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ABSTRACT 

Crohn’s disease is an inflammatory driven condition in which 50% of patients develop 

fibrostenosing strictures in the course of disease progression, this remains a clinical unmet 

need. The study aimed to characterise the molecular and cellular fibrotic microenvironment in 

fibrotic (stricture) vs non- fibrotic (proximal and distal) segments derived from resected tissue 

of CD patients. Bulk RNA and single cell sequencing was performed on stricture, proximal 

and distal segments. Biomarkers of interest were identified to include Gremlin 1, HDAC1 and 

FGF2 whose expression patterns were studies in relation to localisation of fibroblasts using 

multispectral imaging. Studies on the role on Gremlin 1 in regulation of the TGF-β/BMP 

signalling pathways were conducted. The readouts included fibroblast activation, proliferation 

and expression of extracellular matrix (ECM) related genes including COL1A1, ACTA2, FN1 

and TIMP1. The data showed a distinct expression pattern associated with stricturing including 

upregulation of stromal cell linked genes, GREM1 expression was localised to the cell 

population identified as stromal cells. Knock down of GREM1 using siRNA showed a 

downregulation in expression of proliferation associated gene MKI67 and myofibroblast 

activation genes including ACTA2. 
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1.1 Inflammatory bowel disease  

Inflammatory Bowel Diseases (IBD) are chronic inflammatory disorders of the gastrointestinal 

tract that can lead to morbidity and mortality in severe cases (1,2). Epidemiological data 

suggests a global rise in prevalence and incidence of IBD cases, prevalence and incidence are 

epidemiological measurements used to determine disease occurrence and burden in a 

population (3). Prevalence is the number of individuals diagnosed with a particular disease in 

a population at a given time point or over a period of time, it includes both old and new cases. 

Incidence is the number of new cases of a disease within a population, this parameter measures 

the rate of occurrence (4). The differences between prevalence and incidence are outlined in 

table 1.1;  

 

Table 1.1: Differences between incidence and prevalence (EUPATI, 2018) 

 

 

The highest prevalence rates of IBD have been reported in Europe, North America and Oceania 

(5). In the past decade, there have been increasing cases in newly industrialised countries from 

Africa, Asia and South America, thus IBD is now considered an emerging global disease (6). 

An estimated 6.8 million people are living with IBD globally, with over 2 million of those in 

Europe and 1.5 million in North America (7,8). The global rise in IBD has psycho-social and 
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economic implications to society in terms of healthcare costs, absenteeism both at school and 

work, patients living with IBD also suffer from a poor quality of life. In Europe alone, an 

estimated direct healthcare cost per annum is 4.6–5.6 billion Euros (9,10). 

 

The increase in IBD cases particularly in developing countries has been linked to a growing 

similarity in lifestyle and diets around the world (11). Figure 1.1 gives a global overview of 

disease progression in incidence and prevalence, the emergence of IBD in the western world 

was much earlier (1750-1950) compared to that of newly industrialised countries (1950-2000). 

This fuels the hypothesis that IBD is associated with factors linked to lifestyle such as diet and 

alteration in the intestinal microbiome that could trigger its onset. The concept of ‘hygiene 

hypothesis’ has been suggested as a contributing factor to higher prevalence in urban compared 

to rural areas (12), the effects of vitamin D may also be a factor as regions experiencing colder 

climates have a higher prevalence of IBD compared to those with a warmer climate (13). The 

overall trend in prevalence and incidence of IBD in developing countries exhibits a similar 

pattern to that previously seen in the western world during disease emergence stage (1750-

1950); it is projected that between 2020-2050, there will be a sharp increase in IBD cases 

globally (14,15). 
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1.1.1 Aetiology of IBD 

IBD constitutes of two main conditions, Crohn’s disease (CD) and ulcerative colitis (UC). 

