated cell lineages and stem cells to study their rate of proliferatio
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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 characterisetharntro 3D macrophagerypt co
culture model, allowing the study @he spatiotemporal relationship and determine the
macrophagd.J2 LJdzf leffiest 2nyedbaic crypt reawal, including crypt proliferation and

differentiation.



3.2 Results:

To investigate the role macrophages, playniwvitro crypt homeostasis, bormarrow

derived cells from C57BI6 mice were cultured and differentiated towards macroghege

phenotype via the supplementation of 8SF as p&ection 2.21. Thischapter aims to

characterise the differential phenotypic changesiof N SR RdzNAy 3 GKS . a5/ Q
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 tferentiation of heterogenous BMDC towards a

homogenous macrophagske population

Toharvest macrophages, bormaarrow derived cells were initially isolated and cultured as
per Section 2.1.Jand supplemented with MCSF (0.2ug/ml), a factor required for the
differentiation of monocyte precursors towards a macrophage phenotype (Francke et al.,

2011). The morphological changesvitrowere documented irFigure 1A and Figure 1B.
White light images oih vitroBMDC were captured from Day 1 to Day &igure3.1A.

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 adherdlst @¢
increasing over time. The number of nadherent floating cells within the cell culture
population is also steadily decreasing from Day 4 to Dayth adherentcells, largely
dominating the landscapd-{gure3.1A). Following the removal of neadherent cells and

cell debris on Day 7, the adherent population was classicallyalechatively activated

towards an M1 and M2 phenotyp&éction 2.2). A significant morphological difference

between either activated phertgpes was not found.

To further determine the phenotypic changes observed above, Cytospins were taken of the
bone-marrow derived cell population and stained with Bggtiick s in order to track the M

CSF driven differentiation of individual haematopoietdls over the course of eight days
(Figure3.1B). On Day 1 of, a highly heterogenous population including lymphocgitesd
neutrophil ) were identified. Day 4 Cytospins show an increase of kitheey shaped

monocytes ) which are gradually replacdry macrophagesc) with a larger cytoplasm
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(Figure3.1B) The cytospun, QuidRiff staining did not show a definitive difference
between the M1 and M2 phenotypes.
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Figure 31. Morphological and histological characterisation of bormarrow derived cells differentiation following 8 days vitro culture

A) Representative white light images (x10 magnification) of in vitro boaerow derived cells and their gradual morphologidiflerentiation towards a
homogenous macrophaglke phenotype in the presence of-BISF over 7 days. On the 7th day, borerow derived macrophages were polarised with IL
13 (10ng/ml) and H4 (10ng/ml) or LPS (100ng/ml) and $#K60ng/ml) to activate Mand M1 subtypes, respectively. Scale bar 40BhRepresentative
Diff-Quick images (x100 oil magnification) of bemarrow derived cells and their gradual differentiation towards a homogenous macroptiges

phenotype in the presence of {@SF over 7 dayk-13 and It4 or LPS and IFNwas 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 bonmarrow derived monocytes

towards an adherenimacrophagelike phenotypein vitro
To further assess the phenotypes of the bemarrow derived cell population, leukocyte cell
surface markers were utilised to characterise raherent BMDC on Day Bigure3.2C)
and adherent BMDC on DayHidure3.2D).Flow cytometry was used to quantify marker

expression as pesection 2.27

Initial forward scatter (FSEeIl size) and side scatter (S&I granularity) Eigure3.2A)

analysis of the nomdherent Day 8MDC and adherent DayBMDC 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 Fajuee312B;,

the average cellular size (FSC) of the-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 remtherent counterpart. Furthermore, in
Figure3.2Bii, the adherent BMDC cell population on Day 7 was also shown to be more

granular when compared to neadherent BMDCs on Day 4.

Succeeding this, monocyte and macrophage cell surface markers were utilised to
characterise the noradherent BMDC gpulation from Day 4 and the adherent BMDC
population from Day 7 ifigure3.2C and D.

