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Abstract 

Colonic epithelial cells are constantly insulted by luminal contents.  The self-renewing, single 

epithelial layer conserves its barrier function through Lgr5+ epithelial stem cells located at 

the base of epithelial invaginations called crypts. Crypt stem cells first proliferate, then 

differentiate (giving rise to enterocytes, goblet cells; enteroendocrine cells and Tuft cells) 

and migrate along the crypt-axis where they are shed into the crypt lumen. Skoczek et al. 

2014, previously showed that monocytes, (a macrophage precursor) induce colonic crypt 

proliferation and regulate the number of Lgr5+ stem cells both in vivo and in vitro. During 

health and inflammation, differential macrophage activity and functions have previously 

been characterised in vivo and in vitro, however, the effect of macrophages on crypt 

renewal and the cellular interactions at the crypt stem cell niche during homeostasis is yet 

to be fully understood.  

The aim of this study was to determine the effect of macrophages on colonic crypt renewal, 

in particular, its influence on epithelial proliferation and differentiation using a 3D 

macrophage-crypt co-culture model. This study demonstrates that colonic crypt 

proliferation significantly increases in the presence of non-activated (Naive), pro-

inflammatory (M1) and anti-inflammatory macrophages (M2). Here, Naive and M2 

macrophages require crypt-macrophage contact to trigger epithelial proliferation and pro-

inflammatory macrophages (M1) can induce crypt proliferation via a physical contact and 

secretory factor-dependent pathway. Differentiated colonic crypt cell numbers of UEA-1+ 

goblet cells, DCAMKL1+ tuft cells, Cro-A+ enteroendocrine and Lgr5+ stem cell numbers 

were maintained in the presence of anti-inflammatory (M2), however a decrease in UEA-1+ 

goblet cells and DCAMKL1+ tuft cells and an increase in Lgr5+ stem cell numbers was 

observed in crypts cultured with pro-inflammatory (M1) macrophages that was dependent 

on M1-crypt contact.  

Taken together, this thesis demonstrates that differentially polarised macrophages (Naive, 

M1 and M2) can regulate colonic crypt growth, differentiation and in particular suggest that 

the epithelial stem cell fate is influenced by pro-inflammatory (M1) macrophages when in 

contact with the colonic epithelium in vitro.  
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SAV1  Scaffold proteins Salvador family WW domain containing protein 1 

SDS Sodium Dodecyl Sulfate 

SLPI  Serine protease inhibitor 

STAT Signal Transducer and Activator of Transcription 

TAZ  Tafazzin 

TCF T-Cell Factor 

TEAD  TEA-domain transcription factor 

TGF Transforming Growth Factor 

TH1/2  T-helper cell type 1/2  

TLR Toll-like Receptor 

TNF Tumor Necrosis Factor 

TRAIL  TNF-Related Apoptosis-Inducing Ligands 

TREM2 Triggering Receptor Expressed on Myeloid cells 
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UC Ulcerative colitis 

UEA-1  Ulex Europaeus Agglutinin 1 

WISP-1  WNT1-inducible signalling protein 1 

WNT Wingless-related integration site 

WT Wild-Type 

YAP  Yes-associated protein 

ZNFR3  ZING and RING finger 3 

-̡TrCP  ɰ-transducin repeats-containing protein 
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Chapter 1: General Introduction 

 

1.1 Gastrointestinal tract 

The gastrointestinal tract (GI) 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 GI tract consists of the oral cavity, pharynx, esophagus, stomach, small intestine, large 

intestine, rectum and anus. The wall of the GI tract is composed of four distinctive layers, 

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

The mucosa is the innermost layers of the gut wall and is comprised of the epithelium, 

lamina propria and muscularis mucosa. The cellular structure of the mucosal epithelium 

differs in each region of the GI tract, where stratified squamous epithelial cells may be 

found in the mouth, esophagus and anal canal and simple columnar or glandular epithelia 

can be in the stomach, small intestine, and colon (Reed K. and Wickham R., 2009) (Figure 

1.1). The lamina propria, consists of connective tissue, blood and lymphatic vessels, with a 

myriad of responsibilities. Most notably, it is home to a collection of lymphocytes and lymph 

nodes, known as the gut-associated lymphoid tissue (GALT), which protects the GI tract 

infiltration from bacteria and pathogens. The thinner, underlying layer of the muscularis 

mucosa consists smooth muscle aiding in gastrointestinal motility (Reed K., Wickham R., 

2009). Interestingly, within the gastrointestinal tract the small and large intestine showcase 

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

¢ƘŜ ƭŀǊƎŜ ƛƴǘŜǎǘƛƴŜΩǎ ƎǊƻǎǎ ŀƴŀǘƻƳȅ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ ǘƘŜ ŎŜŎǳƳΣ ŀǇǇŜƴŘƛȄΣ ŎƻƭƻƴΣ ǊŜŎǘǳƳ and 

anal canal. Processed foods pass from the small intestine into the cecum and subsequently 

into the colon. The colon is sectioned into four parts: ascending, transverse, descending and 

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

Physiologically the colon differs from the small intestine in several aspects, unlike its 

adjoining counterpart the colon does not possess any protruding villi, instead a flat 

epithelial surface with mucosal folds lead into invaginations commonly referred to as crypts. 

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

Whereas digestion and nutrient absorption primarily occurs in the small intestine, the large 

intestine functions as a fluid and electrolyte absorbent, where water is resorbed leaving 

solid fecal matter to be defecated. (Pawel and Ghishan., 2016). The colon also hosts the 

largest community of commensal bacteria in the intestine. Not only does the microbiota aid 

the fermentation of complex carbohydrates, its communication network with the intestinal 

epithelium and the GALT is critical in developing a healthy systemic and mucosal 

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

An animated visualisation of the lower gastrointestinal tract and the colonic gut wall. (A) Illustration of the lower gastrointestinal tract, digested materials 

pass through the small intestine to the ascending colon via the ileocecal valve, through the transcending and descending colon, where it then reaches the 

rectum and waste materials are discarded. (B) Illustrated cross-section of the colonic tissue revealing its structure and anatomy. The opening of the 

intestinal gland lead to the invaginations called crypts consisting of simple columnar cells which are structurally supported by the underlying lamina propria. 

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

the tissue to aid nutrient absorption ό!ŘŀǇǘŜŘ ŦǊƻƳ tƘȅǎƛƻƭƻƎȅ tƭǳǎ ŀƴŘ WǳƴǉǳŜǊƛŀΩǎ .ŀǎƛŎ IƛǎǘƻƭƻƎȅύ.
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However, due to the high abundance of commensal microbiota which exists within the 

colon, it is of upmost importance that the intestinal epithelium maintains its barrier function 

and integrity (Odenwald and Turner., 2017).  

1.2  Intestinal stem cell-driven epithelial renewal 

The intestinal epithelium and its colonic crypts are composed of intestinal epithelial cells, 

form a single-cell thick, simple columnar monolayer, held in shape by tight junction and act 

as a physical barrier which protects the sub-epithelium from any harmful toxins, antigens 

and microorganism which may inhabit the lumen (Reed and Wickham., 2009). Due to the 

continual assault originating from the lumen, the intestinal epithelial cells are continually 

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

While the epithelial barrier regulates the absorbance of nutrients, water, and the transport 

of waste products, it must further mediate the crosstalk between luminal contents and the 

proximal immune system in a non-inflammatory manner. Non-regulated transport or 

leakage of pathological antigens through the barrier could lead to inadvertent inflammation 

and escalate towards autoimmune diseases and/or inflammatory bowel disease (Shi and 

Walker., 2015). The apical junctional complex (AJC) found within the large intestine 

controlling permeability, consists of tight junctions, adherens junction and desmosomes 

(Figure 1.2). Adherens junctions are often found on the lateral membrane where cadherin-

catenin interactions are most frequently encountered. These can influence cell polarity and 

epithelial migration and the downregulation of E-cadherin has been linked with impeding 

epithelial proliferation (Groschwitz and Hogan., 2009). Tight junctions such as Occludin, 

Claudins and junctional adhesion molecules can be found on the apical end of the epithelial 

cell, these mediate ion movement and impede the transport of luminal molecules (Lee et 

al., 2018). 

The lining of the intestine composed of mucin acts as a secondary defensive barrier. A thick 

mucus layers lines the epithelia and functions as traps for water molecules. Within the large 

intestine, two mucus coatings ensure protection from chyme and chemical degradation. 

Furthermore, the second mucus layer is completely impermeable to bacterial penetration in 

homeostasis (McGuckin et al., 2011; Johansson et al., 2008). Fascinatingly, to ensure 

bacterial penetration is further minimised, the intestinal epithelium maintains the highest 

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

Diagram showing the three main tight junction barrier complexes identified in the intestine: 

Desmosomes, adherent junctions and tight junctions which play an essential role in regulating 

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

1.2.1  Epithelial renewal 

The intestinal epithelium acts as a physical barrier, where its role is to protect the 

underlying tissue from commensal microbes and invading pathogens. To maintain a high 

rate of epithelial turnover and to reduce barrier damage-induced inflammation, the 

epithelial crypts shown in Figure 1.1 are renewed within 4-5 days in humans and mice 

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

Proliferation of such intestinal epithelial crypts, is driven by multipotent adult stem cell 

population at the base of the crypt where cell division occurs at average of once per day, 

producing highly proliferative transit-amplifying cells. While migrating upwards, these 

transit-amplifying cells further differentiate into function-specific epithelial cells and are 

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

ǘƘŜ ŎǊȅǇǘΦ ²ƛǘƘ ǘƘŜ ŀǎǎƛǎǘŀƴŎŜ ƻŦ ŜƭŜŎǘǊƻƴ ƳƛŎǊƻǎŎƻǇȅΣ ŀ άǎƭŜƴŘŜǊέ ŎŜƭƭ ǘȅǇŜ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ōȅ 

Cheng and Leblond as early as 1974 and decades of further research have led to the 

identification of two stem cell populations within the crypt: the crypt base columnar (CBC) 

stem cells and the reserve stem cell population located in the +4 position of the crypt 

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

 

Figure 1.3: Crypt base columnar (CBC) stem cells 

Scanning electron microscope image highlighting the presence ƻŦ ΨǎƭŜƴŘŜǊΩ ǎǘŜƳ ŎŜƭƭǎ (black arrows) 

located between neighbouring Paneth cells (red arrows) at the base of the crypt by Leblond and 

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

 

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

Based on the the findings in 1974, Cheng and Bjerkness found that CBC cells unlike their 

reserve stem cell population, were actively proliferating and are susceptible to radiation 

(Bjerkness and Cheng., 2002). Although a number of stem cell markers such as Ascl2, Olfm2 

and Smoc2 among others have been identified, Lgr5 (leucine rich G-protein coupled 

receptor), a Wnt target gene, is considered to be the most robust CBC stem cell marker as 
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other markers are also prone to labelling early transit-amplifying cells. By insertion of a 

CreERT2 fusion protein into the Lgr5 locus, the Wnt target gene was localised in fast-cycling 

ŎŜƭƭǎ ŀǘ ǘƘŜ ŎǊȅǇǘΩǎ ōŀǎŜ ƛƴ ōƻǘƘ ǘƘŜ ǎƳŀƭƭ ƛƴǘŜǎǘƛƴŜ ŀƴŘ Ŏƻƭƻƴ ό.ŀǊƪŜǊ Ŝǘ ŀƭΦΣ нллтύΦ 

Lgr5+ CBC stem cells symmetrically divide every 24 hours at the base, generating clonal CBC 

stem cell, one of which Ŏŀƴ ōŜ ΨǇǳǎƘŜŘΩ ƻǳǘ ƻŦ ǘƘŜ ǎǘŜƳ ŎŜƭƭ ƴƛŎƘŜ ƛƴ ŀ ǇǊƻŎŜǎǎ ŎƻƛƴŜŘ 

ΨƴŜǳǘǊŀƭ ŎƻƳǇŜǘƛǘƛƻƴΩΣ ǿƘŜǊŜ ǘƘŜȅ ŀǊŜ ǘƘŜƴ ǎǇǳǊǊŜŘ ƻƴ ǘƻ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ό{ƴƛǇǇŜǊ IWΣ Ŝǘ ŀƭΦΣ 

2010). While only a fraction of Lgr5+ cells are capable of long-term self-renewal, a small 

population of quiescent, slow-cycling and radiation resistant stem cells are retained at the 

+4 position which do not express Lgr5. These +4 stem cells are often activated only 

following epithelial damage at which point they clonally repopulate the crypt domains, 

suggesting that they may not contribute to homeostatic renewal but are essential in 

damaged-induced regeneration (Ritsma et al., 2014; Yan et al., 2012). Crucially, intestinal 

homeostasis was maintained in the colon, despite the depletion of Lgr5+ stem cells in vivo, 

where the stem cell niche was instead repopulated by Lgr5- reserve stem cells, thus 

highlighting the high level of plasticity within the intestinal epithelium. 

Where intestinal stem cells play a crucial role in the regulation of crypt growth, such cells 

are incapable of executing physiological functions of the intestinal epithelium such as the 

absorption of water, nutrients, and sustenance of the commensal microbiota, thus stem cell 

differentiation is essential for maintenance of intestinal homeostasis (Birchenough et al., 

2015; Snoeck et al., 2005).  

1.2.3 Stem cell differentiation 

To fulfil the many functional roles of the colon, stem cells and their progenitors must 

differentiate into fully functional cell types. Within the large intestine, non-committed cells 

can be converted into secretory cells such as goblet, enteroendocrine or tuft cells and 

absorptive enterocytes, depending on the biochemical influences of the mucosa (Figure 1.4) 

(van Flier and Clevers., 2009).  

InterestinglyΣ ¢ƻǘƘ Ŝǘ ŀƭΦΣ ƘŀǾŜ ƛŘŜƴǘƛŦƛŜŘ ǘƘŀǘ ŎƻƭƻƴƛŎ ŎǊȅǇǘǎ ǳƴŘŜǊƎƻ άŜŀǊƭȅ ŎƻƳƳƛǘƳŜƴǘέ 

ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ǿƘŜǊŜ ǘƘŜ ŎŜƭƭΩǎ ŦŀǘŜ ƛǎ ŘŜǘŜǊƳƛƴŜŘ ǇǊƛƻǊ ǘƻ ŜƴǘŜǊƛƴƎ ǘƘŜ ǘǊŀƴǎƛǘ-amplifying 

phase, essentially allowing the colonic cells to mature earlier compared to their small 

ƛƴǘŜǎǘƛƴŀƭ ŎƻǳƴǘŜǊǇŀǊǘΣ ǿƘŜǊŜ άƭŀǘŜ ŎƻƳƳƛǘƳŜƴǘέ ƛǎ ǇǊŜŦŜǊǊŜŘΦ ¢Ƙƛǎ ƛǎ ƛƳǇƻǊǘŀƴǘ ŀǎ ǳƴƭƛƪŜ 



 26 

epithelial cells in the small intestine where differentiated cells can remain within the crypt-

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

Diagram highlighting the cycle of epithelial renewal. Lgr5+ cells at the base of the crypt divide and migrate upwards, progenitor cells proliferate in the 

transit-amplifying zone and differentiate to give rise to enterocyte, tuft, enteroendocrine or goblet cells. At the end of their life-cycle the cells are then shed 

into the crypt lumen and the cycle of renewal is repeated. A two-layered mucus coating acts as a semi-permeable membrane restricting commensal 

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

Enterocytes are columnar epithelial cells containing microvilli on their apical surface, this 

cell line is the most commonly encountered cell type within the colon, where their prime 

functions are to absorb nutrients and water. (Cheng and Leblond., 1974; Egberts et al., 

1984). However, overtime it was found that enterocytes may also play other roles in 

intestinal homeostasis. As luminal nutrients are absorbed, enterocytes will inadvertently 

ingest and degrade luminal epitopes which could potentially cause an unwarranted immune 

response (Miron and Cristea., 2012).  

Enterocytes can also act as a mediator between luminal antigens and dendritic cells in the 

lamina propria as they also possess MHC1/2(major histocompatibility complex) (Chen et al., 

2011). 9ƴǘŜǊŎƻȅǘŜǎΩ metabolism can also shape the microbiota in vivo where the high 

epithelial oxygen consumption, leads to mucosal hypoxia only allowing anaerobic bacteria 

to survive, thus allowing the conversion fibres into beneficial fermented compounds (Litvak 

et a., 2018). Notably, enterocytes precursor cells also seem to able to dedifferentiate to 

replace previously ablated Lgr5+ stem cell in the small intestine, however whether a similar 

phenomenon can be observed in the colon is yet to be determined. (Tetteh et al., 2016).  As 

is the case with many epithelial cells within the crypt domain, the differentiation of stem 

cells towards the absorptive enterocytes cell lineage relies on the Notch signalling pathway, 

where the balance between the repression of Math1 and Hes1 can decide between the 

absorptive and secretory cell fate. The deletion of Math1, a downstream Notch 

transcription factor, led to a change of fate within the intestine prompting cells to 

differentiate into absorptive enterocytes (Shroyer et al., 2007). Furthermore, increased 

expression of HES1 can also directly repress Math1 expression and subsequently incite 

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

Goblet cells: 

In the large intestine, mucus production plays a vital role in acting as a semi-physical barrier 

which ensures luminal microbes remain out of touching distance to the underlying 

epithelium. To fulfil this function, goblet cells within the epithelium ensure sufficient mucus 

is generated (Birchenough et al., 2015). The mucus of the intestinal epithelium is largely 
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composed of a variety of mucin proteins. Mucins are glycoproteins with a high number of O-

linked oligosaccharides. The gel-forming mucin subtypes have been identified as 

MUC2/5/5B/6 where MUC2 is the most commonly encountered mucin within the intestine 

(Andrianifahanana et al., 2006).  

Uniquely, a two layered mucus structure (illustrated in Figure 1.4) can be observed in the 

colon compared to the small intestine. The mucus was shown to gradually thicken from the 

duodenum towards the rectum (Matsuo et al., 1997).  Here the inner mucus layer separates 

the bacteria for the epithelium, preventing direct contact whereas the less dense outer 

mucus layer provides an ideal microenvironment for the commensal microbiota (Johansson 

et al., 2008). A loss of the inner mucus layer has also shown to be a contributing factor of 

the formation of spontaneous colitis in mice (Johansson et al., 2014).  Goblet cells can be 

morphologically distinguished by their nucleus at the base and the mucus filled cytoplasm 

facing the apical side of the crypt. Within the large intestine especially goblet cells can be 

found scattered across the entire crypt, in order to ensure the even distribution and 

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

Recent studies have also shown that small intestinal goblet cells are capable of importing 

antigen to CD103+ dendritic cells in the lamina propria. This is achieved by the formation of 

GAP (goblet cell associated passages) which deliver soluble antigens to immune cell. Further 

research revealed that GAP formation is regulated by acetylcholine, which is suppressed in 

the colon in comparison to the small intestine due to the presence of luminal microbes 

inhibiting the secretion of acetylcholine, where only a disruption of the microbiota could 

lead to the activation of the acetylcholine pathway (Knoop et al., 2015). Further evidence 

also suggest that goblet cells can be coerced into hyperplasia and mucus hypersecretion via 

Th-2 mediated secretion of IL-13 and IL-4 during parasitic helminth infections (Finkalmann 

Ŝǘ ŀƭΦΣ нллпΤ aŎYŜƴȊƛŜ Ŝǘ ŀƭΦΣ мффуύΦ Lƴ нлмтΣ .ƛǊŎƘŜƴƻǳƎƘ ƛŘŜƴǘƛŦƛŜŘ ǎǇŜŎƛŀƭƛǎŜŘ ΨǎŜƴǘƛƴŜƭΩ 

goblet cells within the colonic crypt entrance which can trigger the secretion of MUC2 via a 

NLRP6-MyD88 signalling pathways in a Ca2+ independent manner. Goblet cells adjacent to 

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

pathway. This mechanism described above essentially allows bacteria to be flushed away 

from crypt openings in order to prevent bacteria-epithelial contact during inflammation 

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

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

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

Cristina et al. have found early on that EEC numbers can vary from duodenum and rectum 

(Cristina et al., 1978). Similarly, to all secretory cell lines within the colon, EEC differentiation 

also relies on the transcription factors Math1/Atoh1, which is further discussed in this 

chapter (Section 1.3.2). Additionally, Neurogenin 3 is required for its differentiation and is 

highly dependent on Notch signalling, where Hes1 knockout in mice led to enteroendocrine 

cell hyperplasia (Jensen et al., 2000). In contrast, disruptions to Wnt signalling via the KO of 

-̡catenin did not affect EEC numbers (Wang et al., 2007).  