Disease classification is based on age of disease onset, disease location, pathological and 

clinical features (16,17). The aetiology of IBD is complex and not fully understood; studies 

have attributed it to a complex interaction of genetic susceptibility of the individual, epigenetic 

alterations, dysbiosis in the microbiome, environmental triggers and a dysregulated immune 

response (18). In a genetically susceptible host, an imbalance between commensal and 

pathogenic bacteria triggers a dysregulated immune response leading to chronic inflammation 

(19,20). Damage to the intestinal barrier impairs the mucosal epithelium through which 

pathogens, luminal antigens and toxins access the intercellular spaces within the tissue. This 

triggers activation of the innate immune response consisting of tissue resident cells such as 

Figure 1.1: Representative graph showing global trends in IBD cases. Global IBD trends from 

1750 to future projections in 2050. Data from 1750s show the early emergence of IBD in western 

countries (with high economies) to a projected global plateau in prevalence and incidence rates in 

2050. Data from 2000-2020 shows developing countries going through an emergence stage with 

diagnosis of new cases, newly industrialised countries are in the acceleration stage where both 

prevalence and incidence are rising, the western world countries are at compounding stage with a steep 

rise in prevalence and steady incidence rates. (Image obtained from Kaplan and Windsor, 2021) 
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intestinal epithelial cells (IECs), fibroblasts, dendritic cells and macrophages to release pro-

inflammatory mediators. Inflammatory mediators produced include cytokines, chemokines and 

growth factors such as TNF-α, IL-1β, IL-12, IL-6, IL-23, IL-10 and intercellular adhesion 

molecule 1 (ICAM-1), mucosal vascular addressin cell adhesion molecule 1 (MADCAM-1) 

(21,22). These in turn activate the adaptive immune response including cytotoxic T cells, helper 

T cells, regulatory T cells and B cells; the main immune mediators that further drive the 

inflammatory response to restore homeostasis include IL-12, IL-10, IL-17, IFN-γ, TGF-β, IL-

23 and IL-4 (23,24). In a physiological state, this process is well regulated; however, in IBD 

the inflammatory response fails to “switch on” its regulatory mechanisms leading to chronic 

inflammation characterised in both UC and CD (25,26).  

 

The advancement in high quality sequencing techniques has led to a high number of genetic 

studies such as the genome wide association studies (GWAS) that have progressed a better 

understanding into the role of genetics in the pathogenesis of IBD (27). Currently, GWAS have 

identified hundreds of susceptibility loci linked to IBD. Studies have also shown that genetic 

factors only account for 20–25% of disease variance (28), this suggests a key role of other risk 

factors including environment, epigenetic modulation, the microbiome and immune response 

in the pathogenesis of IBD (29,30). Approximately 25-40% of patients diagnosed with IBD 

also develop extraintestinal manifestations (EIMs) (31). Details on the proposed mechanisms 

of action of EIMs in IBD are covered in section 1.1.2.  

 

1.1.2 Extraintestinal manifestations in IBD 

Extraintestinal manifestations (EIMs) are inflammatory pathologies in patients with IBD that 

occur outside the gut, EIMs are seen in 25-40% of IBD patients (32–34). They manifest in 

various organs including the skin in the form of erythema nodosum and pyoderma 

gangrenosum, joint manifestations present as peripheral arthritis, eye manifestations include 
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episcleritis and uveitis while hepatobiliary EIMs manifest in the form of primary sclerosing 

cholangitis (PSC).  EIMs greatly affect the patient’s quality of life and complicate management 

of IBD (34,35). 