Here marker expression of a known macrophage precursor and common monocyte marker
Ly6C, revealed a higher expression insadherent Day 4BMDC (67% 11.4) comparedd

its Day /BMDC (8%4.5). counterpart. A significantly lower expression of CX3CR1 was
recorded in Day-BMDC (29%i1.03), compared to adherent DaygMDC (82%13.6).

Similarly, CD64 expression, was also found to be high in-Bs§YC (88%9.4) but not in

Day 4BMDC ((23%8.4). The membrane protein, F4/80 is was also highly expressed in Day
7-BMDC (F4/80 (81#%.8) where a significantly lower expression was found in the Day 4
BMDC (26%6.2) population. Expression of the major histocompatibility complex 2 @IHC
was observed to be significantly higher in DaBMDC (63%13.2) compared to Day-4

BMDC (MHC Il (15%.1).

Labelling for the chemokine receptor CCR2 revealed a@23&xpression in DayBMDCs
compared to the 767.8 in adherenidDay 7BMDC population.
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Although CD11b expression was observed to be marginally higher inB{DT
(449%¢14.7) than in Day-BMDC (15%b.5), the changes observed did not differ

significantly.

Both populations were also labelled for CD11c and CD206, whereEMRL lack the
expression of either CD11c (1332.2) and CD206 (@9%.9), whereas Day7 a 5/ Qa
expression of CD11c (76%1.8) and CD206 (A8.8) was significantly higheFigure3.2C
and 3.2D)

Overall, cell surface expression of CX3CR1, MHC2, F4/80, CD64, CD11c, €DPFRanas
significantly higher in the adherent BMDC population compared to theaurerent BMDC
population on Day 4 dh vitro C567BL6 BMDC&ble4).
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Figure 32: Characterisation of the noradherent Day 4BMDM and adherent Day-BMDM phenotypes using leukocyte cell surface marker expression

Flow cytometry phenotyping of bormarrow derived cells in culture supplemented with RIMF. Cells were analysed for lymphecyarkers (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 tadherment BMDC population on Day 4 and extimt BMDC population on Day 7 of
culture B) Histogram showing the the F88I)and SS(BIi) of the nonadherent BMDC on Day 4 and adherent BMDC population on Day 7 of culture.
C)Histograms showing various expression of commonly found lymphocytaudelée markers in the neadherentin vitroBMDC population on Day 4 of

culture (n=3)D) Histogram showing various expression of commonly found myeloid cell surface markers in the agdheittoBMDMC population on Day

7 of culture. 1gG (red) and antibody (n=3).



Cell surface Day 4 non Day 7 adherent P<0.05*
expression adherent BMDC BMDM P<0 001**
CX3CR1 29 &1 0.3) 82 @ 13.6) *

MHC?2 15 @ 7.1) 63 ¢ 13.2) *

F4/80 26 @ 6.2) 81 & 7.8) **
CD64 23 ©8.4) 88 & 9.8) *
CD11b 15 ¢ 5.5) 44 @ 14.7) ns
Ly6C 67 ¢11.4) 8 (+ 4.5) i
CD11c 13 ¢ 12.2) 76 @11.8) *
CD206 0 *0.9) 75 8.8) *
CCR2 22 ¢+ 6.3) 76 ¢+ 7.8) *k

Table4: Comparison ofeukocyte marker expressiom Day 4 and Day 7 BMDC

Leukocyte marker expressigmeant SEMompared between nomadherent BMD@opulation and adherent BMDC population on Day 4 and

Day 7, respectively. (n=3, *P<0.05; **P<0.@xy 4 BMDM compared to Day 7 BMPM
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3.2.3 Classical and alternative activation of BMDM leads to differentiation of

distinctive M1 and M2phenotypesin vitro
Following the characterisation of DayBMDC, the adherent population was then polarised
towards an M1 and M2 phenotype as pggection 2.2.2and leukocyte cell surface marker

expression was determined via flow cytometaicalysis $ection 2.27).