One of the major roles of EECs is its capability to secrete hormones such as serotonin (5-HT), 

histamine, somatostatin, gastrin and cholecystokinin (CCK) in order to contribute to the 

regulation of homeostasis. (Hagborn et al., 2011; Egerod et a., 2012). EECs are able to detect 

changes in nutrient concentration and adjust the secretion of such peptides accordingly 

(Gribbe et al., 2016). Interestingly, in IBD patients, chromogranin A levels are highly 

upregulated in IBD patients (Zissimopoulos et al., 2014). Due to EECs unique affinity to 

chromium salts, chromogranin A can be used as stable marker for the identification of 

intestinal EECs (Ahlmann and Nilsson., 2003).  

Studies also indicate that EECs are able to regulate macrophage activity via the secretion of 

GLP-2 which has been shown to reduce iNOS, COX2, TNF-ʰ ŀƴŘ L[-6 expression in LPS-

activated macrophages (Xie et al., 2014). Similar observations were made by Saia et al., 

where CCK was also found to reduce NO production in peritoneal macrophages (Saia et al., 

2014).  

Tuft cells: 

Tuft cells are the least commonly occurring epithelial cell type of the intestine making up 

only 0.5% of the epithelial population. (Bannerjee et al. 2018). Tuft cells can be identified by 

their apical bristles and a cell body which narrows towards both the apical and basal end 

(Sato A., 2007). Initially, DCAMKL-1+ cells within the crypts were postulated to be stem cell 

markers, however Gerbe et al. has demonstrated that DCAMKL-1 can in fact be utilised as a 

robust tuft cell marker (Gerbe et al., 2011).  
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It should also be noted that the process of tuft cell differentiation was shown to differ 

between the small intestine and colon. Herring et al, demonstrated that ablation of tuft cells 

in the colon resulted in tuft cell depletion whereas Atoh1-deficiency led to tuft cell 

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

The exact function of this particular epithelial cell line has not been fully understood. In 

2лмсΣ Iƻǿƛǘǘ Ŝǘ ŀƭΦ ƘŀǾŜ ǎƘƻǿƴ ǘƘŀǘ ǘǳŦǘ ŎŜƭƭǎ Ŏŀƴ ŀŎǘǎ ŀ ŎƘŜƳƻǎŜƴǎƻǊȅ άǘŀǎǘŜǊέ ƛƴ ǘƘŜ 

intestine. To do so tuft cells rely on Gnat3 (taste-related G-protein subunit) and TRPM5 

(cation channel) both which are utilised in the detection of Pseudomonas aeruginosa. 

Interestingly, the small intestinal epithelium of both Gnat3-/ - and TRPM5-/ - knockout mice 

were found to show depleted numbers of DCAMKL1+ tuft cells. Furthermore, the tuft cells 

response to the parasite Tritrichomonas muris was also impaired, thus alluding to the 

chemosensory role of intestinal tuft cells within the epithelium (Howitt et al., 2016). Tuft 

cells expansion was also observed germ-free mice following exposure to bacteria (McKinley 

et al., 2017).  Tuft cells also play a distinct role in during parasitic infections. As allergens and 

helminths can induce a type 2 immune response, this often leads to the recruitment of ILC2-

cells (type 2 helper T-cells) which rely on IL-33 and IL-25 secretion to be activated. However, 

until recently the source of IL-25 within lamina propria was unknown and it has since 

become apparent that tuft cells constitutively express IL-25 to maintain ILC2 activation. As a 

result, the positive feedback loop allows ILC2 cells to produce IL-13 in order to continuously 

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

The intestinal stem cells rate of self-renewal and differentiation towards the functional 

epithelial cells mentioned above is finely regulated by a myriad of paracrine and autocrine 

factors and over time a number of signalling pathways such as BMP, Hedgehog, Notch, Wnt 

and Eph-ephrin signalling have been shown to contribute to the ISCs homeostasis (Spit et 

al., 2018). 

1.3.1 The Intestinal Wnt signalling pathway 

A major contributor to proliferation and intestinal stem cell niche maintenance is the Wnt 

signalling pathway, where the activity of Wnt is highest towards the base of the crypt and 

decreases towards the top of the crypt (Nusse and Clevers, 2017; Scoville et al., 2008). The 

canonical Wnt pathway is initially triggered by binding to the lipoprotein-receptor related 

protein 5/6 (LRP5/6) and its co-receptor frizzled (FZD), subsequently the protein Dishevelled 

ό5±[ύ ƛǎ ǊŜŎǊǳƛǘŜŘ ŀƴŘ ǘƘŜ ŘŜƎǊŀŘŀǘƛƻƴ ƻŦ ʲ-catenin via the destruction complex is blocked. 

The destruction complex consists of a number of protein component such as adenomatous 

ǇƻƭȅǇƻǎƛǎ Ŏƻƭƛ ό!t/ύΣ ŎŀǎŜƛƴ ƪƛƴŀǎŜ м ό/Yмύ ŀƴŘ ƎƭȅŎƻƎŜƴ ǎȅƴǘƘŀǎŜ ƪƛƴŀǎŜ оʲ όD{Yоʲύ όaŀƘ Ŝǘ 

ŀƭΦΣ нлмсύΦ ¢ƘŜ ŎƻƴǎŜǉǳŜƴǘ ǎǘŀōƛƭƛǎŀǘƛƻƴ ƻŦ ʲ-catenin allows the protein to translocate to the 

nucleus and binds to the TCF/LEF transcription factor ultimately activating Wnt target genes 

such as Myc, COX-2, Cyclin-D1, TCF1 among others (Lecarpentier et al., 2019; (Nusse and 

Clevers, 2017). In contrast, in the absence of Wnt, DVL is phosphorylated and does not 

engage the destruction complex. The casein kinase I (CKI) can then phosophorylate the N-

ǘŜǊƳƛƴǳǎ ƻŦ ʲ-ŎŀǘŜƴƛƴΣ ǿƘƛŎƘ ƛǎ ǘƘŜƴ ǊŜŎƻƎƴƛǎŜŘ ōȅ ǘƘŜ ʲ-¢Ǌ/t ǿƘƛŎƘ ƳŀǊƪǎ ʲ-catenin for 

ǳōƛǉǳƛǘƛƴŀǘƛƻƴ ŀƴŘ ǇǊƻǘŜƻǎƻƳŀƭ ŘŜƎǊŀŘŀǘƛƻƴΦ !ǎ ʲ-catenin is not translocated to the the 

nucleus and TCF-LEF remains bound to its co-repressor Groucho inhibiting Wnt target gene 

transcription (Gregorieff and Clevers., 2005; Flanagan et al., 2018). A summary of activation 

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

Wnt signalling can be regulated by a number of factors. For example, the membrane-bound 

RNF43 (RING finger protein 43) and ZNFR3 (zing and RING finger 3) promote the endoytosis 

and lysosomal degradation of the FZD receptor, thereby reducing the binding of Wnt ligands 

to the FZD-LRP5/6 complex. The degradation of FZD can be prevented by the secretory 

protein, R-spondin, which when bound to the LGR4/5/6, inhibits lysosomal degradation and 

accumulates on the membrane surface, thus amplifying the binding of  Wnt ligands such as 
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Wnt3a, Wnt6, Wnt8 and Wnt9B which are all commonly expressed in the intestinal 

epithelium (Figure 1.6). (de Lau et al., 2014; Zebisch et al., 2013; Flanagan et al., 2018).  

²ƴǘ ǘŀǊƎŜǘ ƎŜƴŜǎ Ŏŀƴ ŀƭǎƻ ōŜ ŀŎǘƛǾŀǘŜŘ ƛƴ ŀ ʲ-catenin independent manner, however the 

mechanisms of the non-canonical Wnt signalling pathway has been less well characterised. 

Here, the a select number of Wnt ligands, such as Wnt5a are able to activate the Wnt-PCP 

(planar-cell polarity) and Wnt-Ca2+ pathway. Activation of Wnt-PCP results in the activation 

of the GTPases RAC1 and Rho, which then initiates JNK-mediated signalling which is 

postulated to regulate cell polarity and microtubule stabilisation. Alternatively, stimulation 

of the Wnt-Ca2+ pathway activates the phospholipase C (PLC), resulting in the secretion of 

internal Ca2+, activation of protein kinase C (PKC) and NFAT (transcriptional regulator 

nuclear factor-associated with T-cells) where it is likely involved in the regulation of actin 

polymerization (Berwick and Harvey., 2013; Niehrs et al., 2012; Komiya and Habas., 2008) 

(Figure 1.5B/C).  

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

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

TCF4, a downstream Wnt target, led to a decrease in epithelial proliferation and stem cell 

ƳŀƛƴǘŜƴŀƴŎŜ όYƻǊƛƴŜƪ Ŝǘ ŀƭΦΣ мффуύΦ 5ŜƭŜǘƛƻƴ ƻŦ ʲ-catenin led to the constitutive 

differentiation of epithelial cells and subsequent loss in crypt function in vivo (Fevr et al., 

2007). Overexpression of the Wnt antagonist, Dickkopf-1 resulted in the complete ablation 

of crypts in vivo, whereas overexpression of R-spondin resulted in human crypt 

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

activity have also been identified in inflammatory disease such as CD and UC (Serafino et al., 

2014). For example, the upregulation of TNF-ʰΣ ƻōǎŜǊǾŜŘ ƛƴ L.5Σ ƛǎ ŀōƭŜ ǘƻ ŀŎǘƛǾŀǘŜ ʲ-catenin 

ŜȄǇǊŜǎǎƛƻƴΣ ōȅ ƛƴƘƛōƛǘƛƴƎ ǘƘŜ ŜƴƎŀƎŜƳŜƴǘ ƻŦ D{Yоʲ ƛƴ ŀn AKT dependent manner, thus 

ƛƴƛǘƛŀǘƛƴƎ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ŎŜƭƭ ǇǊƻƭƛŦŜǊŀǘƛƻƴ ό.ǊŀŘŦƻǊŘ Ŝǘ ŀƭΦΣ нлмтύΦ wƛŎƘƳƻƴŘ Ŝǘ ŀƭΩǎ ǿƻǊƪ Ƙŀǎ 

shown that IFN-ʴΣ ŀ ¢Ƙм-cell secretory product, induced the expansion of quiescent stem cell 

in the small intestine, while the inhibition of Wnt also induced a decrease in IL-6 mediated 

epithelial proliferation (Richmond et al., 2018). Moparthi and Koch have reviewed the 

cooperative effects of the NF-ˁɰΣ a!tYΣ !Y¢ ŀƴŘ {¢!¢ ǎƛƎƴŀƭƭƛƴƎ ǇŀǘƘǿŀȅ ƘŀǾŜ ƻƴ ²ƴǘ 

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

Diagram showing the differential activation of the A) canonical Wnt signalling pathway Ai) in the 

absence of Wnt ligand stimulation, the GSK3-̡ɮxin complex remains intact leading to the 

degradation of ̡-catenin and preventing its nuclear localisation Aii) following Wnt ligand 

stimulation, ̡ -catenin is phosphorylated and translocated to the nucleus where it activates -̡

catenin mediated transcription factors B) planar-cell-polarity (PCP) Wnt pathway mediated via JNK 

or Rho signalling cascade C) non-canonical calcium-dependent Wnt signalling pathways via the PKC 

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

Diagram showing the regulation of canonical Wnt signalling via a positive feedback loop. Activation 

of Wnt target genes Lgr5 and RNF43, leads to an increase in RNF43 and LGR4/5/6 complexes which 

remain on the membrane surface due to the stimulation of R-spondin inhibiting the lysosomal 

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

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

The Notch signalling pathway also plays a vital role in intestinal homeostasis. Unlike the 

other pathways involved, Notch relies on direct cell-to-cell contact (Fre et al., 2005). A 

number of Notch ligands, Jagged 1,2 (Jag) and Delta-like 1,3 and 4 (Dll) are able to bind to 

the four Notch receptors (Notch 1-4). The binding of the ligand to the receptor results in the 

cleavage by ADAM10 and y-secretase (S2 cleavage), after which the Notch intracellular 

domain (NCID) is further cleaved (S3 cleavage) and translocates to the nucleus, where it 

then interacts with the DNA-binding protein CSL and MAML-1 to activate the required 

target gene such as Hes-1,5,6,7 (hairy enhancer of split-1) and Math1/Atoh1 (atonal protein 

homolog 1). (Figure 1.7) (Demitrack and Samuelson., 2016).  

In the human colonic epithelium, expression of Notch 1,2 is highly expressed in the basal 

region of the crypt, specifically the stem cell niche, where Notch signalling was highly active 

in cycling CBC cells. Similarly, murine small intestinal work showed that Notch 1 and 

expression as well as the transcription factors Hes-1 and Olfm4 were mostly expressed in 

intestinal stem cells (Van Dussen et al., 2012; Pellegrinet et al., 2011). In the colonic 

epithelium, expression of the Notch ligand, Jagged 1 found predominantly at the mid-region 

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

Shimizu et al, reported significant differences in the expression of Delta-like ligands 1 and 4 

between the small intestine and colon, where Dll1 was primarily localised in at the lower 

region of the crypt and Dll4 along the entire colonic crypt-axis, Dll4 was only reported to be 

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

The Notch signalling pathways is regulated via a unique negative feedback loop, which is 

crucial for the maintenance of the stem cell niche. In the intestine, the epithelial cell fate is 

dependent on the Notch activity within the individual cells, where the mechanism of lateral 

inhibition ensures the even distribution of both absorptive and secretory cell lineages 

(Collier et al.,1996; Stamataki et al., 2011). When Notch signalling is initiated by a Delta-like 

ligand from the signal-sending cell, the signal-receiving cell, translocated the cleaved NCID 
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into the nucleus which then allows the transcription of Hes-1 to occur, however the 

expression of Hes-1 antagonises the transcription of Atoh1 and therefore, signal-receiving 

cell does not express Delta-like ligands itself, where this cycle of crosstalk between the 

signal-sending and receiving cell maintains the positive feedback loop. As Hes-1 is 

predominantly expressed in the absorptive cell lineage and Atoh1 is required for the 

differentiation of the secretory cell fate, in homeostasis this mechanism generates a 

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

Using a similar mechanism of negative regulation, small intestinal Paneth cells which 

express high levels of Dll1 and Dll4 ensure that neighbouring Lgr5+ stem cells remain in their 

undifferentiated state by maintaining high Notch activity within the intestinal stem cells 

which is crucial for stem cell proliferation (Sancho et al., 2015; Pellegrinet 2011). As the 

colon lacks Paneth cells, it is currently postulated that nearby stromal and immune cells or 

Reg4+ deep secretory cells maintain the stem cell niche via a similar mechanism instead 

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

Notch signalling also plays a crucial role in the even distribution of absorptive and secretory 

cells along the crypt axis, where lineage tracing experiments performed by Toth et al., have 

revealed that the lateral inhibition within the colon is only operative in the commitment 

zone, located two rows above the +4 stem cell position and is thereby responsible for the 

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

Dysregulation of Notch signalling can severely affect intestinal homeostasis and an increase 

in Notch signalling is commonly associated with an increased susceptibility to inflammatory 

bowel diseases and colorectal cancer (Hsu et al., 2012; Piazzi et al., 2011). For example, the 

depletion of Hes-1 induced an increase in secretory cell fate in the intestinal epithelium and 

completely abrogated absorptive cell lineages (Jensen et al., 2000).  Furthermore, Hes-1 

ŘŜŦƛŎƛŜƴǘ ƳƛŎŜ ǘǊŜŀǘŜŘ ǿƛǘƘ ŀ ʴ-secretase inhibitor also resulted in an increase of secretory 

cell lineages (Van Es et al., 2005). Crucially, the mRNA expression of Notch1 and Hes-1 was 

significantly higher in UC patients compared to healthy individuals, suggesting that 

regulation of Notch is crucial to avoid inflammatory bowel disease progression 

(Ghorbaninejad et al. 2019). Corresponding with these findings, earlier work from Zheng et 

al, also revealed that increasing Hes-1 expression correlated with a decrease in Atoh1 and 

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

al., 2006).  

 

 

Figure 1.7: The Notch signalling cascade 

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

ƭƛƪŜ ƭƛƎŀƴŘ ƛƴƛǘƛŀǘŜǎ ǘƘŜ ǇǊƻǘŜƻƭȅǘƛŎ ŎƭŜŀǾŀƎŜ ƻŦ ƛǘǎ ǊŜŎŜǇǘƻǊ ōȅ ʴ-secretase resulting in the release of 

NCID, which is translocated and binds to the DNA-binding protein CSL and co-activator Mam 

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

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

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

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

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

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

Bone morphogenetic protein (BMP) signalling pathway, is a Smad-dependent pathway 

which drives differentiation in a reverse gradient compared to Wnt signalling. BMP can also 

directly repress Lgr5+ stem cell expansion to maintain homeostasis. The signalling is 

initiated by BMPS binding to the extracellular receptors Bmpr1-2, following 

transphosprylation, Smad 1/5/8 form a complex with Smad4, which is translocated to the 

nucleus to regulate gene expression via target genes such as Msx and JunB (Wang et al., 

2014). BMP antagonists such as Noggin, chordin and gremlin 1/2 are present at the at the 

ōŀǎŜ ƻŦ ǘƘŜ ŎǊȅǇǘΩǎ ǎǘŜƳ ŎŜƭƭ ƴƛŎƘŜ ǿƘŜǊŜ ǘƘŜȅ Ŏŀƴ ǊŜƎǳƭŀǘŜ .at ŀŎǘƛǾƛǘȅ όYƻǎƛƴƪǎƛ Ŝǘ ŀƭΣ 

2007). Noggin can also further promote Wnt signalling, by increasing the expression levels 

of P-PTEN and P-Akt leading to the increased transƭƻŎŀǘƛƻƴ ƻŦ ʲ-catenin to the nucleus (He 

et al., 2004). Recent findings have also shown that Lgr5+ proliferation is decreased following 

the absence of Noggin, highlighting the importance, the BMP signalling pathway plays in 

intestinal homeostasis and inhibition of stem cell niche expansion (Figure 1.9) (Qi et al., 

2017) 

The epidermal growth factor (EGF) also plays a pivotal role in activating proliferation and 

inhibiting apoptosis of intestinal stem cells as well as regulating intestinal barrier function 

(Tang et al., 2016).  The binding of the EGF ligand to the transmembrane EGF receptor, leads 

to the phosphorylation RTK (receptor tyrosine kinase), activation of Ras/MAPK and 

P13K/AKT (Bran et al., 2011). In human and mouse models, EGF is capable of activating 

P13K/Akt within the MAP kinase cascade which leads to the phosphorylation of -̡catenin 

thus activating the canonical Wnt pathway (Suzuki et al., 2010). Furthermore, EGF also 

encourages the secretion of mucins within the intestine (Damiano et al., 2014). Whereas 

Paneth cells provide the necessary supply of EGF in the small intestine, Sasaki et al postulate 

that deep secretory cell lineages within the crypt are potentially able to secrete EGF instead 

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

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

cell-cell contact, binding of growth factors such as EGF and cell polarity, however, to date a 

Hippo-specific ligand-receptor has not been found (Seo et al., 2020). Here, Hippo activation 

relies on the translocation of the proteins, Yes-associated protein (YAP1) and tafazzin (TAZ) 

(Konsavage et al., 2013). The mammalian serine/theorine 1/2(MST1/2) protein is activated 
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its forms a complex with SAV1 (scaffold proteins salvador family WW domain containing 

protein 1), which then activates LATS1 (large tumour suppressor kinase 1/2). LATS 1/2 then 

phosphorylates the YAP1 and TAZ, thus inhibiting their localisation to the nulceus and are 

subsequently degraded in the cytoplasm. When Hippo activation is ceased, YAP1 and TAZ 

are able to translocate to the nucleus, where they are able to bind to the DNA-binding 

protein TEAD (TEA domain transcription factor) and activate the required target genes 

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

Current evidence suggest that the Hippo pathway plays a significant role in the maintenance 

of crypt homeostasis. For example, YAP expression was found to be predominantly the 

highest at the at the base of the crypt, where lower expression was reported at in the small 

intestinal villi (Liu-Chittenden et al., 2012; Can et al., 2010). Increased YAP1 activation 

resulted in the increase in undifferentiated progenitor cells while Paneth and goblet cell 

numbers decreased. Mice depleted of SAV1 and LATS1/2, which are are required to 

sequester YAP1, were also found to result in increased crypt growth (Camargo et al., 2007; 

Pan et al., 2019).  Other studies have found that the Hippo pathway may be cross-linked 

with other pathways such as BMP,Notch and Wnt signalling. Byun et al., has demonstrated 

that Wnt ligands such as Wnt3a and Wnt5a/b promote YAP1/TAZ activity by increasing its 

nuclear localisation. (Gregorieff et al., 2015). Furthermore, knockout of Axin 1/2 was shown 

to increase cytoplasmic YAP/TAZ accumulation in vivo. (Cong et al., 2004) Vice versa, the 

¸!tмκ¢!½ ŎƻƳǇƭŜȄ ǿŀǎ ŀƭǎƻ ǎƘƻǿƴ ǘƻ ŀƛŘ ǘƘŜ ǎǘŀōƛƭƛǎŀǘƛƻƴ ƻŦ ʲ-catenin, thus allowing it to 

enter the nucleus, while in contrast, another study concluded that  cytoplasmic YAP1 and 

TAZ can restrict Wnt signalling activity by reducing the availability of DVL (Dishevelled)(Li et 

al., 2019; Varelas et al., 2010).  The YAP/TAZ complex was also reported to be in contact 

with the Notch component, NCID, which plays a vital part in the activation of Notch 

signalling, where the over-expression of NCID also led to an increase in YAP/TAZ and TEAD 

expression (Yimlamai et al., 2014; Moroishi et al., 2015).  In mice with DSS-induced colitis, 

an increased presence of YAP1 was reported, where it likely plays a crucial role epithelial 

repair, as its depletion led to a reduction in cellular proliferation (Taniguchi et al., 2015; Can 

et al., 2010). Furthermore, YAP1 over-expression in mice also induced intestinal hyperplasia 

where an expansion of progenitor cells was reported. Interestingly, work from Kim et al, has 

shown that PGE2 binding to the EP4 receptor can increase the transcription of YAP and CREB 
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pathway in order to increase epithelial regeneration following injury (Kim et al., 2017). 