 

The pathogenesis of EIMs is dependent on extension and translocation of immune responses 

or independent inflammatory events perpetuated by IBD immune responses, it may also result 

from shared environmental or genetic predisposition between the gastrointestinal tract and 

other affected organs (33,35) . The mechanisms through which EIMs occur in IBD are not 

clearly defined; a commonly reported hypothesis is ectopic expression of gut-specific 

chemokines and adhesion molecules including MAdCAM-1 and CCL-25. Expression of these 

molecules is restricted to intestinal tissue, their expression has been shown as upregulated in 

IBD patients. In addition, there is increased frequency of activated T cells expressing their 

cognate receptors α4β7 and CCR9 in IBD (31,36). Studies have shown ectopic expression of 

MAdCAM-1 and CCL-25 in the vascular endothelium of the portal tract in PSC; frequency of 

infiltrating activated T cells expressing α4β7 and CCR9 in explant livers of PSC patients has 

also been reported. The hypothesis has been supported in mice studies in which MAdCAM-1/ 

α4β7 signalling has been shown to exacerbate liver inflammation. This suggests an impaired 

recruitment of activated T cells to the liver as a contributing factor to the pathogenesis in PSC-

IBD (37,38). 

 

On the other hand, a recent study by Graham  (2022) have refuted the “gut homing” hypothesis 

as not specific to PSC. The study showed that MAdCAM-1 and CCL-25 expression at mRNA 

and protein level was upregulated in tissue of other chronic liver diseases (CLDs) such as non-

alcoholic steatohepatitis (NASH) and Alcoholic liver disease (ALD) at similar frequencies to 

PSC. The study showed similar expression patterns of their cognate receptors α4β7 and CCR9 

in CLDs and PSC compared to donor livers used as healthy controls, the inconsistencies in the 
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literature have been attributed to investigations carried out with a focus on PSC-IBD with 

limited studies on the gut homing hypothesis in other CLDs (39).  

 

Other mechanisms include T cell trafficking due to activation of non-specific adhesion 

molecules, an example is endothelial vascular adhesion protein 1 (VAP-1) which has been 

shown to recruit gut leukocytes in IBD patients to the synovial membrane which could be a 

contributing factor in the pathogenesis of peripheral arthritis (40). Microbial antigens derived 

from the gut microbiota or circulating antibodies reactive to colonic proteins have also been 

suggested to translocate to extraintestinal sites eliciting an impaired inflammatory response 

that could trigger onset of EIMs (33,34,36). Alternative mechanisms have been linked to shared 

genetic and environmental factors between IBD and other organs affected by EIMs. IBD is 

characterised by a reduction in gut permeability referred to as a “leaky gut”, increased 

expression of pro-inflammatory mediators such as IL-6, TNF-α, IFN-γ and bacterial LPS (41). 

These pro-inflammatory mediators could promote further activation of immune cells in 

extraintestinal sites with shared genetic and environmental predisposing factors as reported in 

IBD; this could lead to a dysregulated immune response in extraintestinal sites.  

 

Other co-morbidities in IBD patients include rheumatoid arthritis, systemic lupus 

erythematosus, multiple sclerosis, type 1 diabetes and psoriasis (42). GWAS have identified 

genetic links and shared susceptibility loci between IBD and other immune mediated diseases 

(43,44). Co-morbidities may have a strong association to either UC or CD; for example, studies 

have shown that PSC, a chronic disease of the liver characterised by inflammation and fibrosis 

of the biliary tree has a strong association to UC. Approximately, 14-21% of patients with UC 

will develop PSC; meanwhile, the prevalence of UC among PSC patients is approximately 70-

80%  (45). Therefore, despite both forms of IBD being inflammation driven, there are some 

differences in the pathophysiology, pattern of inflammation, disease progression and 
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management of the two conditions (46). Overall, progress has been made in understanding the 

mechanisms involved in the pathogenesis of EIMs and their links to IBD; however, further 

understanding of the pathogenesis and genetics of EIMs in relation to IBD will provide more 

efficacious treatment options, improved patient management and better outcomes of therapy 

(37). 