Analysis of cell size (FSC) and granularity (SSC) within the M1 and M2 pheRmypeS3(3

A) has shown Mz=BMDM to be marginally more diverse in size and granularity compared to
M1-BMDM. InFigure3.3Bi, M2-BMDM (green), showrotexpress a smaller FSC (cell size)
compared to M1IBMDM (red). Furthermore, the SSC (cell granularity) also shows that a
distinctively less granular population is visualised inBADM (green) compared to M1
BMDM (red) irFigure3.3Bii.

Levels of CX3CRgpeession were observed to be similar, in both the M1 (2284) and
M2 population (91%6.4). MEBMDM also highly expressed markers MHC?2 @%),
F4/80 (90%46.0), CD64 (81%14.6), CD11b (79%15.5) and CCR2 (8&%8.7).

M2-BMDM also express high lesaf MHC2 (72%12.2), F4/80 (91.5%4.9), CD64 (58%
+10.8), CD11b (54%12.7) and CCR2 (62%2.8). Notably, MBBMDM show a slight
reduction in CD206 (16t23.3) compared to M2 (60%12%) (norsignificant).

The expression of CD11c differed significab#diween either subtype, where high
expression was recorded in MBMDM (77% 7) compared to MABMDM (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-BNMDM and M2BMDM whereas only the
expression of CD11c differed between either BMBlbtypes Tableb5).
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Figure 33 Characterisation of classically activated MBMDM and alternatively activated M2

BMDM phenotypes leukocyte cell surface marker expression

Flow cytometry phenotyping of bormarrow derived cells in culture supplemented with RMNGF.
Cells were analysed fomnacrophage 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 adhef@DCL
population followinga 24hour activation with LPS (100ng/ml) and +F%0ng/ml) and M2BMDC
following 24hour activation with I£13 (10ng/ml) and H4 (10ng/ml)(n=3)Bi) Histogram showing

the FSC (size) cell count of both4BMDC (red) and MBMDC (greenBii) Histogram howing the
SSC (granularity) of both MBMDC (red) and MBMDC (green)

C)Histograms showing various expression of commonly found macrophage cell surface markers in
the adherent M2BMDC population following a 24 hours activation with LPS (100ng/ml) ard IFN
(50ng/ml) (n=3)D) Histograms showing various expression of commonly found macrophage cell
surface markers in the adherent MAMDC population following a 24 hours activation witti 8.

(10ng/ml) and It4 (10 ng/ml) (n=3).
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Cell surface BMDM- M1 BMDM-M2 P<0.05*

expression P<0 001**
CX3CR1 92% ¢ 8.3) 91% £6.4) ns

MHC?2 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

Table5: Comparison of leukocyte marker expression in M1 and M2 BMDM

Summary of leukocyte marker expression (meanz Sfekhpared between in adherent M1
BMDC population and adherent MBMDC population following overnight incubation with
LPS, IFNand 11:13, Il-4 respectively. (n=3, *P<0.081 compared to M2.

3.24 Expression of cellleath is maintained in Naive, M1 and M2

macrophagein vitro
To determine cell death within a live cell population, propidium iodide expression was
measured using a flow cytometeB¢ction 2.27) 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 (216%), M1(3.6%48.9) and M2 (1.3%
0.67) Figure3.4).
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Figure 34: Expression of Propidium lodidexpression 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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3.25 M1 macrophages increase nitrite accumulation and nitric oxide

expression
An identified hdmark of the MXmacrophage phenotype is its capability to produce nitric
oxide following the activation with LPS and #~Wills et al., 200BP ffirther determine
whether bonemarrow derived M1 macrophages preserved this functioritro, Naive and
M1 BMDC cultures were spiked with a nitric oxide (NO) probe on Day 7 of culture for 24
hours and immunofluorescently labelled accordingstection 2.1.1. Figurg.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 withim vitro BMDM culture was measured using the
Griess Assay as p8ection 23.8, 24 hours following polarisation of the N, Mihd M2
macrophages, the absorbance (550nm) was read and compared to a nitrite standard curve

(Figure3.5B and3.5D).