Taken together, the studies highlight the importance of the Hippo signalling pathway in the 

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

The signalling pathways mentioned previously all play an essential role in regulating the rate 

of proliferation and differentiation of the intestinal epithelium. However, as such 

differentiated epithelial cells age there are shed into the lumen in a highly controlled 

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

Diagram summarising the activation of the downstream BMP signalling pathway. The binding of 

BMP induces the phosphorylation of BMPR1/2, Smad 1/5/8, which then form a Smad4-Smad1/5/8 

complex to translocate into the nucleus where it can activate its target genes. BMP expression 

gradually increases towards the top of the crypt, while Wnt signalling activity is highest at the base 

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

 Diagram summarising the activation of the downstream Hippo signalling pathway. Hippo 

activation, MST1/2 forms a complex with SAV1 resulting in the phosphorylation of LATS 1/2 

complex, which in turn phosphorylates and sequesters YAP1 for cytoplasmic degradation. In 

the Hippo signalling OFF state, YAP and TAZ is instead translocated into the nucleus to 

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



 45 

 

1.3.4 Epithelial cell shedding 

Following the proliferation and differentiation, the epithelial cell migrates progressively 

upwards until they are then shed into the lumen and the end of their life cycle. However, 

uniquely to the intestinal epithelium, the apoptotic cell is released from the epithelium 

while maintaining epithelial integrity. As epithelial integrity is maintained by a single-cell 

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

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

Lƴ ǘƘŜ мффлǎΣ aŀŘŀǊŀΩǎ ǿƻǊƪ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎ ŀǘ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ǎƳŀƭƭ 

ƛƴǘŜǎǘƛƴŀƭ Ǿƛƭƭƛ Ƴŀȅ ǳǘƛƭƛǎŜ ŀ ΨȊƛǇǇŜǊΩ ƭƛƪŜ Ƴƻǘƛƻƴ ǘƻ ŘŜǘŀŎƘ ƛǘǎŜƭŦ ŦǊƻƳ ǘƘŜ ŜǇƛǘƘŜƭƛǳƳ όaŀŘŀǊŀ 

JL., 1990). Here, the apoptotic cells, lose E-cadherin expression and redistributes the 

positioning of ZO-1, a tight junction protein towards the baso-lateral region of the crypt, 

while the neighbouring cells form tight junctions bonds underneath the shedding cell and 

proceeds to eject the shed cell out of the epithelial barrier, where the entire process was 

shown to take place within 5-10 minutes in the human small intestine (Figure 1.11A) 

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

Prior to the event of cell shedding, the mechanism of cell death, apoptosis, must be 

triggered, where apoptosis can either be triggered via an extrinsic or an intrinsic pathway 

(Jan and Chaudhry., 2019). The intrinsic pathway is commonly triggered by stress, hypoxia 

or DNA damage and other factors, which results in the activation of Bcl-2 family proteins 

BAX/BAK and permeabilisation of the outer mitochondrial membrane (MOMP) and 

subsequent release of cytochrome c. The combination of cytochrome c with Apaf-1 leads to 

the formation of apoptomsome and triggers the secretion of procaspase-9 and caspase 3 

signalling cascade. In contrast the extrinsic pathway utilises the activation of the death 

receptor, which can be triggered by external stimuli such as TNF-ʰΣ !thо[ ŀƴŘ ƻǘƘŜǊ ¢w!L[ǎ 

(TNF-related apoptosis-inducing ligands), in turn the intracellular domain, also known as the 

death-inducing signalling complex (DISC) is cleaved, releasing one of its partial components 

procaspase-8 which can then trigger the capsase-3 signalling pathway while also activating 

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

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

identified. Here, the tumor necrosis factor (TNF) superfamily was demonstrated to activate 
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the formation of intracellular necrosomes leading to the phosphorylation of PIP 

(phosphatidylinositol phosphates), which induce membrane permeabilisation and release 

AMPS, HSPs (heat shock proteins among other proteins to trigger a pro-inflammatory 

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

Endomicroscopy performed in patients with inflammatory bowel disease demonstrated that 

excessive epithelial shedding is likely a contributing factor in disease progression (Kiesslich 

et al., 2012; Nenci et al., 2007). In mice, the administration of TNF-ʰ resulted in an increase 

in epithelial permeability and barrier function, where mice deficient in IL-10, a residential 

macrophage secreted cytokine, also resulted in increased permeability and occurrence of 

spontaneous colitis, which could be alleviated by blocking of the zonulin receptor, thereby 

reducing epithelial cell shedding (Kiesslich et al., 2007; Arrieta et al., 2009). Crucially, a lack 

of epithelial barrier function in the sǘŜŀŘȅ ǎǘŀǘŜ Ƴŀȅ ƭŜŀŘ ǘƻ άƭŜŀƪƛƴƎέ ƻŦ ƭǳƳƛƴŀƭ ŎƻƴǘŜƴǘǎ 

into the lamina propria, which then triggers the activation of the intestinal innate immune 

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

A) Diagram summarising the process of epithelial cell shedding. a) The epithelial tight junctions are aligned and intact b) Basal adhesion proteins are 

disjoined while cell-cell tight junction proteins remain intact. c) Tight junction proteins are redistributed and d) neighbouring cells are linked beneath the 

shedding zone e) Tight junction proteins manoeuvre and direct the shedding zone out towards the lumen where f) the cell is shed into the lumen, while 

neighbouring cells of the epithelium maintain their barrier function (Adapted from Williams et al., 2015). B) Diagram summarising the process of both 

extrinsic and intrinsic apoptosis. The intrinsic pathway is commonly stimulated via stress, hypoxia or DNA damage which subsequently triggers the release 

of procaspase-9 and caspase3. The extrinsic pathway is triggered by external stimuli, leading to the release of procaspase-8 and subsequent activation of 

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

The intestinal epithelium and pathogen recognition: 

The large intestine is home to the largest microbiota population within the gastrointestinal 

tract (Guarner and Malagelada., 2003). Here commensal bacteria aid the metabolism of 

food and waste products. As only a single epithelial barrier offers protection to underlying 

lamina propria, the epithelial cells are naturally in contact bacteria and foreign pathogens 

which regularly breach the physical barrier leading to inflammation. For this reason, the 

intestinal epithelium has evolved and developed protective mechanism to efficiently deal 

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

Following a breach and malfunctioning epithelial barrier function, several innate immune 

cells including dendritic cells, macrophages and NK cells acts as the first responders and are 

activated by luminal insults and damage associated molecular patterns (DAMPS). These are 

detected by pattern recognition receptor patterns (PAMPS) on the immune cell surface, 

consequently leading to the downstream activation of the adaptive immune response 

(Magrone et al., 2013). The recognition of microorganism is mediated via a highly conserved 

pattern recognition receptors (PRR) on the surface of the epithelium and immune cells, 

which are able to recognise a number of bacterial signatures. Here ligand binding to the PRR 

initiates a downstream signalling cascade and subsequent upregulation of pro-inflammatory 

transcription genes. Such pathogen associated molecular patterns can also be recognised by 

underlying antigen presenting cells such as macrophages and dendritic cells, where both act 

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

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

able to respond to varying pathogenic ligands (Bilack B., 2006). Here, a TLRs such as 

TLR1,2,4,5 and 6 can all recognise a number of microbial components on the cell surface 

such as LPS, flagellin and di/tri-acyl tripeptides, whereas TLR3,7 and 9 recognise single, 

double and CpG DNA strands (Takeda and Akira., 2005). During inflammatory bowel 

diseases such as CD and UC, the innate immune response becomes dysfunctional and an 

excessive immune response is triggered, subsequently leading to the influx of macrophages 

cƻƳƳƻƴƭȅ ƭƻŎŀƭƛǎŜŘ ōŜƴŜŀǘƘ ǘƘŜ ƛƴǘŜǎǘƛƴŀƭ ŎǊȅǇǘǎΦ 5ǳŜ ǘƻ ǘƘŜ ƳŀŎǊƻǇƘŀƎŜΩǎ ƳŀƭƭŜŀōƭŜ 
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nature, its exact functional role in both homeostasis and inflammatory conditions has not 

been extensively studied. Intestinal tissue-resident macrophages have evolved and adapted 

ǘƻ ǘƘŜ ƛƴǘŜǎǘƛƴŜΩǎ ƳƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘ ƛƴ ƻǊŘŜǊ ǘƻ ŎƻǇŜ ǿƛǘƘ ǘƘŜ ƛƴŎǊŜŀǎƛƴƎ ǎǘƛƳǳƭƛ ŀǊƛǎƛƴƎ ŦǊƻƳ 

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

 Like its namesake suggests macrophages (Greek: macro=large, phage=eat), the recognition 

of microbial antigen leads to the phagocytosis of the threat while simultaneously inducing a 

pro-inflammatory and highly bactericidal response where homeostasis can be rapidly re-

established, however this response has been dampened in intestinal macrophages in order 

to prevent an excessive immune response which could potentially cause chronic 

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

Similarly, to a select few intestinal epithelial cells, the intestinal innate immune system 

relies on pathogen associated pattern receptors such as Toll-like receptors and NOD like 

receptor in order to recognise commensal and pathogenic microbes (Allaire et al., 2018). 

Intestinal macrophages in particular were shown to express Toll-like receptor 3-9 and 

TREM2 among others, however expression of Myd88 and NOD2 were shown to be 

downregulated, allowing tissue-resident macrophages to carry out phagocytic tasks in in a 

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

The Toll-like receptor 4 is predominantly active in macrophages and is essential for the 

recognition of LPS and can utilise both the TRIF and Myd88 signalling cascade (Butcher et 

al., 2018). Intracellularly, the stimulation of TLRs, leads to the activation of the canonical 

adaptor protein MyD88, which leads to the downstream upregulation of the transcription 

factor NF-k  ̡and the induction of pro-inflammatory cytokines such as TNF-  hand IL1-  ̡

among others (Hooper et al. 2014). Myd88 dependent TLR recognition can also severely 

affect mechanisms of phagocytosis in macrophages, where the ablation of TLR2 and 4 

caused an impairment in the effective removal of Escherichia coli and Salmonella 

typhimurim (Blander et al., 2014). Another PRR family are nucleotide-binding 

oligomerisation domain-like receptor (NLR), where NOD1 and NOD2 are localised within the 

cytoplasm. Interestingly, the stimulation of both TLR and NOD enhances the phagocytic 

activity of macrophages in vitro, while studies have shown that polymorphism in NOD2 

protein ŜȄǇǊŜǎǎƛƻƴ ŀǊŜ ƘŜŀǾƛƭȅ ƭƛƴƪŜŘ ǿƛǘƘ ŀ ƘƛƎƘ Ǌƛǎƪ ƻŦ /ǊƻƘƴΩǎ ŘƛǎŜŀǎŜ όIŜŘƭ Ŝǘ ŀƭΦΣ нллт; 

(Zhou et al., 2019). 
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To understand how the function of the innate immune system in the large intestine may 

differ during homeostasis versus injury, it is important to understand the ontogeny of innate 

immune cells, specifically, the role of the most abundant colonic immune cell population, 

the macrophage (Jones et al., 2018).  

1.4.1 Monocyte education:  

The origins of intestine-resident macrophages have long been debated. In the liver, heart 

and lung, tissue-resident macrophages have been confirmed to migrate from the yolk-sac at 

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

Initial studies have affirmed that haematopoietic stem cells, initially present within the 

bone-marrow can differentiate into either common myeloid or common lymphoid 

progenitors depending on the presence of various cytokines such as M-CSF,IL-6, IL-6 or IL-2, 

IL-7 or IL-12, respectively (Seita and Weissmann., 2010). . Such myeloid progenitors are then 

further differentiated into either erythrocytes, thrombocytes and crucially via the aid of 

GM-CSF myeloblasts, where myeloblasts are finally capable of differentiating into basophils, 

neutrophils, eosinophils or monocytes, where the presence of M-CSF is crucial for the 

development of the monocyte phenotype (Lim et al., 2013). This process of differentiation is 

summarised in Figure 1.12.  

Elegant fate-mapping techniques applied by De Schepper et al, have identified a sub-

population of self-maintaining macrophages (gMac) which are derived from embryonic 

precursors and are then placed in the underlying intestinal lamina propria. Interestingly 

however following the depletion of such gMacs with diptheria-toxin the residential 

population was re-established by bone-marrow derived macrophages instead (De Schepper 

Ŝǘ ŀƭΦΣ нлмуύΦ ¦ƴƛǉǳŜƭȅ ǘƻ ǘƘŜ ƛƴǘŜǎǘƛƴŜΣ .ŀƛƴ Ŝǘ ŀƭΩǎ ǎǘǳŘƛŜǎ ƘŀǾŜ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ 

circulating monocytes constitutively migrate into the intestinal mucosa where they are then 

educated towards a mature macrophage phenotype (Bain et al., 2014). Indeed, Shaw et al 

confirmed that both yolk-sac derived, and bone-marrow derived macrophages co-exist 

within the lamina propria, however whether either sub-populaǘƛƻƴΩǎ ŦǳƴŎǘƛƻƴǎ ŘƛŦŦŜǊ in vivo 

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

A study from Wolf et al, recently revealed the existence of two independent pathways of 

monopoiesis in homeostasis. Monocytes can be derived from GMPs (granulocyte-

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

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

The Ly6C is a cell surface marker has been acknowledged as a robust marker for circulatory 

monocytes and MHC-2 were usually associated with antigen-presenting cells such as 

macrophages and dendritic cells where their role was to bind to pathogenic antigen in order 

to display them on the surface of the immune cells, later to be identified by T-cells, 

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

al., 2019). 

As mentioned above, the intestinal macrophage population is continuously replenished by 

an influx of monocyte in homeostasis and a high abundance of intestinal macrophages 

resides in the underlying lamina propria of the colonic epithelium where the play a number 

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

Following 2-3 weeks after birth an influx of Ly6C+, CCR2+ monocytes cause a significant 

increase in residential macrophage numbers (Wolf et al., 2019; Geismann et al., 2003). In 

order for Ly6C+ blood circulating monocytes to enter the intestinal lamina propria, the 

expression of the chemokine receptor, CCR2 is crucial for entry into the tissue. In CCR2 

deficient mice, where monocytes were unable to enter the lamina propria (Serbina and 

Palmer., 2006). Unlike other tissues in adult mice, it was noted that monocytes are not only 

recruited to the intestinal mucosa during inflammation but are also constitutively migrating 

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

The gradual education of monocytes towards a macrophage phenotype has been coined the 

ΨƳƻƴƻŎȅǘŜ-ǿŀǘŜǊŦŀƭƭΩ ǇŀǘƘǿŀȅΦ IŜǊŜ //wнhigh, Ly6Chigh, MHCIIlow, CX3CR1low monocytes 

gradually gain the cell surface marker MHCII and finally morph into F4/80high, CD64high, 

MHCIIhigh, CX3CR1high and Ly6Clow macrophages (Tamoutounour et al., 2012). Due to the high 

plasticity of macrophages, studies over the past two decades have demonstrated that only a 

combination of cell surface markers allows the positive identification of murine 

macrophages (Figure 1.14). 

The expression of F4/80 was initially established to be a unique murine macrophage marker, 

where studies have suggested that such cells were capable of TNF- ,h IL-12 and IFN-  ɹ

ǇǊƻŘǳŎǘƛƻƴ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ƳƛŎǊƻōƛŀƭ ƛƴǎǳƭǘǎΣ ƘƻǿŜǾŜǊ aƻǿŀǘǘΩǎ ǿƻǊƪ ƭŀǘŜǊ ŀƭǎƻ Ŏƻnfirmed 
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that mucosal eosinophils also express Cd11+ and F4/80 markers in vivo thus requiring 

further cell surface marker characterisation. (Warschkau and Kiderlen., 1999; Mowatt and 

Bain., 2011). 

As both dendritic cells and macrophages are considered antigen presenting cells (APC) 

where they may share similar functional roles, studies needed to distinguish between either 

population. Work from Tamoutonour et al, has shown that the Fc ɹreceptor CD64 is only 

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

et al., 2013). Another commonly expressed macrophage marker is the fractalkine receptor, 

CX3CR1. As reviewed by Regoli et al., CX3CR1 expressing macrophages are involved in 

functions ranging from gut antigen sampling to wound repair and were most importantly 

shown to be highly phagocytic (Regoli et al., 2017; Burgess et al., 2019). Surprisingly it was 

found that CX3CR1 positive cells have a short half-ƭƛŦŜ ƻŦ о ǿŜŜƪǎ ŀŦǘŜǊ ǿƘƛŎƘ ǘƘŜȅΩƭƭ ƴŜŜŘ ǘƻ 

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

Conclusively, the combination of the aforementioned markers can then be used to 

positively identify a macrophage population both in vivo and in vitro. (Zigmond et al.2012; 

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

The differentiation from a haematopoietic stem cell towards a monocyte and subsequent 

macrophage phenotype in a steady state heavily depends on the environmental presence of 

the macrophage colony stimulating factor (M-CSF) (Figure 1.12A) (Pixley J., 2012). Very early 

research has shown that macrophages are able to form colonies in the presence of CSF-

1/M-/{C ό{ǘŀƴƭŜȅ Ŝǘ ŀƭΦΣ мфтуΤ DǳƛƭōŜǊǘ җŀƴŘ {ǘŀƴƭŜȅΦΣ мфулύΦ Although HSC (hamatopoietic 

stem cells) express low levels of M-CSF, increased levels are found in both monocytes and 

macrophages. Here M-CSF, a myeloid cytokine can directly up-regulate the PU.1 

transcription factor and initiate a myeloid cell development within HSCs (Mossadegh-Keller 

et al., 2013). M-CSF stimulation leads to the phosphorylation of tyrosine residues and 

activation of the MAPK pathway which subsequently activate the p38 pathway, commonly 

associated with the production of pro-inflammatory cytokines such as IL-мʲΣ ¢bC-ʰ ŀƴŘ L[-6 

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

The central role of M-CSF in macrophage differentiation was highlighted by a number of 

studies in which the depletion of the csfr1 gene in mice led to a deficiency in macrophage 

numbers. Similarly, direct blocking of anti-CSF1R also led to the complete ablation of tissue-
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resident macrophages in vivo (Dai et al., 2002; MacDonald et al., 2010). Intriguingly, further 

research by Sehgal et al, has shown that M-CSF null mice and anti-CSFR antibody showed a 

reduction in macrophage numbers but also reduced Paneth and Lgr5+ intestinal stem cell 

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

While monocyte to macrophage differentiation relies on the presence of various cytokines 

and chemokines, the macrophage phenotype and function can also be significantly altered 

by lamina-propria derived cells and their secretory products as revealed in the upcoming 

section (Mills et al., 2000; Italiani and Boraschi., 2014).  
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Figure 1.12: The process of monocyte differentiation in the bone-marrow 

Diagram showing A) various differentiation pathways of haematopoietic stem cell, where a monocytic phenotype can be derived in the continuous 

presence of GM-CSF (granulocyte/macrophage- colony stimulating factor) and B) the independent pathways of myeloid differentiation, where they can be 

derived from granulocyte-macrophage progenitors (GMPS) shown in red or via the monocyte-dendritic cell (MDP) pathway, shown in blue (Adapted from 

Wolf et al., 2019).  
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Figure 1.13:The monocyte-waterfall differentiation pathway 

Diagram highlighting the process of intestinal monocyte differentiation towards a macture 

macrophage phenotype. In vivo, Ly6C+, MHC2-, CX3CR1-low monocytes arrive in the lamina propria 

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

LY6C expression in mice (Bain and Schridde., 2018). 
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Figure 14:Phenotypic cell surface marker expression of tissue-resident monocytes and 

macrophages 

Figure highlighting the differential markers expressed in intestinal tissue-resident monocytes and 

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

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

In 2000, Mills et al, have made the observation that macrophages respond differentially to 

stimuli from either Th1 or Th2 cells (Mills et al., 2000). Whereas Th1 cells stimulated a pro-

inflammatory cytokine response in which production of IFN- ,ɹ TNF-  his upregulated, the Th2 

cells induce the upregulated secretion of IL-4 and Il-13 (Berger A., 2000). aƛƭƭΩǎ ǿƻǊƪ 

demonstrated that mice with a Th1 cytokine profile were more likely to produce 

macrophages producing nitric oxide (NO) in comparison to Th2 strains, where arginine was 

metabolised to produce ornithine instead. These two differing macrophage subtypes have 

been coined as inflammatory M1 and homeostatic M2 macrophages (Mills et al., 2000). 

Furthermore, following its activation, both M1 and M2 macrophages were also shown to 

respond differentially to LPS stimulation, where M2 macrophages continually produce 

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

The functions of both M1 and M2 macrophages have been shown to differ significantly 

(Orecchioni et al., 2019). Following activation via Th1 derived secretory factors (IFN-ʴύ, M1 

macrophages produce inflammatory cytokines such as TNF- ,h IL-1 ,̡ IL-6 and nitric oxide in a 

bid to rapidly alleviate acute inflammation (Figure 1.16). (Martinez et al., 2006).  IFN-  ɹthe 

main cytokine associated with M1 activation as it is recognised as the major Th1 cytokine 

product (Mantovani et al., 2004). Expression of IFN-g then triggers the downstream 

activation of Jak1/2 which activate STAT1 leading to an increase of cell adhesion molecules 

and upregulation of cytokine receptor expression of IL6R, IL2RA among others in human 

(Martinez et al., 2006). 

The Toll-like receptor 4 (TLR4) was shown to recognise LPS stimulation, leading to the 

activation of Myd88 and consequently upregulating production of TNF- ,h IL-6 and IL-1  ̡and 

MHC2. (Takeda and Akira., 2004). Notably by way of upregulated Traf2 and Tnfaip3I 

expression, M1 activated macrophages and can also induce the release of inflammatory 

cytokines via the activation of transcription factor Nf-kb in response to LPS and IFN to 

regulate the innate immune response (Jin et al., 2015). In contrast M2 macrophages driven 

by Th2-derived secretory factors trough STAT6 activation (IL-13, IL-4), exhibit anti-

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

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

leads to the activation of the Jak1 and Jak3 further causing the activation of STAT6 
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(Martinez et al., 2013; Lian et al., 2012). Although IL-4 knockout mice did not show any 

macrophage depletion, tissue-resident macrophages were unable to respond and 

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

The C-type Mannose receptor (CD206) was shown to be upregulated in M2 macrophages 

and tissue resident macrophage where ƛǘΩǎ postulated to increase the phagocytic capacity in 

vivo (P.J Murray et al, 2014). The phagocytosis of apoptotic cells and cell debris can then 

enhance the anti-inflammatory functions of the M2 macrophages by inducing increased IL-

10 production (Piraghai et al., 2018). Although M1 macrophages mediate the early 

inflammatory response, they can undergo phenotypical changes over time to assist wound 

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

2015).  

Over the years, several studies have attempted to understand the functional roles both M1 

and M2 macrophages play in an in vivo environment where they have revealed some of 

their differential effects in the steady state versus inflammation (Ginhoux & Jung., 2014; 

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

Diagram showing the presence of intestinal macrophages in in A) intestinal homeostasis B) bacteria-induced inflammation and C) parasite-induced 

inflammation, here CX3CR1+ macrophages are present during homeostasis, M1 macrophages are activated by the presence of Th1-mediated secretion of 

LCɿ-ʴ ŀƴŘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ¢Ƙ-2 cells during parasitic infections results in the recruitment of M2 macrophages.
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Figure 1.16Υ ¢ƘŜ ΨǇǊƻ-ƛƴŦƭŀƳƳŀǘƻǊȅΩ aм ŀƴŘ Ψŀƴǘƛ-ƛƴŦƭŀƳƳŀǘƻǊȅΩ aн ƳŀŎǊƻǇƘŀƎŜ ǇƘŜƴƻǘȅǇŜ 

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

M1 and M2 macrophages (Adapted from Hesketh et al., 2017).
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1.4.3 Macrophages in intestinal inflammation and disease 

Intestinal homeostasis heavily relies on the presence of intestinal macrophages; thus its 

dysregulation can result in the loss of tolerance towards commensal bacteria, consequently 

causing inflammation in the underlying mucosa. The cause of chronic inflammation is 

commonly initiated by the failure to resolve acute inflammation within the tissue, likely due 

to a dysregulated mechanism within the innate and adaptative immune response. During 

ƛƴŦƭŀƳƳŀǘƻǊȅ ōƻǿŜƭ ŘƛǎŜŀǎŜǎ ǎǳŎƘ ŀǎ /ǊƻƘƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ ǳƭŎŜǊŀǘƛǾŜ Ŏolitis an aberrant 

influx of macrophages is found within the intestinal mucosa and increased lesion severity in 

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

As previously mentioned, macrophages can be easily influenced by the environmental cues 

within the lamina propria. Naturally, the injury induced dysregulation of the lamina propria 

also affects the function of residential and newly recruited macrophages. Initially, 

inflammation causes an influx of monocytes towards the site of injury. Similarly, to the 

steady state, the chemoattractant CCR2 plays an essential role in the recruitment of 

monocytes into the tissue and is also upregulated during inflammation. Failure to enter the 

lamina propria exacerbates the effects of colitis in CCR2 depleted mice in vivo (Platt et al., 

2010). Whereas CX3CR1+ macrophages maintain their tolerance for microbial pathogens 

and continually produce anti-inflammatory cytokines such as IL-10, newly extravasated 

monocytes were shown induce the secretion of pro-inflammatory cytokines such as IL-1ʲ 

and TNF-  hŀǎ ǿŜƭƭ ŀǎ ƛbh{Φ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ ΨƛƴŦƭŀƳƳŀǘƻǊȅΩ /·о/wмint monocytes 

outnumber residential CX3CR1 macrophages by 10:1. Due to its bactericidal and 

inflammatory nature, these CCR2+, CX3CR1int are also thought to drive inflammation. 

Microarray analysis of the CX3CR1intLy6Chigh macrophages have shown that the PRR 

signalling pathways NOD1,2 and TLR2 were upregulated in response to LPS stimulation 

resulting in the production of the inflammatory cytokine IL-6 in vivo With time, such pro-

inflammatory monocytes differentiate into MHC2high, CD11chigh cells with the ability to 

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

A number of studies have delineated some of the environmental cues that can affect the 

macrophage function and phenotype over the years. The anti-inflammatory cytokine plays 

an important role in regulating the intestinal immune response and are essential in 
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macrophage regulation. This was demonstrated by Zigmond et al in 2014, where the 

knockout of IL-10 in in vivo mice induced spontaneous colitis (Zigmond et al., 2014). Later 

work also showed that the absence of IL-10 led to decreased mitochondrial damage and 

dysregulation of PRR recognition, subsequently leading to the increased expression of the 

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

Similarly, TGF-ʲ is another anti-inflammatory cytokine which is pre-dominantly produced by 

residential M2-like macrophages and is considered to be an immunosuppressant (Zizzo et 

al., 2012). Furthermore, Schridde et al work also suggests can regulate macrophage 

numbers by dampening the expression of monocytes via the inhibition of CCL8 in colonic 

macrophages and depletion of the TGF-  ̡receptor reduces the production of both TNF and 

IL-10 (Schridde et al., 2017). 

 

1.4.4 Macrophages role in tissue repair 

The macrophage localised early on in inflammation are functionally distinct compared to 

those present during tissue resolution.  Initial injury to the tissue is often resolved by the 

influx of granulocytes such as neutrophils and mononuclear phagocytes. The mechanism of 

granulocyte recruitment relies on the release of chemoattractant by platelets. Incoming 

neutrophils then produce reactive oxygen species and proteases. Crucially, following the 

end of its assignment, the neutrophils then apoptoǎŜ ŀƴŘ ǊŜƭŜŀǎŜ ΨŦƛƴŘ-ƳŜΩ ŀƴŘ ΨŜŀǘ-ƳŜΩ 

signals which are recognised by the newly arrived macrophages. As an inflammatory setting 

generates a M1 macrophage phenotype, the efferocytosis of apoptotic neutrophils results in 

switch towards the M2-like phenotype which can then aid epithelial wound repair (Martinez 

and Gordon, 2014). However, in chronic inflammation, this process is impaired and M1 

macrophages remain in their pro-inflammatory state, where consequently inflammatory 

cytokine expression such as TNF, IL-м ̡and iNOS remain further damaging the tissue 

(Hesketh et al., 2017).  
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A number of mediating factors have been recognised, which can influence the tissue repair 

in vivo. Whereas more M1 macrophages are present in the early inflammatory phase, M2 

macrophages are predominantly present in the latter stages of wound repair (Daley et al., 

2009).  

In the colon, IL-1 expression was shown to play a role in mediating inflammation. Here the 

IL-1 precursor mainly expressed by intestinal epithelial cells expressed in the steady state 

and is translocated to the nucleus following inflammatory stimuli, the secretion of which 

then leads to the recruitment of neutrophils. Juxtaposing this, the myeloid-cell derived IL-1  ̡

expression was observed in the latter stages of wound repair, where it is able to promote 

vascularisation, IL-1ʲ deficiency can lead to impaired repair, increased colon permeability 

and crypt proliferation in DSS induced mice in vivo (Bersudsky et al., 2013; McEntee et al., 

2019).  As Wilkinson et al have highlighted, iron may also play a regulatory role in the 

polarisation of M1 macrophages towards a homeostatic M2 macrophage state, which are 

able to aid the latter stages of wound healing. This was also confirmed in another study 

where, iron loading led to an increase in pro-inflammatory M1-like expression in vitro. 

(Wilkinson et al. 2019).  

The metabolism of iron also differs in M1 macrophages compared to its M2 counterpart. M1 

macrophage store iron intracellularly via ferritin, whereas M2 macrophage release iron 

extracellularly via ferroportin. This correlates with findings in chronically inflamed intestinal 

tissue where iron loaded M1 macrophages were present (Sindrilaru et al., 2011).  Recently, 

the collagen triple helix repeat containing 1 protein (CTHRC1) was also shown to aid wound 

repair in the epidermis of mice. The presence of CTHRC1 resulted in an increase of M2 

macrophages and was shown to involve the Notch pathway, where the inhibition of Notch 

led to the decreased M2 macrophage presence in epidermal cell lines in vitro (Qin et al., 

2019; Xia et al., 2021). 

Several studies have identified TGF-ʲ ŀǎ ŀƴƻǘƘŜǊ ŦŀŎǘƻǊ ǊŜǉǳƛǊŜŘ ŦƻǊ ǇǊƻƎǊŜǎǎƛǾŜ ǿƻǳƴŘ 

repair. This was shown previously where germ-free mice deficient in TGF-ʲм ŀ ƴǳƳōŜǊ ƻŦ 

inflammatory colonic lesions were found (Shull et al., 1992). In skin wound experiments, 

where macrophages were depleted, a decreased in TGF-ʲ ŀƴŘ ±9DC ǿŀǎ ŀƭǎƻ ŦƻǳƴŘ ό[ǳŎŀǎ 

et al., 2010).  TGF-ʲ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ also high in IBD patients, likely in order to counteract 

inflammation within the tissue (Ihara et al., 2017).  Notably, in CX3CR1 knockout wound 
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healing was also impaired and resulted in a decrease in TGF-ʲΣ ǘƘǳǎ ƛƴŘƛŎŀǘƛƴƎ ƳŀŎǊƻǇƘŀƎŜ 

derived TGF-ʲ Ǉƭŀȅ ŀ ǊƻƭŜ ƛƴ ŀƛŘƛƴƎ ǘƛǎǎǳŜ ǊŜǇŀƛǊ όLǎƘƛŘŀ Ŝǘ ŀƭΦ нллуύΦ  

In a tumorigenic environment, tumour associated macrophages produce large amounts of 

TGF-ʲ ƛƴ ƻǊŘŜǊ ǘƻ ǎǳǇǇƻǊǘ ǘǳƳƻǳǊ ƎǊƻǿǘƘ ŀƴŘ ƳŜǘŀǎǘŀǎƛǎΦ  Zhang et al, later revealed that 

TGF-ʲ ƛǎ ŀƭso essential for the polarisation of M2 macrophages via the transcription SNAIL 

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

1.4.5 Luminal sampling of macrophages 

Seminal work in 2004, has shown that CX3CR1+ macrophages are able to sample luminal 

antigens by extending processes between epithelial cells (Chieppa et al., 2006; Rescigno et 

al., 2008). The presence of such mucosal-sampling macrophages is heavily CX3CR1 

dependent as its removal can lead to decrease in mucosal macrophages (Medina-Contreras 

et al., 2011). Within the steady-state of the mucosa, macrophages can be exposed to a 

number of stimuli, which cause the release of cytokines such as TNF- ,h IL-6 and IL-10 among 

others. (Duque et al., 2014). Intestinal macrophages also play a role in the differentiation of 

CD4+ T cells into FoxP3+ regulatory T-cells, where the number of intestinal macrophages 

were proportional to Treg numbers (Denning et al., 2007; Denning et al., 2011). Here, 

macrophage mediated IL-10 secretion is essential for the maintenance of FoxP3+ T-cell 

expression where IL-10 knockout in mice led to spontaneous inflammation (Murai et al., 

2009). As mentioned previously, dendritic cells were able to process IgGA samples from the 

luminal side via goblet cells, in a similar fashion CX3CR1+ macrophages have also been 

shown to send out protrusion into the lumen in order to capture antigen samples (Chieppa 

Ŝǘ ŀƭΦΣ нллсύΣ ƘƛƎƘƭƛƎƘǘƛƴƎ ǘƘŜ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƻŦ !t/Ωǎ ǿƛǘƘƛƴ ǘƘŜ ƛƴǘŜǎǘƛƴŀƭ ǘƛǎǎǳŜΦ 

1.4.6 Intestinal epithelial pathogen recognition: 

Like immune cells, intestinal epithelial cells are also able to sense microbial pattern via the 

help of TLRs and NLRs (Ronald and Beutler., 2010). Among those, TLR4 was shown to play a 

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

Bacterial components such as LPS and flagellin can bind to TLR4, which then induces the 

expression of CXCL1, a chemoattracts subsequently recruiting antigen-presenting 

macrophages and dendritic cells towards the crypt base (Brandl et al., 2010). Furthermore, 

TLR4 was also shwown to induce proliferation within human intestinal cells via EGF ligand 

(Hsu et al., 2010, Brand et al., 2010). 
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The nucleotide-binding oligomerisation domain-like receptor (NLR) is another PAMP which 

activates downstream signalling of NF-kB via NOD1 and NOD2 and activates an 

inflammatory signalling pathway (Alam et al., 2013). The importance of NOD1 and NOD2 in 

regulating the intestinal immune response was evident in depletion experiments where an 

increased susceptibility to TNBS-induced colitis was found due to the increasing build-up of 

bacterial burden in vivo (Sidiq et al., 2016).   Furthermore, nod-like receptors (NLRs) also 

participate in the clearance of parasites via the secretion of IL-25 which promotes the 

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

The role MyD88 plays in regulating an innate immune response was widely studied. 

LƴǘŜǊŜǎǘƛƴƎƭȅΣ {ƪƻŎȊŜƪ Ŝǘ ŀƭΩǎ ǿƻǊƪ ǿƛǘƘ aȅ5уу ŘŜŦƛŎƛŜƴǘ ƳƛŎŜ ǎƘƻǿŜŘ ǘƘŀǘ ǳƴƭƛƪŜ ǿƛƭŘ-type 

mice, exposure to LPS showed no increases in epithelial proliferation. Similarly, other 

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

repair (Pull et al., 2005; Rakoff-Nahdum et al., 2004).  

While the innate immune system is considered the first responder to acute inflammatory 

infection and damage, the intestine also relies on a secondary immune response, the 

adaptive immune system, to ensure that repetitive threats from a reoccurring pathogen are 

rapidly and efficiently eliminated (Spencer and Solid., 2016).  