Interpolation of each condition showed a significant increase of nitrite in M1 (20.1uM)
compared to both Naive (0.09uM) and M2 (0.362uMg(re3.5C).The Griess assay was
also performed 24 hours following a-calture 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 erultures (13uM) ircomparison to Naive (5uM) and M2
(1.4uM) Figure3.5B.
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Figure 35: M1 macrophage induce nitrite expression and nitric oxide expression witimvitro

culture andin vitro crypt-macrophage ceculture

A) Confocal images showing expression oftGbe (greenjn vitroadherent BMDM Naive and M1
macrophages 24 hours following activation. Scale bar 15um.

B) Histogram showing the mearitrite concentration (uUM)jn in vitro culture of Naive, M1 and M2
macrophayes, 24 hours following activation @-N=31; Controvs M1,***P<0.0001; Naive vs M1
$3$$ P<0.0001; M2 vs M1, £££ P<0.0001).

C)Histogram showing the mearitrite concentration (UM@24 hours following ain vitro
macrophagecrypt coculture with Naive, MAnd M2 macrophages. (n=3, N=23; Control vs M1,
***P<0.0001; Naive vs M1 $$$ P<0.0001; M2 vs M1, £££ P<0.0001).

Having determined that MCSF is required for the differentiation of bermearrow derived

cell towards a macrophage phenotypedawhile also characterising the cell surface marker
expression of Naive, M1 and M2 macrophaumpesgitro. We next set out to determine
whether macrophages maintained their surface marker expression-gultore with colonic

crypts.

3.26 Classical and atrnatively activated BMDM maintairmacrophagecell

surface marker expressioim vitro

To confirm whether macrophages maintain leukocytic cell surface marker expression within

the coculture model, immunofluorescent labelling was performed as22r10.

Hgure 36A, 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,
CCR?2) positive cells are highlighted below (white arrow). The antigpelific IgG contrsl

in Figure 36B confirm that the labelling is antigespecific.



Figure 36: 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 macreptyageo

culture, showing positive expression of CCR2 (green), F4/80 (red), CX3CR1 (magenta) and nuclei
(blue). Scale bar at 25umB) Confocal Images (x63) of antibethatchedlgG, Rabbit (green), Rat IgG
(red) and Mouse IgG (mageni@F1) Scale bar at 15um

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

its coculture, wenext determinedthe optimal macrophage: crypt seeding density and

13C



further set outto investigate whether colonic cryptse able tomaintain their morphology
were able toproliferate in the presence of macrophagekd not undergo apoptosis and
maintained their differentiated epithelial cell typegthin our cryptmacrophage ceculture

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 growtkgultures with
increasing Naive macrophage densities wereded Figure 37A &B). Crypts cultured in the
presence of Naive macrophages were treated with EAU on Day 1 following-thdtace as
per Section 2.2.13InFigure 37C,Naive macrophages significantly increased %EdU
incorporation only at a density of 3 and 6 x18, colonic crypts at a macrophage density
of 8x1@ (Cj did not survive compared to 3x1(Ci)

Figure 37B, crypts were cultured along with Day 4 monocytes at a density of%$x10
although an increase in the percentage of Edtbrporation was observed a statistical
significance was not recorded. In parallel, crypts were also cultured along with Naive
macrophages at an increasing density ranging from 9 6x1@, here a significant

increase in the percentage of EdU incorpaya was recorded only at a density of 3%10

131



60
- 50 ‘é. *k
(3 2
b hkk o
2 40 * -
[7] 8. 40
n 30 —
= [
] ]
3 2
£ 20 F
2 3
o 10 o
2 X
0 0-
AN RS S S AR IEEN RN R S
o

Cell density (x105)

o Y

Y
- -

L ool B

() Gt

o O ...; :

i 3 v
w o "'ﬂd

- ‘o .