 

 

 

 

 

 

 

 

 



 68 

1.5 Adaptive immunity:  

The intestinal innate immune system works in close association with the adaptive immune 

system which mounts a rapid and more pathogen-specific secondary immune response 

upon recognition of previously encountered pathogens. Here, the two major players of the 

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

The adaptive immune system is initiated by nearby antigen-presenting cells (APC), including 

macrophages and dendritic cells, which present the previously engulfed and processed 

foreign antigen towards the T cells. In some instances, CX3CR1+ macrophages are also able 

to transfer to dendritic cells which due to their ability to translocate to the interfollicular 

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

T-helper cells play an essential role in activating other cells within the immune system and 

thereby indirectly regulate B-cell specific antibody secretion.  Early work from Boom and 

colleagues in 1988, have identified the presence of distinct CD4+ T-cell lineages, where a 

Th1 cell response was induced by the presence of pathogenic bacteria and Th2 cells were 

present during parasitic infections (Boom et al., 1988). Later studies then also confirmed the 

presence of IL-17-producing Th17 cells.  (Ivanov et al., 2008). Both, Th1 and Th2, subsets 

could also be differentiated via their secretory products, were Th1 cells produced IFN-ʴ ŀƴŘ 

IL-2 whereas Th2 cells largely produced anti-inflammatory cytokines such as IL-4 and IL-13 

and IL-10 (Szabo et al., 2000; Bonechhi et al., 1998). Dysregulation in the T-cell response can 

lead to chronic inflammatory bowel disease. Early work from Neurath et al, suggested that 

IFN-ʴ ŘŜŦƛŎƛŜƴǘ mice, alleviated the symptoms of CD in vivo, possibly highlighting the role 

Th1-cells play in disease progression (Neurath et al., 2002). However, this is in stark contrast 

to UC patients, where Th2 cells were present and IFN-ʴ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ƴƻǘ ŜƭŜǾŀǘŜŘ 

(Romagnani S.,1999). In the presence of such activated T cells, naive B-cells differentiate 

into IgGA+ B-cells, where the production of IgGA aids as a protective barrier between the 

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

During intestinal homeostasis, regulatory T cells are commonly presented in the lamina 

propria, where they can suppress inflammation and maintain tolerance against commensal 

bacteria via the production of IL-10 and TGF-ʲ ό/ƻǎƻǾŀƴǳ and Neuman., 2020). In the steady 

state, CD11b+ macrophages ensure FoxP3+ T-reg cells are persisent in the mucosa via the 

secretion of IL-10 (Murai et al., 2009). This in turn prompts FoxP3+ T-reg cells to inhibit the 
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production of pro-inflammatory cytokines (Tiemessen et al., 2007; Okeke and Uzonna., 

2019). Additionally. FoxP3+ Treg cells also contribute to bacterial clearance where its 

secretion of IL-13, triggers an increase in phagocytic activity in macrophages (Proto et al., 

2018). 

Overall, in vivo studies highlighted in the previous sections have shown that intestinal 

macrophages can significantly affect intestinal tissue repair and the resolution of 

inflammation during homeostasis and inflammation, however it is currently not known 

whether differential macrophage phenotypes such as the M1 or M2 macrophage population 

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

1.6 Inflammatory bowel disease and Intestinal Inflammation 

Chronic inflammation is defined as the inability for a tissue to resolve acute inflammation. 

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

ƎŀǎǘǊƻƛƴǘŜǎǘƛƴŀƭ ǘǊŀŎǘΣ ǿƘŜǊŜ /ǊƻƘƴΩǎ ŘƛǎŜŀǎŜ ό/5ύ ŀƴŘ ǳƭŎŜǊŀǘƛǾŜ Ŏƻƭƛǘƛǎ ό¦/ύ ŀǊŜ ǘƘŜ ǘǿƻ 

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

In the UK, over 250,000 people are diagnosed with IBD each year, while over 1.5 million 

incidences have been reported in North America alone and although prevalence is generally 

high in western countries, its occurrence has also significantly increased in Asia and Africa, 

possibly due to an increase in urbanisation (Pasvol et al., 2020; Ahuja et al., 2010). The 

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

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

!ƭǘƘƻǳƎƘ /ǊƻƘƴΩǎ ŘƛǎŜŀǎe shares some pathogenic features with ulcerative colitis some 

distinct differences exist. Whereas inflammation in CD can affect any region of the bowel 

including the colon, UC is restricted to the colorectum, where it most commonly affects the 

rectal mucosa and spreads towards the proximal regions of the colon. Crucially, UC only 

affect the innermost layers of the colon, while CD can affect all regions of the bowel 

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

Currently, only smoking cigarettes and appendectomies are clearly linked to an increased 

susceptibility to IBD. However, over time, a combination of factors have shown to increase 

the patients susceptibility to UC and CD including alterations in the patients microbiome, 

genetic factors, alteration in epithelial barrier function and immune response (Ramos and 
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Papadkis., 2020). For example, 5-10% of all IBD patients have affected family members, 

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

which can contribute to disease progression (Binder et al., 1998; Liu et al., 2015). In total, 53 

gene loci have been identified, in which 23 and 30 loci are specific to UC and CD, 

respectively. Early research has found that the mutations in the NOD2 gene are crucial for 

the regulation of the T-cell response. NOD2 is an intracellular sensor of MDPs and defects in 

NOD2 expression can severely affect microbial sensing and defective processing of bacteria 

(Nabhani et al., 2017). Triggering NOD2 results in the activation of the downstream target 

NF-ˁ.Σ ǘƘŜǊŜōȅ ƛƴŘǳŎƛƴƎ ǘƘŜ ǎŜŎǊŜǘƛƻƴ ƻŦ ¢bC-ʰ ŀƴŘ L[-мʲΣ ǿƘƛŎƘ ŘƛǊŜŎǘƭȅ ŎƻƴǘǊƛōǳǘŜ ǘƻ 

ŜǇƛǘƘŜƭƛŀƭ ƛƴƧǳǊȅΦ ¢ƘŜ ƎŜƴŜ ƭƻŎƛΩǎ NOD2 and PTPN2 ŀǊŜ ōƻǘƘ ǎǘǊƻƴƎƭȅ ƭƛƴƪŜŘ ǿƛǘƘ /ǊƻƘƴΩǎ 

disease, however the opposite was true for UC, where both genes exhibit a protective 

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

with IL23R, JAK2 and STAT3 gene, where genetic mutations could directly affect the 

recruitment of pro-inflammatory Th17 cells (Anderson et al.,2011; Brand et al., 2009). 

Interestingly, such susceptibility loci have also been shown to be linked with the regulation 

of macrophage differentiation (Baille et al., 2017). Other risk loci such as ECM1, HNF4A, 

CDH1 and LAMB1 have also been associated with an impaired epithelial barrier function, 

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

As the intestine is colonised by a microbiome which co-exist in a symbiotic relationship, 

changes in the microbiome diversity can also contribute to IBD pathogenesis (Khosravi et al., 

2014). Significantly, in the small intestine, the diversity of Bacteriodetes and Firmicutes 

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

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

In homeostasis, the mucous layer is around 700µm thick, largely composed of Muc-2, on the 

surface of the epithelium and can undergo hydration, mix with IgG and other antimicrobial 

peptides to reduces the likelihood of microbe-epithelial contact (Johansson et al., 2014; 

Johansson and Hanson., 2013).However in chronic inflammatory diseases, the inner 

mucosal layers are often defective in patients with IBD, partly caused by the reduced 

presence of goblet cells within the epithelia, which in turn further irritates the colonic tissue 

(Gersemann et al., 2009).  
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In the steady state, following acute injury commonly initiated by a breach in the epithelium, 

neutrophils are recruited to the site of inflammation and are later removed by incoming 

macrophages via phagocytosis in a hyporesponsive manner, however under chronic 

conditions, neutrophils survival is upregulated and exacerbate inflammation through the 

release of various pro-inflammatory cytokines, causing further tissue damage as 

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

In the inflamed colon of patients with IBD, CD14+ monocyte migration to the lamina propria 

is increased, consequently lading to the differentiation and accumulation of CD11c+ pro-

inflammatory macrophages (Kamada et al., 2008; Ogino et al., 2013). Furthermore, 

macrophages in IBD patients also displayed the ability to induce an abnormally high 

expansion of inflammatory Th17 cells, where their production of pro-inflammatory 

cytokines such as IL-17, TNF-  hamong others, escalate inflammation, indirectly causing 

further tissue damage (Ogino et al., 2013; Tesmer et al., 2008). When CD68+ (a phagocytic 

marker) macrophage numbers in IBD patients were analysed, it was found that large 

segments within the inflamed tissue contained lower or no CD68+ macrophages, the lack of 

macrophage presence within the inflamed tissue thereby highlighting the importance this 

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

Interestingly, Chapuy et al., showed that the frequency of immature inflammatory 

macrophages present in the colonic mucosa of IBD patients is significantly higher compared 

to the steady state while GM-CSF, a crucial factor required for the differentiation and 

maturation of macrophages is also unregulated during IBD (Lacey et al., 2012).  A few 

studies have established that macrophage numbers are increased in the lamina propria in 

IBD patients, where an upregulation in human cell surface markers CD40, CD14 and TREM1 

was recognised (Steinbach and Plevy., 2014). Furthermore, secretory cytokine production of 

IL-12, IL-6, IL-8 and TNF-ʰ ǿŜǊŜ ŀƭǎƻ ƻōǎŜǊǾŜŘ ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ƘŜŀƭǘƘȅ ǘƛǎǎǳŜΣ ƘƛƎƘƭƛƎƘǘƛƴƎ 

the inflammatory role macrophages play in IBD pathogenesis (Dinarello et al., 2009; Hart et 

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

In vivo studies have also shown the differential effects cytokines can play in UC and CD. For 

example, UC lesions produced increased amount of IL-5 and normal amounts of IFN-ʴΣ ǿƘƛƭŜ 

normal amounts of IFN-ʴ ǿŜǊŜ ǇǊƻŘǳŎŜŘ ƛƴ /5 όCǳǎǎ Ŝǘ ŀƭΦΣ мффсύΦ LƴǘŜǊŜǎǘƛƴƎƭȅΣ ǘƘŜ ¢Ƙн ŎŜƭƭ 
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response was not increased in CD, however, an increase in both Th2 and Th17 was noted in 

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

For patients with mild or ulcerative colitis, 5-aminosalicyclic acid is commonly utilised 

treatment method (Lim et al., 2016). If the patient is unresponsive to oral or rectal 5-

aminosalicyclic acid treatment, corticosteroids such as hydrocortisone and budesonide 

(Scholmerich et al., 2004). Patients with severe ulcerative colitis can be treated with anti-

¢bCʰ όǘǳƳƻǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰύ ƳƻƴƻŎƭƻƴŀƭ ŀƴǘƛōƻŘȅ ǘǊŜŀǘƳŜƴǘ όwǳǘƎŜŜǊǘǎ Ŝǘ ŀƭΦΣ нллрΤ 

Seyedian et al., 2018). Following 5 weeks of Anti-TNF therapy in IBD patients, Dige and 

ŎƻƭƭŜŀƎǳŜǎ ƴƻǘŜŘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǊŜŘǳŎǘƛƻƴ ƛƴ ƛƳƳŀǘǳǊŜ άƛƴŦƭŀƳƳŀǘƻǊȅΩ ƳŀŎǊƻǇƘŀƎŜ ƴǳƳōŜǊǎ 

ƛƴ L.5 ǇŀǘƛŜƴǘǎΣ ǿƘƛƭŜ ǿƻǊƪ ŦǊƻƳ ±ƻǎ Ŝǘ ŀƭΣ ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ ƳŀǘǳǊŜ άƘƻƳŜƻǎǘŀǘƛŎέ 

macrophage numbers increased after 4 weeks of anti-TNF therapy (Dige et al., 2016; Vos et 

al., 2012).Although, anti-TNF therapies have improved patient outcomes over the last 

decade, a significant number of patients are non-responsive or intolerant to the drugs 

described above and the need for more effective therapeutic targets remains (Chudy-

Onwugaje et al., 2018). 

 To understand how the molecular mechanisms and signalling pathways may differ in 

inflammatory bowel disease compared to homeostasis, researchers have utilised in vitro 

experimental models for almost a decade, where the models are constantly evolving to 

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

The current multi-hit IBD model suggests that several causative factors highlighted above 

can accrue to contribute towards the disease progression of IBD patients and as a number 

of variables are present within an in vivo model, it becomes difficult to study the molecular 

signalling interactions between individual cell populations within the colonic tissue. For this 

reason, in vitro models have and are currently being utilised to further understand crosstalk 

between lamina propria-resident cells and the intestinal epithelium (Ihara et al., 2018; Brazil 

et al., 2019).  

Since more than two decades, 2D cell culture has been utilised to understand a cells basic 

physiological function in health and disease, where immortal cell lines are commonly grown 

as a monolayer onto a culture dish/flask (Kapalczynska et al., 2016). As it inexpensive and 

requires relatively low maintenance it allows for easily accessible gene manipulation, a 

technique which remains relevant to this day (Almeqdadi et al., 2019). For example, work 

from Al-Ghadban and colleagues were able to study interactions between macrophages and 

the intestinal epithelium within a 2D co-culture model however such culture models often 

only vaguely mimic the in vivo environment (Jensen and Teng., 2020; Al-Ghadban et al., 

2015). However, there are some limitations to such culture systems, as the cell morphology 

ŀƴŘ ƳŜǘŀōƻƭƛǎƳΣ ƻŦ ŎŜƭƭΩǎ ŎǳƭǘǳǊŜŘ ƻƴǘƻ ŀ н5 ƳƻƴƻƭŀȅŜǊ Řƻ ƴƻǘ ŀŎŎǳǊŀǘŜƭȅ ƳƛƳƛŎ ǘƘŜ 

function observed in vitro (Duval et al., 2017). To counter this, over the last decade, the 

development and utilisation of 3D culture models has increased exponentially and have 

ŀƭƭƻǿŜŘ ǊŜǎŜŀǊŎƘŜǊǎ ǘƻ ōŜǘǘŜǊ ǳƴŘŜǊǎǘŀƴŘ ŀ ŎŜƭƭΩǎ ƳƻǊǇƘƻƭƻƎȅΣ ŎŜƭƭ ƳƛƎǊŀǘƛƻƴΣ ŘǊǳƎ ŘŜƭƛǾŜǊȅ 

and epithelial-immune cell crosstalk in vitro (Jensen and Teng., 2020). In particular, to study 

interactions in complex tissues such as the colonic mucosa, new models are being 

developed in order to study intestinal epithelial renewal while more closely resembling the 

mucosal environment (Sachs et al., 2017). 

In 2009, seminal work from Sato and colleagues were able to utilise Lg5+ stem cells to 

culture self-renewing human small intestinal and colonic organoids (Sato et al., 2009; Sato 

et al., 2011). Previous attempts to culture organoids to study Lgr5+ stem cells using a 2D 

monolayer were unsuccessful, thus scaffolding-based organoid models were developed 

(Sugimoto and Sato et al., 2017). 
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Scaffolds are synthetic 3D structures commonly composed of several materials which offer 

cells in culture the structural support which resemble the in vivo microenvironment. Both 

synthetic and biological scaffolding have been utilised in 3D culture (Duval et al., 2017). 

Here the structural integrity of a synthetic manufactured, polymer-based hydrogels can be 

optimised and tailored to suit a specific experimental model, while biological scaffolds such 

as Matrigel provide a physiologically more accurate environment for the culture of intestinal 

organoids due to the presence of hormones and other molecules required for cell-ECM 

interaction (Fang and Eglen., 2017). Table 1, highlights the differences between 2D and 3D 

cell cultures. New emerging and advances in organoid culture are further discussed later in 

this study in Chapter 7.  

 In 2014, Skoczek and colleagues have established an isolation method, in which intact, fully 

functioning and heterogenous colonic crypt populations were liberated from the colonic 

tissue and co-cultured with inflammatory monocytes to extensively study epithelial-immune 

cell crosstalk in vitro (Skoczek et al., 2014). This model was adapted for this study to include 

to study the renewal of colonic crypts when cultured with macrophages in an 3D in vitro 

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

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

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

Previously, Skoczek et al. has shown that immune cells of monocyte-macrophage lineage 

work in concert with gut epithelial stem cells to maintain gut homeostasis. Furthermore, 

unpublished work from the Sobolewski lab has demonstrated that inflammatory monocytes 

are able to cause a significant increase in crypt cell proliferation and increase in the number 

of stem cells, when compared to the homeostatic setting. The molecular and cellular 

mechanisms by which the epithelial stem cell niche is modulated by monocyte-macrophage 

cells during inflammation is largely unknown. 

Monocytes and macrophages arise from a common precursor in the bone marrow and are 

recruited to the lamina propria where they undergo a four-step differentiation process to 

become tissue resident homeostatic macrophages; a process called the Monocyte Waterfall 

Pathway.  During inflammation, this differentiation pathway cannot be completed, and the 

ǇƘŜƴƻǘȅǇŜ ƻŦ ƳƻƴƻŎȅǘŜǎ ōŜŎƻƳŜǎ ƘŀƭǘŜŘ ŀǘ ŀƴ ŜŀǊƭȅ ΨƛƴŦƭŀƳƳŀǘƻǊȅΩ ǎǘŀƎŜΦ 

Hallmarks of inflammatory bowel disease (IBD) include increase in the number of these 

monocyte-macrophage lineage cells in the gut mucosa; compromised epithelial barrier 

function, which results in direct contact of microbes with mucosal immune cells and the 

basal surface of the crypt epithelial stem cell niche; and an increase in crypt cell 

proliferation. Notably, patients with IBD have an increased risk of colon cancer, which is 

likely due to an altered inflammatory microenvironment that increases epithelial 

proliferation and the risk of acquiring mutations.  Taken together previous findings suggest 

that the epithelial stem cell response to inflammation could be critical to whether, 

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

A reductionist in vitro co-culture system was developed to help determine how 

macrophages affect the crypt epithelial renewal during inflammation, particularly the 

proliferation and differentiation of cells contained within the epithelium such a stem, 

goblet, tuft, enteroendocrine cells and enterocytes. 
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1.9 Hypothesis 

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

crypt renewal in vitro 

 

1.10 Aims 

1.  To develop and characterise an in vitro macrophage-crypt co-culture model to 

compare pro and anti-inflammatory macrophages on crypt cell growth and 

differentiation 

2.  To determine whether Naïve, M1 or M2 macrophages regulate colonic crypt cell 

proliferation  

3.  To determine whether Naïve, M1 or M2 macrophages regulate colonic crypt cell 

differentiation 

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

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

 

2.1 Laboratory Consumables 

2.1.1 Chemicals and reagents 

 

Chemical and reagent Source 

100% Methanol Fisher-Scientific 

Advanced DMEM/F12 Thermo-Fisher, Gibco 

Ammonium Chloride (NH4Cl2) Fisher-scientific  

B27- supplement Thermo-Fisher, Gibco 

Bovine Serum Albumin Sigma-Aldrich 

Cytocentrifuge filter paper  Thermo Shandon 

D-glucose Fisher-Scientific 

DAPT, ɹ -secretase inhibťr TOCRIS 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

Disodium phosphate (Na2HPO4) Fisher-Scientific 

Donkey Serum Sigma-Aldrich 

DTT 1,4-Dithriothreitol Formedium 

EDTA Fisher-Scientific 

EdU Click-iT Reaction kit Thermo-Fisher 

Ethanol Honeywell, VWR 

Gluta-Max Thermo-Fisher, Gibco 

Growth-Factor Reduced Matrigel VWR 

Heat-Inactivated Fetal Bovine Serum Thermo-Fisher, Gibco 
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HEPES Thermo-Fisher, Gibco 

HEPES Fisher-Scientific 

Hoechst-33342 Thermo-Fisher 

Human Wnt3a RnD Systems, Bio-Techne 

Interferon-  ɹ(IFN- )ɹ Sigma-Aldrich 

Interleukin-13 (IL-13) Sigma-Aldrich 

Interleukin-4 (IL-4) Sigma-Aldrich 

Lipopolysacharide (LPS) RnD systems 

Murine EGF Peprotech 

Murine Noggin Peprotech 

Murine R-Spondin RnD Systems, Bio-Techne 

Murine RM-CSF Peprotech 

Murine Wnt3a Peprotech 

N-acetyl-L-cysteine Sigma-Aldrich 

N2-supplement Thermo-Fisher, Gibco 

Non-essential amino acid Thermo-Fisher, Gibco 

PAP Pen Abcam 

Paraformaldehyde (PFA) Sigma-Aldrich 

Penicillin-Streptomycin Gibco 

Phosphate buffered saline Sigma-Aldrich 

Phosphate buffered saline (-CaCl2,-MgCl2) Gibco 

Potassium Chloride (KCl) Fisher-Scientific 

Propidium Iodide Sigma-Aldrich 

Reastain Quick-Diff Kit Reagena 
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Rhodamine-conjugated Ulex europaeus 

Agglutin I (UEA-1) 

Vectorlabs 

RPMI 1640 Thermo-Fisher, Gibco 

Sodium bi-carbonate (NaHCo30) Fisher-Scientific 

Sodium chloride (NaCl) Fisher-Scientific 

Sodium Dodecyl Sulfate (SDS) Melford 

Triton-X Roche  

Vectashield Anti-fading mount Vectorlab 

Table 1: Chemicals and reagents 

 

2.1.2 Primary and secondary antibodies 

 

Antibody Species Origin Clonality Dilution Source/Cat. Number 

ɰ-catenin Rabbit  Monoclonal 1:100 Abcam/Ab242226 

CCR2 Rabbit Monoclonal 1:100 Abcam/ab203128 
 

CD11b Rabbit Monoclonal 1:100 Abcam/ab52478 
 

CD11c Armenian Hamster Polyclonal 0.5mg/ml Abcam/Ab33483 

CD206 Mouse Monoclonal 0.3 mg/ml Abcam/ab8918 

CD64 Rabbit Monoclonal 1:100 SinoBiological/50086-R0272 
 

CD68 Rat Monoclonal 1:100 Abcam/ab53444 
 

CD69 Armenian hamster 
 

1:100 Biolegend/104502 
 

Cleaved 

caspase 3 

Rabbit Monoclonal Assay 

dependent 

Cell signalling/(5A1E) 
 

CX3CR1 Rabbit Polyclonal 1:100 Abcam/ab8021 
 

CX3CR1 Ultra-lead purified 
 

1:100 Biolegend/149011 
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Cyclin-D1 Rabbit  Monoclonal 1:100 Abcam/Ab242226 

DCAMKL1 Rabbit  Polyclonal 1:50 Abcam/Ab37994 

E-cadherin Rabbit Monoclonal 1:200 Cell signalling/(24e10) 
 

F4/80 Rabbit Polyclonal 1:100 Abcam/ab100790 
 

F4/80 Rat Monoclonal 1:100 Bio-rad/MCA497GA 
 

GSK3-  ̡ Rabbit Monoclonal 1:100 Abcam/Ab242226 

h/m  

E-cadherin 

Goat Polyclonal 1:50  

RND Systems/AF648 

 

IgG Isotype 

Control 

Rabbit Monoclonal 1:100 Abcam/ab172730 

IgG2b 

Isotype 

Control 

Rat Monoclonal 1:100 Bio-rad/MCA6006GA 

LEF-1 Rabbit  Monoclonal 1:100 Abcam/Ab242226 

Lgr5 Mouse  Monoclonal 1:100  Oregene/TA503316 

MHCII Rat Monoclonal 1:100 Abcam/ab25333 
 

Occludin Mouse Monoclonal 1:100 Santa-Cruz/SC-271842 

ZO-1 Rat Monoclonal 1:100 Santa-Cruz/Sc-33725 

Table 2: Primary antibodies 
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Conjugate Reactivity Species Origin Dilution Source/Cat. Number 

Alexa Fluor 

488 

Anti-mouse Donkey 1:200 Invitrogen/A-21202 

Alexa Fluor 

488 

Anti-rat Donkey 1:200 Invitrogen/A-21208 

Alexa Fluor 

488 

Anti-rabbit Donkey 1:200 Invitrogen/A-21206 

Alexa Fluor 

568 

Anti-mouse Goat 1:200 Invitrogen/A-11004 

Alexa Fluor 

568 

Anti-rabbit Donkey 1:200 Invitrogen/A-10042 

Alexa Fluor 

568 

Anti-rat Goat 1:200 Invitrogen/A-11077 

Alexa Fluor 

647 

Anti-rabbit Donkey 1:200 Invitrogen/A-3157 

Alexa Fluor 

647 

Anti-rat Goat 1:200 Invitrogen/A-21247 

Alexa Fluor 

647 

Anti-mouse Donkey 1:200 Invitrogen/A-31571 

Table 3: Secondary antibodies 
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2.1.3 Preparation of 4% formaldehyde 

As a fixative, a 4% formaldehyde solution was prepared. Paraformaldehyde (0.04g/ml) 

(Sigma), was added to a beaker containing PBS. Using a hotplate/stirrer (Stuart U152), the 

solution was heated between 60-70oC until the powder was dissolved. The solution was 

then left to cool, and the pH was adjusted to 7.4 using 0.1M sodium hydroxide and 0.1M 

hydrochloric acid. PFA was stored in the fridge and used within 24 hours of making or stored 

in the freezer at -нлΩ/ Ŧor long-term storage (up to 1 month).  

2.1.4 Preparation of SDS (Sodium dodecyl sulfate) 

To prepare a 1% working solution, SDS (Melford) was added to a beaker of PBS (pH 7.4) and 

stirred for at least 24 hours prior until the powder is fully dissolved. The working solution is 

stable for one month at room temperature.  

2.1.5 Preparation of Ammonium Chloride (NH4Cl2) 

To prepare a 100mM working solution of Ammonium Chloride (Fisher-Scientific) was added 

to a beaker of PBS (pH 7.4) and stirred until the powder is fully dissolved. The working 

solution is stable for one month at room temperature. 

 

 

 

 

 

 

 

 

 

 

 

 



 84 

2.2  In Vitro Experiments 

All animal experiments were conducted in accordance with the Home Office Animals 

(Scientific procedures) Act of 1986, with approval of the University of East Anglia Ethical 

Review Committee, Norwich, U.K. Female C57BL/6 (UEA-Disease Modelling Unit) aged 

between 8-12 weeks, were euthanized by CO2 asphyxiation and subsequent cervical 

dislocation in accordance with Schedule 1 of the Act. 

2.2.1  Isolation and culture of bone marrow-derived macrophages 

Following the isolation of the femur/tibia and the removal of residual connective tissue, the 

ōƻƴŜΩǎ ŜǇƛǇƘȅǎŜǎ ǿŜǊŜ ǎŜǾŜǊŜŘΣ ŀƴŘ ǘƘŜ ōƻƴŜ ƳŀǊǊƻǿ ǿŀǎ ŦƭǳǎƘŜŘ ƛƴ ŀ ǎǘŜǊƛƭŜ environment 

using a 28-gauge syringe and cold RPMI 1640 (+10% FBS, +1% Pen/Strep). The flushed bone 

marrow contents were then then filtered through a 70µm nylon cell strainer (Falcon) and 

collected in a 50ml Centrifuge tube (Falcon). Following centrifugation at 600g for 10 minutes 

the cell suspension was re-suspended in warm RPMI1640. A bone-marrow yield was 

established (Figure 2.1), and the cells were appropriately seeded onto 6-well ultra-low 

attachment plates (Corning) at a cell density of 1 x 106 cells/ml. To drive BMDM 

differentiation towards macrophages, supplementary murine RM-CSF (Peprotech) at a 

concentration of 0.2µg/ml was added on day 0 and 3. The schematic in Figure 2.3 

summarises the protocol described above.  

 

 

Figure 2.1: Bone-marrow derived cell isolation and culture 

A) Scatter plot showing the bone-marrow cell yield, averaging 5.9x107 ± 0.2 (Mean ± SEM) from each 

subject (C57BL6) (n=20). 
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2.2.2 Polarisation of macrophage population  

Macrophages were polarized based on methods previously described by Wei Ying et al in 

2013 (Ying et al., 2013). BMDM cells were cultured in RPMI 1640 media up to day 7. On day 

7, the floating cell population was removed, and the media was replaced by new fresh 

media. For M1 activation, supplementary LPS (100ng/ml) and IFN- ɹ  όрлƴƎκƳƭύ ǿŜǊŜ ŀŘŘŜŘ 

to the media solution. To reach M2 activation, IL-4 (10ng/ml) and IL-13 (10ng/ml) were 

added instead.  

2.2.3 Liberation of adherent macrophage population in vitro 

To isolate the monocyte population on day 4, the floating cell population was collected, 

centrifuged at 600g for 10 minutes and re-suspended in fresh RPMI-1640 media (Gibco). To 

segregate the macrophage population on day 7, the supernatant of each well was removed, 

the wells washed in PBS (pH 7.4, Gibco) and Versene (Gibco) (1ml) was added to each well 

and incubated for 37oC for 10 minutes until the macrophages fully detached themselves 

from the well bottom. The cell suspension was then centrifuged at 600g for 10 minutes and 

re-suspended in fresh media accordingly. 

 

2.2.4  Cytospinning of bone marrow isolates 

Cells were isolated and re-suspended at 1x106 cells/ml as previously described. To ensure an 

equal distribution of cells onto the slide, a filter card (Thermo-Fisher) was placed between 

the microscope slide (VWR) and the cyto-funnel allowing the absorption of excess media. 

Following the cytospin (Thermo Shandon), the cell suspension (120µl) was transferred to the 

cytofunnel and centrifuged at 450g for 5 minutes. 

2.2.5  Histological staining of BMDC 

To histologically stain and record phenotypical changes, bone marrow-derived cells were 

isolated during different time points of their development. Initially, an appropriate cell 

number (1 x 105 cells/ml) was collected, and the cells were cyto-centrifuged at 450g for 5 

minutes using the Cytospin (Thermo-Shandon). The microscope slides (VWR) were air-dried 

overnight and fixed in the RESTAIN QUICK-DIFF solution for 3 minutes to allow 

permeabilisation. The cytoplasm and the nucleus were stained using Reastain Quick Diff Red 
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and Reastain Quick Diff Blue for 4 minutes, respectively. The slides were then rinsed in 

water, air-dried overnight and mounted with DPX (Sigma) using size 0, 16mm coverslips 

(VWR) the following day. The histological stains were then captured on a bright-field 

microscope. 

2.2.6  Immunofluorescent labelling of BMDCs 

For immunolabelling of a monocyte and macrophage population, the BMDM were cultured 

for 5 & 7 days, respectively. In brief, the bone marrow isolates were then cytocentrifuged at 

450g for 5 minutes. The slides were fixed with in 4% PFA. Following fixation, the slides were 

washed with PBS and 0.1% Triton-X (Roche Diagnostics) was added for 20 minutes. The cells 

were later washed in ice-cold PBS and primary antibody (Table 1.2) was added and left to 

incubate overnight at 4oC. The following day, cells were washed in PBS and a secondary 

antibody (Table 1.3) was added. Following a 2-hour incubation at 4oC, the slides were finally 

mounted with Vectashield/Hoechst (Vector Labs) before being imaged on an 

epifluorescence or confocal microscope. 

 

 

2.2.7  Flow cytometry   

For the characterisation of the in vitro macrophage population, a flow cytometer (Beckmann 

Coulter Cytoflex) was utilised. Its versatility allows its user to measure various 

morphometric properties of individual cells, as well as identify fluorescently tagged cells 

within a cell population.  

To analyse the individual properties of a cell, the fluidics system initially injects sheath fluid 

(usually a form of PBS) into the flow chamber. A second stream introduces the suspended 

cells into the flow chamber via a pressurised airline. As the pressure of the sample stream is 

greater than that of the sheath fluid, the cells align themselves into a single line while 

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

As the laser strikes each single cell with varying excitation wavelengths, the fluorescence 

light emitted by the cells can then be measured by the photodetector and are translated 

onto a computer (Figure 2.2C). Following the laser strike, some of the light is often deflected 

off the cell, such scattered light can be defined into two categories, forward scatter (FSC) 
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and side-scatter (SSC) where each can provide the user with further information regarding 

ǘƘŜ ŎŜƭƭΩǎ ǇƘŜƴƻǘȅǇƛŎ ǇǊƻǇŜǊǘƛŜǎΦ ¢ƘŜ ŦƻǊǿŀǊŘ ǎŎŀǘǘŜǊ ƛǎ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ŎŜƭƭ ǎƛȊŜ ŀƴŘ 

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

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

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

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

using a primary and a conjugated secondary antibody: 

On Day 4-9, .a5/Ωǎ were collected from each ultra-low attachment well. To liberate the 

adherent population, 1ml of Versene (Gibco) was added. The collected cell suspension was 

then centrifuged at 600g for 10 minutes and re-suspended in PBS/FBS (10%) at a cell density 

of 1x106 cells/ml. 100µl of the cell suspension was then transferred to a 12-75 mm 

polypropylene tube (BD Falcon) and primary antibodies (diluted in 3% BSA) listed in Table 

1.2 were added. Following a 30-minute incubation on ice, the cells were washed with 3% 

BSA and centrifuged at 400g for 5 minutes and Alexa-fluor conjugated secondary antibodies 

(diluted in 1% BSA) listed in Table 1.3 were added to each tube. After another incubation 

time of 30 minutes on ice, a washing step and final centrifugation, the samples were then 

analysed using a flow cytometer (Beckman Coulter Cytoflex). A minimum of 30,000 events 

were recorded for each condition, where more than 2,000,000 events were recorded to 

measure the FSC and SSC of both BMDM-M1 and BMDM-M2 phenotypes. Additionally, to 

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

The data obtained was analysed using Beckman Cytoflex-Flow Cytometry Analysis software, 

to measure cell surface marker expression of bone-marrow derived cells, at least 3x105 

events were measured and then gated to exclude cell debris (events of SSC and FSC of <20). 

On a histogram overlay, the area expressed by the antigen-specific primary antibody marker 

was then measured and deducted from the area expressed by the IgG antibody to reveal the 

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

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

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

Adan et al., 2017).   
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2.2.8  Isolation and culture of murine colonic crypts 

Colonic crypts were isolated from the distal colon of C57BL6 mice, as previously described 

by Skoczek et al.  

Briefly, following the culling of the mouse, the colon was removed and washed with ice-cold 

PBS to remove excess faecal matter; the colon was then cut longitudinally and excess mucus 

within the tissue was gently dissociated. 0.5mm tissue pieces were placed in a saline 

solution [50ml dH2O with NaCl (140mM), KCl (5mM), HEPES (10mM),d-glucose (5.5mM), 

Na2HPO4 (1mM), MgCl (0.5mM), CaCl (1mM), EDTA (1mM), DTT (0.153µg/ml), L-glutamine 

(200mM), Pen/Strep (200U/ml) and NEAA (2%)] for 1 hour. To liberate the crypts, the 

solution containing the tissue was shaken to aid gentle dissociation and then collected 

following crypt sedimentation. The single crypts were embedded in growth factor-reduced 

matrix matrigel (VWR) and seeded onto No.0 coverslips (0.08-0.13mm) contained within 12-

well plates (Starlab). Following polymerization of the matrigel after 8 minutes at 37°C, the 

coverslips were flooded with 0.1ml of colonic crypt culture media (Advanced DMEM/F12, 

containing B27 (20µl/ml), N2 (10µl/ml), N-acetyl-L-cysteine (0.163µg/ml).HEPES (10mM), 

Pencillin/Streptomycin (100U/ml), GlutaMAX (2mM), EGF (50ng/ml), Noggin (100ng/ml) (all 

from Peprotech), Wnt-3A (200ng/ml) and R-spondin-1 (1mg/ml) (BioTechne).  

2.2.9  Co-culture of macrophages and colonic crypts 

To isolate the monocytes and macrophages population, the cells were harvested on day 4 

and day 7, respectively. On day 4, the supernatant was removed, and the adherent 

population was liberated using 1ml of Versene (0.48mM). The cells were centrifuged, and 

macrophages at a cell density of 3x105 was then added to the colonic crypt/Matrigel 

solution (prepared as previously described in Section 2.2.1) the mixture was then seeded 

onto a No.0 coverslip with. Following polymerization at 37oC for 8 minutes, the Matrigel was 

then flooded with 100µl of murine colonic crypt culture medium (prepared as described in 

Section 2.2.8). The isolation and culture of bone-marrow derived macrophages and colonic 

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

Summary diagram showing the A) The in vitro isolation and culture of bone-marrow derived cells 

and their differentiation towards a bone-marrow derived macrophage phenotype following 7 days in 

culture with M-CSF. The progressive changes in morphology have been tracked using cytospun cells 

and Diff-Quick staining. B) The in vitro isolation of murine colonic crypts and their co-culture along 

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

2.2.10  Culture of macrophages and colonic crypts in the ΨŎƻƴŘƛǘƛƻƴŜŘ ƳŜŘƛŀΩ ŀƴŘ 

Ψaм ƻƴƭȅΩ ƳƻŘŜƭ 

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

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

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

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

media (M1-crypt co-culture). Figure 2.4C and 2.4B ǎƘƻǿ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘǳǇ ƻŦ ǘƘŜ Ψaм-

ŎƻƴŘƛǘƛƻƴŜŘ ƳŜŘƛŀΩ ŎǊȅǇǘǎ ŀƴŘ Ψaм ƻƴƭȅΩ ŎǊȅǇǘ ƳƻŘŜƭΦ 
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Figure 2.4: Conditioned media experimental setup 

Diagram showing the A) Two-dotted Matrigel culture of crypts in the presence of M1-macrophages. 

B) Two-dotted Matrigel cultured with crypts in w/o M1 macrophages and C) Two-dotted Matrigel 

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

2.2.11  Culture of macrophages and colonic crypts with DAPT 

Macrophages and crypts were isolated and co-cultured as previously described, however for 

treatment with the ɹ -secretase inhibitor, DAPT (TOCRIS), the Matrigel was previously spiked 

with DAPT (25µM) and then cultured with M1 macrophages which have also been pre-

incubated in DAPT (25µM) shortly before their introduction to the colonic crypts. The 

concentration of 25˃ M was previously utilised within a 3D crypt culture model by Van 

Dussen and colleagues. Here small intestinal crypts were isolated, cultured and 24 hours 

following their culture, the crypts were treated daily with a vehicle control (DMSO) and 

DAPT (25um) to determine the effects of Notch inhibition on the intestinal stem cell 
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expression, proliferation, and apoptosis in vitro. During the treatment, the organoid budding 

efficiency and Lgr5-GFP+ cell numbers were then monitored over the course of 5 days (Van 

Dussen et al., 2012). 

2.2.12  Immunofluorescent labelling of crypt-macrophage co-cultures 

For characterising cells within the co-culture system, epithelial and macrophage marker-

specific antibodies were used. Following the co-culture, the coverslips were fixed with 4% 

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

Ammonium chloride (100mM in PBS (pH7.4), prepared as previously described in Section 

2.1.5 was added to each coverslip for 13 minutes, washed with PBS, followed by further 

incubation with 10% SDS in PBS (pH 7.4) for 5 minutes. 1% Triton-X was added for 30 

minutes to permeabilise the organoids. Non-specific binding was inhibited using 10% 

Donkey or Goat serum (Gibco) (depending on antigen retrieval) for 20 minutes. A primary 

antibody (Table 1.2) was added for overnight incubation at 4oC. The following day, a 

compatible secondary antibody (Table 1.3) added for 2 hours at 4oC. Finally, the slides were 

washed and mounted with Hoechst/Vectashield. the slides were later visualised using an 

epifluorescence or confocal microscope.  

2.2.13  EdU incorporation experiments 

Colonic crypts were cultured as previously described. Following 24 hours post-culture, a 

100µM EdU solution, diluted in crypt culture medium (1ml), was added to each coverslip 

(10µl) to obtain a final concentration of 10µM. By repeatedly pipetting the EdU solution up 

and down ten times, it was ensured that a homogenized solution was attained. The crypts 

were then left to incubate at 37oC/5% CO2 overnight. On day 2, the crypts were fixed in and 

further exposed to NH4CL2 for 13 minutes, washed in 1% SDS for 5 minutes and 

permeabilised in Triton-X for another 30 minutes. The crypts were subjected to the Click-iT 

reaction cocktail (ThermoFisher) ŦƻǊ ор ƳƛƴǳǘŜǎ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ   
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2.3  Image Analysis 

All fluorescent images were captured on the equatorial plane, (the plane which passes 

through the equator of the cell/crypt) using either a Nikon TI with a x20 0.4 NA (numerical 

aperture), Zeiss Axiovert 200 with a x20 NA or Zeiss LSM-510-META with a x63 1.4NA 

0.75mm WD oil immersion objective was used. All images were analysed with Fiji (Image J) 

software. 