L
b ]
~-

«
«

Figure 37: Cell density dependent increase in crypt cell EAU incorporation in the presence of Naive

macrophages

A) Histogram showing the percentage of EAU positive nuclei under increasingiNaix@phage

densites (Ix1®W ® o0yTIrnX bxTo0X O2YLI NBR G2 /2yiBRt Ftfnd.
Histogram showing the percentage of EdU positive nuclei under increasing Naive macrophages

(1x1@) and monocytes (Mondx100 RSy aAiASa o6yrlo> bxnciC) O2 YLI NBR
Representative images showimgvitro crypt-macrophage caulture under macrophage densities of

3x1® and 8x16, where colonic crypts disintegrated, and the-péhsitive culture media developed a

yellow tint at the highest density

As the results suggest that a macrophage seeding density of Bx40fficient to initiate a
response in colonic crypt cell proliferation while crypt architecture is maintaified.
determinewhether colonic crypt cell apoptosisegcessively engagemthin our crypt-
macrophage caulture modelcompared to crypts cultwd alone, we then sought to

identify the differential expression of Casp&a3evithin our ceculture model.
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3.2.8 Low Caspas8 expressionwasobserved in all BMDMcrypt co-cultures

To determine whether the BMDM within tha vitro macrophagecrypt caculture cause a

change in epithelial cell death, immunofluorescent labelling with an@egpase3 antibody

was performedFigure3.8A shows an example of a Casp@spositive cell with y 1 KS  ONE LI
olasSsy Ay 6KAOK /&Ll asS o Aa SELINBaAASR 6AGKAY
arrow). Caspas8 positive cells identified within the crypt lumen (white arr@ayor the

shedding zone (white arrolw) were excluded from analysis andtmonsidered to be part

of the epithelium.Figure3.8B show representative confocal images of ttwptsin

macrophagecrypt cocultures where macrophages are seeded at a density of 3g&llsas

previously optimised ifrigure 3.7 There are no significh changes in the number of

Caspase3 positive cells in the crypts, when in culture with Naive, M1 or M2 macrophages
(Figure3.8C)however the percentage of Caspal3ositive cells compared to total number

of DAPJpositive cells revealed a significant dease in Caspasg&expression in M2rypt co

cultures Figure3.8D).
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Figure 38: Expression of Caspaskin the colonic epithelium within a 3D macrophageypt co

culture.

A) An example of a Caspa8epositive 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 (lumerand shedding ared).

B) Representative confocal images showing Casgasapression (green), nuclei (blue) and E
cadherin (red) in crypimacrophage subtype eoulture. Caspas8 expression is found within the
lumen and crypt surface but are distinctly absent from the colonic epitin. Scale bar at 15um.)
Histogram showing the average number of Casggpesitive epithelial cells per crypt within each
co-culture condition (n=3, N>24) arig)) Histogram showing the average percentage of Casf3ase
positive epithelial cells per crypbmpared to average nuclei count (n=3, N>24, Control vs
M2*<P0.05).

Having confirmed that the cryphacrophage caulture model is viable and does not induce
excessive CaspasSeexpression, we finally determined tonfirm whether colom crypts in
in vitro culture express the differentiated cell phenotypes commonly present within

epithelium.
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3.29 Colonic epithelial cells express antibodypecific labellingn vitro co-culture

To confirm thathe colonic epithelium expressed differentiated cell lineages within the epitheliumvitro culture, while IgG controls were
utilised to show that immunofluorescent labelling was specific to each of the cell lineages. The immunofluorescent fab#ioy was
performed as described iBection 2.2.2. It was confirmed that labelling of stem cells (Lgr3gre3.9Ai), enteroendocrine cells (Cif)
(Figure3.9Aii) and tuft cells (DCAMKLEFigure3.9Aiii) was antigerspecific. UEA (Figure3.9Aiv)is a fucoseeactive lectin used to stain

secretory vacuoles of the epithelial goblet cells and can therefore not be associated with an IgG BioyESQA).
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