2.3.1   Epifluorescence and confocal microscopy 

Fluorescent molecules tagged to antibodies or dyes, emit light after being excited by 

shortwave-length light source. Simply put, a photon excites the molecules from a ground 

state, where a loss of vibrational energy leads to the emission of a photon, which can be 

captured by an epifluorescence (Nikon TI, Zeiss Axiovert 200M) or confocal microscope 

(Zeiss LSM-510-META). 

In an epifluorescence microscope, light excited from above the sample, passes through an 

objective lens which is directed onto the sample. The light emitted from the specimen is 

then focused towards a detector such as a CCD Camera (Hamamatsu ORCAII).  A dichroic 

mirror acts as a colour filter allowing some wavelengths to pass through while others are 

reflected. It also filters out excited light from emitted light thereby reducing background 

fluorescence (Figure 2.5A).   

In confocal microscopy, following the excitation of the specimen, emitted light converges 

onto a second objective lens towards a narrow pinhole. Sitting behind the pinhole is a 

detector quantifying the emission of light. The sample is scanned several times to obtain an 

image (Figure 2.5B). Overall, this results in high resolution with lower background 

fluorescence in comparison to a traditional epifluorescence microscope (Bretschneider and 

Weile., 2019).  



 95 

For thick tissue samples such as a colonic crypt, optical sectioning (z-stacks) will be required 

to obtain clearer images, this can be achieved by simply varying the focal plane of the 

sample while capturing consecutive images. Unless otherwise stated, optical sections (z-

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

 

 

 

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

Diagram showing A) epifluorescence microscope setup, where light is excited from above the sample 

and passes through the objective lens, meeting the dichroic filter cube, where the emitted 

wavelength is filtered and detected by the imaging lens. B) Confocal microscope setup, where 

excited light passes through the objective lens, onto the dichroic mirror and a second objective lens 

in which light emission is restricted by the pinhole prior to reaching the detector or camera. 

Excitation beams are shown in green and emitted fluorescence shown in red (Adapted from 

Bretschneider and Weile, 2019).  

2.3.2  Quantification of EdU-labelled crypt cells 

All fluorescent crypt images were captured at a x20 or x64 magnification Zeiss Axiovert 

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

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

2.3.3  Quantification of Enteroendocrine, Tuft cells, Goblet and Stem cells 

To identify enteroendocrine cells (Cro-A+) (Abcam), tuft cells (DCAMKL1+)(Abcam), goblet 

cells (UEA-1+) (Vectorlabs) and stem cells (Lgr5+)(Origene), z-stacks were taken at a 1µm 

intervals for 5µm above and below the equatorial plane. 

Goblet cells were identified by following the UEA-1 + present within the cytoplasm of the 

individual cells throughout the equatorial plane. E-cadherin was used to aid the visualisation 

of the cytoplasm within the goblet cell (Figure 2.6). The location of each marker positive cell 

was recorded and separated into three crypt regions, base (cells within the +4 position of 

the crypt), mid and top region. 

To identify the stem cells within a crypt, the basal Lgr5 expression of each cell across the z-

stack (optical slices), 5µm above and below, the equatorial plane was counted (Figure 

2.7Ai). The average Lgr5 fluorescence intensity within each crypt region was measured by 

recording the overall ŦƭǳƻǊŜǎŎŜƴǘ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ŜŀŎƘ ŎŜƭƭΩǎ ōŀǎŀƭ ǊŜƎƛƻƴ along the crypt-

axis as shown in Figure 2.7Aii. Here, the overall fluorescent per cell was measured in each 

crypt region (Base, Mid and TOP). To accurately measure the average basal expression of 

each cell in the equatorial plane was determined, by taking three separate (2x2 pixels) 

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

Analysis of goblet cells numbers using UEA-1 (green) staining. DAPI+ and UEA-1+ cells (A) at the 

equatorial plane were counted. To confirm UEA-1 staining originates from the cell (A), staining was 

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

Ai) Analysis of Lgr5+ stem cell numbers in each crypt and crypt region (Base,Mid,Top). Basal 

expression of Lgr5 is shown in green. DAPI+ cells (shown in blue) were identified at the equatorial 

plane and Lgr5+ stem cells (A) were identified by their continuous basal expression of Lgr5 across all 

planes of the cell (5µm above and below the equatorial plane). Note that cell B is located above the 

equatorial plane and was not included in the data. E-cadherin (shown in red) was utilised to aid the 

ƛŘŜƴǘƛŦȅ ŜŀŎƘ ŎŜƭƭΩǎ ōƻǳƴŘŀǊƛŜǎΦ Aii) Individual DAPI+ cells (shown in blue) were identified, and three 

separate fluorescence measurements (2x2 pixels) were taken and the fluorescence value of each cell 

within a crypt region was averaged and presented. 

2.3.4  Quantification of nuclear fluorescence intensity 

Images were captured using the confocal microscope (LSM-510-META) with a x63oil a x63 

1.4NA 0.75mm WD oil immersion objective. To quantify the expression of Cyclin-D1 and 

LEF1 within the nucleus, first the TIFF images were converted to 8-bit and the average 

fluorescence value of every nucleus present at the equatorial plane was then measured. 

Using Fiji- LƳŀƎŜ WΩǎ ǇƻƭȅƎƻƴ ǘƻƻƭΣ ǘƘŜ ƴǳŎƭŜŀǊ ŀǊŜŀ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ōȅ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ǇŜǊƛƳŜǘŜǊ 

of each individual DAPI+ nuclei in the equatorial plane. The arbitrary fluorescent value of 

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

Analysis of nuclear fluorescence intensity per crypt A) DAPI+ and LEF1 expression in a crypt B) The 

nuclear area was highlighted using DAPI and the channel was switched to LEF1, where the average 

fluorescence intensity of the area was measured. This analytic approach was also mirrored with 

analysis of Cyclin-D1. Scale bar at 15µm.  
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2.3.5  Quantification of macrophage localisation, vesicle localisation and 

epithelial protrusions along the crypt-axis 

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

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

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

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

contact point per total crypt number.  

Epithelial vesicles were defined as small (less than 5µm in diameter), rounded droplets 

found in the vicinity (>10µm) of the colonic epithelium, where the presence such vesicles 

within our macrophage-crypt co-culture model, were analysed in a binary manner, where 

one or more vesicles present near the crypt was quantified as 1 and the absence of vesicles 

near the crypt was quantified as 0 (Figure 2.9E).  

Epithelial processes were defined as slender, sharp protrusions which measure less than 

>20µm in length and in contact with the colonic epitheliumΩǎ ōŀǎŜ όҌп position and below). 

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

number of epithelial processes per total crypt number (Figure 2.9F)Φ Ψ{ƘŜŘŘƛƴƎΩ ǇǊƻcesses 

were defined as long (<20µm), processes exclusively present in the mid and upper region of 

ǘƘŜ ŎǊȅǇǘΣ ǿƘŜǊŜ ǳƴƭƛƪŜ ŜǇƛǘƘŜƭƛŀƭ ǇǊƻŎŜǎǎŜǎ ǘƘŜ Řƛǎǘŀƭ ŜƴŘ ƻŦ ǘƘŜ άǎƘŜŘŘƛƴƎέ ǇǊƻŎŜǎǎ ǿŀǎ 

globular in shape. ά{ƘŜŘŘƛƴƎέ ǇǊƻŎŜǎǎŜǎ ǿŜǊŜ quantified and presented as the percentage 

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

2.3.6  Morphological analysis of colonic crypts 

The morphological characteristics of colonic crypts in vivo were analysed by first capturing 

brightfield images using a GXCAM3EY-5 at x10 magnification. The length of the crypt was 

ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ CƛƧƛ LƳŀƎŜ WΩǎ ƭƛƴŜŀǊ ǘƻƻƭΣ ǿƘŜǊŜ ǘƘŜ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ōŀǎŜ ŀƴŘ ǘƘŜ 

beginning of the shedding zone was measured (Figure 2.9D). The epithelial area was 

measured by following the perimeter of the polarised crypts (excluding the lumen) (Figure 

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

Panel showing A) Quantification of macrophage-crypt localisation in each crypt region (B-Base, M-

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

was measured. C) Measuring crypt area, the perimeter around the polarised epithelium at its 

equatorial plane was highlighted and measured D) The perimeter around the shedding zone 

όƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ǊŜŘύ ǿŀǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ LƳŀƎŜ WΩǎ ŦǊŜŜƘŀƴŘ ǘƻƻƭΦ {ŎŀƭŜ ōŀǊ ŀǘ нлҡƳ. E) Example of an 

epithelial vesicle present at the base of crypt, which was quantified in a binary manner F) Example of 

an epithelial process which was analysed and presented as the average number of epithelial process 

per crypt G) 9ȄŀƳǇƭŜ ƻŦ ŜǇƛǘƘŜƭƛŀƭ άǎƘŜŘŘƛƴƎέ ǇǊƻŎŜǎǎ present near the upper region of the crypt 

ǿƘƛŎƘ ǿŀǎ ǉǳŀƴǘƛŦƛŜŘ ŀƴŘ ǇǊŜǎŜƴǘŜŘ ŀǎ ǘƘŜ ŀǾŜǊŀƎŜ ƴǳƳōŜǊ ƻŦ άǎƘŜŘŘƛƴƎέ ǇǊƻŎŜǎǎŜǎ ǇŜǊ ŎǊȅǇǘΦ 
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2.3.8  Measuring nitrite concentration within a culture system 

To measure nitric oxide formation, the nitrite concentration (a stable by-product of nitric 

oxide) within the tissue culture media was determined via a Griess reagent assay. This assay 

was performed at room temperature. To measure the nitrite concentration of the 

macrophage subtypes, the supernatant media (100µl) was removed from a 12-well plate in 

which cells were seeded at a density of 1x106/ml and centrifuged at 600g for 5 minutes to 

ensure the media is void of all cells. As a control group, RPMI-1640 media was used to 

compare to BMDM-derived media. Similarly, to measure nitrite concentration within the co-

ŎǳƭǘǳǊŜΩǎ ƳŜŘƛŀΣ ǘƘŜ ǎǳǇŜǊƴŀǘŀƴǘ όмллҡƭύ ǿŀǎ ǊŜƳƻǾŜŘ ŦǊƻƳ ŜŀŎƘ ŎǊȅǇǘ-macrophage co-

culture condition and also centrifuged at 600g for 5 minutes to ensure the media is void of 

all cells. As a control group, conditioned media from crypts cultured alone were used. The 

supernatants (0.1ml) were then mixed with 0.05 ml of sulphanilamide (1% w/v in 1% v/v 

HCl) (Sigma). Following 15-minute incubation, further 0.05ml of N-1-

napthylethylenediamine dihydrochloride (0.1 % w/v in 1% HCl) (Sigma) was added, after 

which the solution was transferred into a 96 well plate and the absorbance of measured at 

550nm using a BMG Labtech Clariostar plate reader. A nitrite standard curve was prepared 

using 100µM of sodium nitrite and the nitrite concentration of each sample was determined 

via interpolation of their respective absorbance values against the standard curve (Figure 

2.10).   
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Figure 2.10: Nitrite standard curve 

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

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

 

2.3.9  Measuring nitric oxide expression in BMDM using the MODEL probe 

A nitric acid probe (MODEL-5b/ύ ƪƛƴŘƭȅ ŘƻƴŀǘŜŘ ōȅ 5ǊΦaŀǊƛƴΩǎ ƭŀō ŀƴŘ ŜȄǇŜǊƛƳŜƴǘǎ 

performed in collaboration with Carla Arnau Del Valle. BMDMs were isolated and cultured 

onto No.0, 19mm coverslips within 12-well plates. On Day 7, the nitric acid probe was added 

and simultaneously activated towards an M1 phenotype, or the media was replaced to 

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

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

 

2.4  Statistical Analysis 

All experiments were repeated at least three times unless stated otherwise. Data are 

expressed as mean ± standard error of mean (SEM), n= number of independent 

experiments, N= minimum total number of crypts and a minimum of 20+ crypts per 

experiment were counted. Statistical analysis was carried out using the Graphpad Prism 8 

software. Comparisons between two or more groups were measured using one-way ANOVA 

with post-hoc Tukey analysis and a paired t-test was utilised to compare differences 

between two groups. P-value of less than 0.05 was considered statistically significant. For 

the analysis of nitrite absorbance in each culture condition, the individual nitrite 

concentration was interpolated from a plotted nitrite standard concentration curve (Figure 

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

Macrophage Co-culture Model 

3.1 Introduction 

The colonic epithelium is continually exposed to luminal insults such as commensal 

microbiota, foreign pathogens and chemical degradation and is therefore required to renew 

itself every 4-5 days (Darwich et al., 2014). The large intestine is home to the largest 

macrophage population in the body, which commonly reside in the underlying lamina 

propria (Gordon and Plueddemann., 2017).  

!ƭǘƘƻǳƎƘ ǘƘŜ ƳŀŎǊƻǇƘŀƎŜǎΩ ŀōƛƭƛǘȅ ǘƻ ŎƭŜŀǊ ŦƻǊŜƛƎƴ ǇŀǘƘƻƎŜƴǎ ŀƴŘ ǘƘǊŜŀǘǎ Ƙŀǎ ōŜŜƴ 

recognised for more than a century, in the intestine their role has seemingly expanded and 

are now considered to be crucial regulators of T-cell expansion and wound repair (Murai et 

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

constitutively enter the lamina propria, where the gradually differentiate into mature 

ƳŀŎǊƻǇƘŀƎŜǎ ŘǳǊƛƴƎ ŀ ǇǊƻŎŜǎǎ ŎƻƛƴŜŘ ǘƘŜ ΨƳƻƴƻŎȅǘŜ-ǿŀǘŜǊŦŀƭƭΩ ǇŀǘƘǿŀȅ ό.ŀƛƴ Ŝǘ ŀƭΦΣ нлмуΤ 

Tamoutounour et al., 2012). Due to the high presence of commensal microbiota in the 

colonic mucosa, intestinal macrophages have evolved and are able to discriminate 

commensal microbes from foreign pathogens via PAMPS (pathogen associated molecular 

patterns). Should epithelial barrier function be compromised in homeostasis, residential 

macrophages are able to antagonise the pathogen via phagocytosis while also secreting 

several anti-inflammatory cytokines which ensure the mucosa is not further perturbed 

(Smythies et al. 2005). 

In stark contrast to homeostasis, chronic inflammation or inflammatory bowel disease is 

often caused by the inability of the gastrointestinal tract to resolve acute inflammation 

(Lissner et al., 2015). Aberrant accumulation of macrophages present in the lamina propria 

in patients suffering from IBD have since been identified as one of the hallmarks of the 

disease and more interestingly, the macrophage phenotype within the tissue is significantly 

altered compared to the steady state (Thiesen et al., 2014; Bernardo et al., 2018). While 

residential macrophages remain hypo-responsive and produce IL-10, TGF-ʲ ŀƳƻƴƎ ƻǘƘŜǊǎ ǘƻ 

repress the immune response in the steady state, TNF-ŀΣ ɹ[-6 and high nitric oxide 

production are secreted by macrophages in inflammatory disease further exacerbating 
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ǘƛǎǎǳŜ ŘŀƳŀƎŜ ό5ǳǉǳŜ ŀƴŘ 5ŜǎŎƻǘŜŀǳȄΦΣ нлмпΤ bƻǾŀƪ ŀƴŘ YƻŎƘΦΣ нлмоύΦ Lƴ нлллΣ aƛƭƭΩǎ Ŝǘ ŀƭΩǎ 

work defined two macrophage subtypes based on their response to either Th1 or Th2 

ǊŜƎǳƭŀǘƻǊȅ ŎŜƭƭǎΣ ƘŜǊŜ aм ΨƛƴŦƭŀƳƳŀǘƻǊȅΩ ƳŀŎǊƻǇƘŀƎŜǎ ǿŜǊŜ ŦƻǳƴŘ ǘƻ ǇǊƻŘǳŎŜ ƘƛƎƘŜǊ ƭŜǾŜƭǎ 

ƻŦ ƴƛǘǊƛŎ ƻȄƛŘŜ ǘƘŀƴ aн Ψŀƴǘƛ-ƛƴŦƭŀƳƳŀǘƻǊȅΩ ƳŀŎǊƻǇƘŀƎŜǎ ŦǊƻƳ ¢Ƙн ǎǘǊŀƛƴǎ ǿƘƛŎƘ ǇǊƻŘǳŎŜŘ 

ornithine instead (Mills et al., 2000). These two unique phenotypes have since been studied 

more extensively in an attempt to understand their effects on IBD and disease progression 

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

Among other key causative factors which Ŏŀƴ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ŘƛǎŜŀǎŜ ǇǊƻƎǊŜǎǎƛƻƴ 

such as genetics, microbiotics and environmental factors, macrophages and the adaptive 

immune cells are postulated to play a key role in the exacerbation of chronic inflammation 

in the colon (Ramos and Papadkis., 2020). However, in most patients, the amalgamation of 

environmental and host factors described above can contribute to IBD and affect epithelial 

renewal, therefore it becomes more challenging to study the interactions and effects of the 

macrophage population on colonic crypt renewal (Maloy and Powrie., 2011). We have 

therefore developed and characterised a 3D in vitro macrophage-crypt co-culture model, 

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

vivo, to study the effects of pro and anti-inflammatory macrophage-crypt crosstalk on 

colonic crypt renewal.  

Previous in vivo studies have showcased the plasticity of intestinal macrophages in an 

inflammatory and steady state, while also highlighting the differential role of M1 and M2 

macrophages in the maintenance of intestinal homeostasis, however, the understanding of 

the molecular mechanism involved in the crosstalk between macrophages and the colonic 

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

In colonic crypts, the functional cells residing within the epithelium are responsible for 

maintaining the intestinal steady state, these include secretory cells such as goblet cells, tuft 

cells and enteroendocrine cells and the absorptive enterocyte cell lineage, while stem cells 

located at the base of the crypt divide and proliferate to maintain the high epithelial 

turnover rate required for intestinal homeostasis (Barbara et al., 2003; Meran et al., 2017). 

Over the last decade the culture of 3D in vitro intestinal crypts has made it possible to track 

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

2012; Sugimoto and Sato., 2017).  

In this study, we have developed and characterised an in vitro 3D macrophage-crypt co-

culture model, allowing the study of the spatiotemporal relationship and determine the 

macrophage ǇƻǇǳƭŀǘƛƻƴΩǎ effect on colonic crypt renewal, including crypt proliferation and 

differentiation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 110 

3.2 Results: 

To investigate the role macrophages, play in in vitro crypt homeostasis, bone-marrow 

derived cells from C57Bl6 mice were cultured and differentiated towards macrophage-like 

phenotype via the supplementation of M-CSF as per Section 2.2.1. This chapter aims to 

characterise the differential phenotypic changes obǎŜǊǾŜŘ ŘǳǊƛƴƎ ǘƘŜ .a5/Ωǎ ǇǊƻŎŜǎǎ ƻŦ 

differentiation by use of histological staining, flow cytometry and immunofluorescent 

labelling, while also determining the presence of epithelial differentiated cells within our 3D 

in vitro model.  

3.2.1 M-CSF drives differentiation of heterogenous BMDC towards a 

homogenous macrophage-like population 

To harvest macrophages, bone-marrow derived cells were initially isolated and cultured as 

per Section 2.1.1 and supplemented with M-CSF (0.2µg/ml), a factor required for the 

differentiation of monocyte precursors towards a macrophage phenotype (Francke et al., 

2011). The morphological changes in vitro were documented in Figure 1A and Figure 1B.  

White light images of in vitro BMDC were captured from Day 1 to Day 8 in Figure 3.1A.  

On Day 1 following the culture of BMDC, a largely spheroidal cell population and a number 

of smaller cells (<5µm) were most commonly observed. On Day 2, an adherent sub-

population forming small filopodia can be observed with the number of adherent cells (a) 

increasing over time. The number of non-adherent floating cells within the cell culture 

population is also steadily decreasing from Day 4 to Day 7 with adherent cells, largely 

dominating the landscape (Figure 3.1A). Following the removal of non-adherent cells and 

cell debris on Day 7, the adherent population was classically and alternatively activated 

towards an M1 and M2 phenotype (Section 2.2.2).  A significant morphological difference 

between either activated phenotypes was not found.  

To further determine the phenotypic changes observed above, Cytospins were taken of the 

bone-marrow derived cell population and stained with Diff-Quick s in order to track the M-

CSF driven differentiation of individual haematopoietic cells over the course of eight days 

(Figure 3.1B). On Day 1 of, a highly heterogenous population including lymphocytes (a) and 

neutrophil (b) were identified. Day 4 Cytospins show an increase of kidney-bean shaped 

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

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

A) Representative white light images (x10 magnification) of in vitro bone-marrow derived cells and their gradual morphological differentiation towards a 

homogenous macrophage-like phenotype in the presence of M-CSF over 7 days. On the 7th day, bone-marrow derived macrophages were polarised with IL-

13 (10ng/ml) and IL-4 (10ng/ml) or LPS (100ng/ml) and IFN-y (50ng/ml) to activate M2 and M1 subtypes, respectively. Scale bar 40µm. B) Representative 

Diff-Quick images (x100 oil magnification) of bone-marrow derived cells and their gradual differentiation towards a homogenous macrophages-like 

phenotype in the presence of M-CSF over 7 days. IL-13 and IL-4 or LPS and IFN-y was supplemented on the 7th day to polarise cells towards and M2 and M1 

phenotype, respectively. Scale bar 15µm.  
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3.2.2 M-CSF drives differentiation of bone-marrow derived monocytes 

towards an adherent macrophage-like phenotype in vitro 

To further assess the phenotypes of the bone-marrow derived cell population, leukocyte cell 

surface markers were utilised to characterise non-adherent BMDC on Day 4 (Figure 3.2C) 

and adherent BMDC on Day 7 (Figure 3.2D). Flow cytometry was used to quantify marker 

expression as per Section 2.2.7 

Initial forward scatter (FSC-cell size) and side scatter (SSC-cell granularity) (Figure 3.2A) 

analysis of the non-adherent Day 4-BMDC and adherent Day 7-BMDC was shown. Here the 

non-adherent BMDC population on Day 4 expressed a low FSC and SSC value, whereas the 

adherent BMDC population on Day 7 expressed a high FSC and SSC value. In Figure 3.2Bi, 

the average cellular size (FSC) of the non-adherent BMDC population on Day 4 (red) was 

compared to the adherent BMDC on Day 7 (green), where the adherent population was 

shown to larger in cell size compared to its non-adherent counterpart. Furthermore, in 

Figure 3.2Bii, the adherent BMDC cell population on Day 7 was also shown to be more 

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

Succeeding this, monocyte and macrophage cell surface markers were utilised to 

characterise the non-adherent BMDC population from Day 4 and the adherent BMDC 

population from Day 7 in Figure 3.2C and D.  

Here marker expression of a known macrophage precursor and common monocyte marker 

Ly6C, revealed a higher expression in non-adherent Day 4- BMDC (67% ± 11.4) compared to 

its Day 7-BMDC (8% ±4.5). counterpart. A significantly lower expression of CX3CR1 was 

recorded in Day 4-BMDC (29%±1.03), compared to adherent Day7-BMDC (82%±13.6). 

Similarly, CD64 expression, was also found to be high in Day7-BMDC (88%±9.4) but not in 

Day 4-BMDC ((23%±8.4). The membrane protein, F4/80 is was also highly expressed in Day 

7-BMDC (F4/80 (81%±7.8) where a significantly lower expression was found in the Day 4-

BMDC (26%± 6.2) population. Expression of the major histocompatibility complex 2 (MHC2) 

was observed to be significantly higher in Day 7-BMDC (63%± 13.2) compared to Day 4-

BMDC (MHC II (15%±7.1).  

Labelling for the chemokine receptor CCR2 revealed a 22%±6.3 expression in Day 4-BMDCs 

compared to the 76±7.8 in adherent-Day 7-BMDC population.  
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Although CD11b expression was observed to be marginally higher in Day 7-BMDC 

(44%±14.7) than in Day 4-BMDC (15%±5.5), the changes observed did not differ 

significantly.  

Both populations were also labelled for CD11c and CD206, where Day4-BMDC lack the 

expression of either CD11c (13%±12.2) and CD206 (0%±0.9), whereas Day7-.a5/Ωǎ 

expression of CD11c (76% ±11.8) and CD206 (75 ±8.8) was significantly higher (Figure 3.2C 

and 3.2D).  

Overall, cell surface expression of CX3CR1, MHC2, F4/80, CD64, CD11c, CD206 and CCR2 was 

significantly higher in the adherent BMDC population compared to the non-adherent BMDC 

population on Day 4 of in vitro C567BL6 BMDC (Table 4).  
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Figure 3.2: Characterisation of the non-adherent Day 4-BMDM and adherent Day 7-BMDM phenotypes using leukocyte cell surface marker expression 

Flow cytometry phenotyping of bone-marrow derived cells in culture supplemented with RM-CSF. Cells were analysed for lymphocyte markers (green). The 

indicated bar represents the positive population and gating was performed in comparison to isotype marker (red).  

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

culture B) Histogram showing the the FSC (Bi) and SSC (Bii) of the non-adherent BMDC on Day 4 and adherent BMDC population on Day 7 of culture.   

C) Histograms showing various expression of commonly found lymphocyte cell surface markers in the non-adherent in vitro BMDC population on Day 4 of 

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

7 of culture. IgG (red) and antibody (n=3).  
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Cell surface 

expression 

Day 4- non 

adherent BMDC 

Day 7- adherent 

BMDM 

P<0.05* 

P<0.001** 

CX3CR1 29 (±1 0.3) 82 (± 13.6) *  

MHC2 15 (± 7.1) 63 (± 13.2) *  

F4/80 26 (± 6.2) 81 (± 7.8) **  

CD64 23 (± 8.4) 88 (± 9.8) **  

CD11b 15 (± 5.5) 44 (± 14.7) ns 

Ly6C 67 (± 11.4) 8 (± 4.5) **  

CD11c  13 (± 12.2) 76 (± 11.8) *  

CD206 0 (± 0.9) 75 (± 8.8) **  

CCR2 22 (± 6.3) 76 (± 7.8) **  

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

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

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

distinctive M1 and M2 phenotypes in vitro 

Following the characterisation of Day 7-BMDC, the adherent population was then polarised 

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

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

Analysis of cell size (FSC) and granularity (SSC) within the M1 and M2 phenotype (Figure 3.3 

A) has shown M2-BMDM to be marginally more diverse in size and granularity compared to 

M1-BMDM. In Figure 3.3Bi, M2-BMDM (green), shown to express a smaller FSC (cell size) 

compared to M1-BMDM (red). Furthermore, the SSC (cell granularity) also shows that a 

distinctively less granular population is visualised in M2-BMDM (green) compared to M1-

BMDM (red) in Figure 3.3Bii.  

Levels of CX3CR1 expression were observed to be similar, in both the M1 (92% ± 8.3) and 

M2 population (91%±6.4). M1-BMDM also highly expressed markers MHC2 (74%± 6.4), 

F4/80 (90%±6.0), CD64 (81% ± 14.6), CD11b (79% ±15.5) and CCR2 (80%±18.7). 

M2-BMDM also express high levels of MHC2 (72% ±12.2), F4/80 (91.5% ±4.9), CD64 (58% 

±10.8), CD11b (54% ±12.7) and CCR2 (67% ±12.8). Notably, M1-BMDM show a slight 

reduction in CD206 (16.5±23.3) compared to M2 (60% ±42%) (non-significant).  

The expression of CD11c differed significantly between either subtype, where high 

expression was recorded in M1-BMDM (77%± 7) compared to M2-BMDM (7.5% ±10.6). 

Overall, similar cell surface expression levels of CX3CR1, MHC2, F4/80, CD64, CD11b, Ly6C, 

CD206 and CCR2 were found in both M1-BMDM and M2-BMDM whereas only the 

expression of CD11c differed between either BMDM-subtypes (Table 5). 
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Figure 3.3 Characterisation of classically activated M1-BMDM and alternatively activated M2-

BMDM phenotypes leukocyte cell surface marker expression 

Flow cytometry phenotyping of bone-marrow derived cells in culture supplemented with RM-CSF. 

Cells were analysed for macrophage markers (green). The indicated bar represents the positive 

population and gating was performed in comparison to isotype marker (red).  

A) Countor plot showing the SSC (granularity) and FSC (cell size) in the adherent M1-BMDC 

population following a 24-hour activation with LPS (100ng/ml) and IFN-  ɹ(50ng/ml) and M2-BMDC 

following 24-hour activation with IL-13 (10ng/ml) and IL-4 (10ng/ml)(n=3). Bi) Histogram showing 

the FSC (size) cell count of both M1-BMDC (red) and M2-BMDC (green). Bii) Histogram showing the 

SSC (granularity) of both M1-BMDC (red) and M2-BMDC (green) 

C) Histograms showing various expression of commonly found macrophage cell surface markers in 

the adherent M1-BMDC population following a 24 hours activation with LPS (100ng/ml) and IFN-  ɹ

(50ng/ml) (n=3). D) Histograms showing various expression of commonly found macrophage cell 

surface markers in the adherent M1-BMDC population following a 24 hours activation with IL-13 

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

expression 

BMDM- M1 BMDM-M2 P<0.05* 

P<0.001** 

CX3CR1 92% (± 8.3) 91% (±6.4) ns 

MHC2 74% (± 6.4)  72% (± 12.2) ns 

F4/80 90% (± 6.0) 91.5% (± 4.9) ns 

CD64 81% (± 14.6) 58% (± 10.8) ns 

CD11b 79% (± 7) 54% ( ± 12.7) ns 

Ly6C 12.5% (± 5.5) 9% (± 5.3) ns 

CD11c  77% (± 15.5) 7.5% (± 10.6) *  

CD206 16.5% (± 23.3) 60% (± 42%)  Ns 

CCR2 80% (± 18.7) (67% ± 12.8) Ns 

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

Summary of leukocyte marker expression (mean± SEM) compared between in adherent M1-

BMDC population and adherent M2- BMDC population following overnight incubation with 

LPS, IFN-  ɹand IL-13, IL-4 respectively. (n=3, *P<0.05 M1 compared to M2).  

 

3.2.4 Expression of cell-death is maintained in Naïve, M1 and M2 

macrophage in vitro 

To determine cell death within a live cell population, propidium iodide expression was 

measured using a flow cytometer (Section 2.2.7) Here, propidium iodide is able to bind to 

DNA in cells with defect plasma membrane allowing the quantification of cell death within a 

live-cell population (Crowley et al., 2016). Similar levels of propidium iodide expression were 

recorded in all adherent Day 8 subtypes, Naïve (2.6%±1.3), M1(3.6% ±8.9) and M2 (1.3%± 

0.67) (Figure 3.4). 
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Figure 3.4: Expression of Propidium Iodide) expression remains unchanged in BMDM macrophage 

phenotypes 

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

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

expression 

An identified hallmark of the M1-macrophage phenotype is its capability to produce nitric 

oxide following the activation with LPS and IFN-  ɹ(Mills et al., 2000)Φ ʆˇ further determine 

whether bone-marrow derived M1 macrophages preserved this function in vitro, Naïve and 

M1 BMDC cultures were spiked with a nitric oxide (NO) probe on Day 7 of culture for 24 

hours and immunofluorescently labelled according to Section 2.1.1. Figure 3.5A shows 

representative white light and fluorescent nitric oxide probe in both Naïve and M1 

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

Similarly, the nitrite concentration within in vitro BMDM culture was measured using the 

Griess Assay as per Section 2.3.8, 24 hours following polarisation of the N, M1 and M2 

macrophages, the absorbance (550nm) was read and compared to a nitrite standard curve 

(Figure 3.5B and 3.5D). 

Interpolation of each condition showed a significant increase of nitrite in M1 (20.1µM) 

compared to both Naïve (0.09µM) and M2 (0.362µM) (Figure 3.5C). The Griess assay was 

also performed 24 hours following a co-culture of crypts along with Naïve, M1 or M2 

macrophages, in which the conditioned media was removed and analysed with high nitrite 

accumulation recorded in M1 co-cultures (13µM) in comparison to Naïve (0.25µM) and M2 

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

culture and in vitro crypt-macrophage co-culture 

A) Confocal images showing expression of NO-probe (green) in vitro adherent BMDM Naïve and M1 

macrophages 24 hours following activation. Scale bar 15µm. 

B) Histogram showing the mean nitrite concentration (µM), in in vitro culture of Naïve, M1 and M2 

macrophages, 24 hours following activation (n=3, N=31; Control vs M1,***P<0.0001; Naïve vs M1 

$$$ P<0.0001; M2 vs M1, £££ P<0.0001).  

C) Histogram showing the mean nitrite concentration (µM) 24 hours following an in vitro 

macrophage-crypt co-culture with Naïve, M1 and M2 macrophages. (n=3, N=23; Control vs M1, 

***P<0.0001; Naïve vs M1 $$$ P<0.0001; M2 vs M1, £££ P<0.0001).  

Having determined that M-CSF is required for the differentiation of bone-marrow derived 

cell towards a macrophage phenotype and while also characterising the cell surface marker 

expression of Naïve, M1 and M2 macrophages in vitro. We next set out to determine 

whether macrophages maintained their surface marker expression in co-culture with colonic 

crypts.  

3.2.6 Classical and alternatively activated BMDM maintain macrophage cell 

surface marker expression in vitro 

To confirm whether macrophages maintain leukocytic cell surface marker expression within 

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

Figure 3.6A, confirmed that both M1 and M2 macrophages were observed to be CCR2 

(green), F4/80 (red) and CX3CR1(magenta) positive. Examples of triple (F4/80, CX3CR1, 

CCR2) positive cells are highlighted below (white arrow). The antibody-specific IgG controls 

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

within the in vitro co-culture model 

A) Confocal images (x64 oil) of M1 and M2 BMDMs in 24 hours following a macrophage-crypt co-

culture, showing positive expression of CCR2 (green), F4/80 (red), CX3CR1 (magenta) and nuclei 

(blue). Scale bar at 25µm. B) Confocal Images (x63) of antibody-matched IgG, Rabbit (green), Rat IgG 

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

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

its co-culture, we next determined the optimal macrophage: crypt seeding density and 
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further set out to investigate whether colonic crypts are able to maintain their morphology, 

were able to proliferate in the presence of macrophages, did not undergo apoptosis and 

maintained their differentiated epithelial cell types within our crypt-macrophage co-culture 

model. 

3.2.7 Cell density dependent increase in crypt cell EdU incorporation in the 

presence of Naïve macrophages 

To determine whether macrophage can affect colonic crypt growth, co-cultures with 

increasing Naive macrophage densities were seeded (Figure 3.7A &B). Crypts cultured in the 

presence of Naïve macrophages were treated with EdU on Day 1 following the co-culture as 

per Section 2.2.13. In Figure 3.7C, Naïve macrophages significantly increased %EdU 

incorporation only at a density of 3x105 and 6 x105, colonic crypts at a macrophage density 

of 8x105 (Ci) did not survive compared to 3x105 (Ci).  

Figure 3.7B, crypts were cultured along with Day 4 monocytes at a density of 6x105, 

although an increase in the percentage of EdU incorporation was observed a statistical 

significance was not recorded. In parallel, crypts were also cultured along with Naïve 

macrophages at an increasing density ranging from 0x105 to 6x105, here a significant 

increase in the percentage of EdU incorporation was recorded only at a density of 3x105.  
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Figure 3.7: Cell density dependent increase in crypt cell EdU incorporation in the presence of Naïve 

macrophages 

A) Histogram showing the percentage of EdU positive nuclei under increasing Naïve-macrophage 

densities (1x105ύΦ όƴҐпΣ bҗтоύΣ ŎƻƳǇŀǊŜŘ ǘƻ /ƻƴǘǊƻƭ ϝtғлΦлрΣ ϝϝϝtғлΦллмύΦ {ŎŀƭŜ ōŀǊ ŀǘ мрҡƳΦ B) 

Histogram showing the percentage of EdU positive nuclei under increasing Naïve macrophages 

(1x105) and monocytes (Mono-1x105ύ ŘŜƴǎƛǘƛŜǎ όƴҐоΣ bҗпсύ ŎƻƳǇŀǊŜŘ ǘƻ /ƻƴǘǊƻƭ ϝϝtғлΦлмΦ C) 

Representative images showing in vitro crypt-macrophage co-culture under macrophage densities of 

3x105 and 8x105, where colonic crypts disintegrated, and the pH-sensitive culture media developed a 

yellow tint at the highest density.  

As the results suggest that a macrophage seeding density of 3x105 is sufficient to initiate a 

response in colonic crypt cell proliferation while crypt architecture is maintained. To 

determine whether colonic crypt cell apoptosis is excessively engaged within our crypt-

macrophage co-culture model compared to crypts cultured alone, we then sought to 

identify the differential expression of Caspase-3 within our co-culture model.  

 



 133 

 

3.2.8 Low Caspase-3 expression was observed in all BMDM-crypt co-cultures 

To determine whether the BMDM within the in vitro macrophage-crypt co-culture cause a 

change in epithelial cell death, immunofluorescent labelling with an anti-Caspase-3 antibody 

was performed. Figure 3.8A shows an example of a Caspase-3 positive cell withƛƴ ǘƘŜ ŎǊȅǇǘΩǎ 

ōŀǎŜΣ ƛƴ ǿƘƛŎƘ /ŀǎǇŀǎŜ о ƛǎ ŜȄǇǊŜǎǎŜŘ ǿƛǘƘƛƴ ǘƘŜ ōƻǳƴŘǎ ƻŦ ǘƘŜ ŎŜƭƭΩǎ ŎȅǘƻǇƭŀǎƳ όǿƘƛǘŜ 

arrow). Caspase-3 positive cells identified within the crypt lumen (white arrow-a) or the 

shedding zone (white arrow-b) were excluded from analysis and not considered to be part 

of the epithelium. Figure 3.8B show representative confocal images of the crypts in 

macrophage-crypt co-cultures, where macrophages are seeded at a density of 3x105 cells as 

previously optimised in Figure 3.7. There are no significant changes in the number of 

Caspase3 positive cells in the crypts, when in culture with Naïve, M1 or M2 macrophages 

(Figure 3.8C) however the percentage of Caspase-3 positive cells compared to total number 

of DAPI-positive cells revealed a significant decrease in Caspase-3 expression in M2-crypt co-

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

culture. 

A) An example of a Caspase-3 positive cell (white arrow) expressed within the crypt epithelium. 

found within the lumen and crypt surface but are distinctly absent from the colonic epithelium. 

Positive example shown above (lumen- a and shedding area-b).   

B) Representative confocal images showing Caspase-3 expression (green), nuclei (blue) and E-

cadherin (red) in crypt-macrophage subtype co-culture. Caspase-3 expression is found within the 

lumen and crypt surface but are distinctly absent from the colonic epithelium. Scale bar at 15µm. C) 

Histogram showing the average number of Caspase-3 positive epithelial cells per crypt within each 

co-culture condition (n=3, N>24) and D) Histogram showing the average percentage of Caspase-3 

positive epithelial cells per crypt compared to average nuclei count (n=3, N>24, Control vs 

M2*<P0.05). 

Having confirmed that the crypt-macrophage co-culture model is viable and does not induce 

excessive Caspase-3 expression, we finally determined to confirm whether colonic crypts in 

in vitro culture express the differentiated cell phenotypes commonly present within 

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

To confirm that the colonic epithelium expressed differentiated cell lineages within the epithelium in in vitro culture, while IgG controls were 

utilised to show that immunofluorescent labelling was specific to each of the cell lineages. The immunofluorescent labelling protocol was 

performed as described in Section 2.2.12. It was confirmed that labelling of stem cells (Lgr5+) (Figure 3.9Ai), enteroendocrine cells (Cro-A) 

(Figure 3.9Aii) and tuft cells (DCAMKL1) (Figure 3.9Aiii) was antigen-specific. UEA-1 (Figure 3.9Aiv) is a fucose-reactive lectin used to stain 

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

 


























































































































































































































































































































































