 

1.2 Ulcerative colitis  

UC is an immune-mediated disease of unknown aetiology characterised by chronic 

inflammation. UC affects individuals of any age; however, disease onset is predominant 

between the ages of 20-40 years with more females being diagnosed compared to males 

(47,48). There is evidence that indicates a rise in incidence and prevalence of very early onset 

of IBD (VEO-IBD) in recent years, this is in children as young as <6 years. Data shows a rise 

in cases from 1.3 to 2.1 per 100 000 children from 1994 to 2009 respectively; of the cases 

classified as VEO-IBD, 35%–59% are classified as UC (49). Studies have attributed the rise of 

VEO-IBD to changes in the environment and the microbiome which mostly occurs from birth 

to the age of 3-4 years. Interestingly, this coincides with the developmental stage of the child’s 

immune system. A child with genetic predispositions undergoing changes to the microbiome 

and exposed to various environmental factors could trigger a dysregulated immune response 

resulting in VEO-IBD. In addition, sequencing has identified single gene (monogenic) defects 

in VEO-IBD patients linked to children with underlying primary immune deficiencies (50). 

Sequencing data on samples from VEO-IBD patients have revealed mutations on genes that 

are important in maintaining intestinal epithelial barrier function, phagocyte bacterial killing 

and immune regulation; examples include IL10, IL10R, a disintegrin and metalloprotease 17 

(ADAM17), forkhead box P3 (FOXP3) and inhibitor of nuclear factor kappa B kinase 

regulatory subunit gamma (IKBKG). A loss in epithelial barrier function and a dysregulated 

immune response are contributing factors in the pathogenesis of VEO-IBD. Further research 
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and understanding into factors and mechanisms in VEO-IBD will improve management and 

identification of therapies for this cohort of patients (49–52). 

 

A key differential diagnostic feature in IBD is the pattern of inflammation; in UC, inflammation 

affects the mucosal and submucosal regions of the colon. In 95% of patients diagnosed with 

UC, inflammation starts from the rectum and extends to the proximal region of the colon in a 

continuous pattern (53,54). Clinical examination and histopathological findings on tissue from 

patients diagnosed with UC show inflamed regions that are ulcerated with diffuse lesions 

beginning in the rectum and extending proximally without skip areas. The inflamed regions 

appear edematous, granular and vulnerable as illustrated in figure 1.2 (55,56). Biopsies from 

patients with UC show distorted tissue integrity and structure, infiltration of inflammatory cells 

such as neutrophils and the presence of crypt abscesses (57–59).  

 

The signs and symptoms experienced by most UC patients include bloody diarrhoea, faecal 

urgency, weight loss, rectal pain and bleeding (54,60). Upon diagnosis, the course of treatment 

aims at resolving the inflammatory response and restore mucosal healing. Current first line 

medication includes 5-aminosalicylic acid (5-ASA) agents, corticosteroids, thiopurines, 

biologics such as anti-tumour necrosis factor (anti-TNF-α) and small molecules such as Janus 

kinase (JAK) inhibitors; the choice of medication depends on the severity of disease. Total 

proctocolectomy is regarded as the last resort and only if other treatment options fail to manage 

UC symptoms (61).  



 
 

10 
 

 

 

 

1.2.1 Aetiology of UC  

1.2.1.1 Genes linked to epithelial barrier function impaired in UC 

The aetiology of UC is multifactorial, various studies have linked genetics as one of the key 

factors involved in its pathogenesis (62,63). Familial studies have shown that the prevalence 

of first-degree relatives developing UC is 0.3-2.7%. Of the patients diagnosed with UC, data 

Figure 1.2: Schematic representation showing location and inflammation pattern of the 

affected areas in UC. A) Inflammation in the colon that starts in the rectum and extends 

proximally (red-coloured region in gastrointestinal tract). B) Endoscopic features of UC 

showing moderate inflammation with marked erythema, loss of vascular marking and 

erosions. C) Severe inflammation with spontaneous bleeding. Images obtained from Lee and 

Lee, 2016; Hoter and Naim, 2019.   
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showed that 8-14% had a family history of IBD. Twin studies have also shown concordance 

rates of 16% in monozygotic twins and 4% in dizygotic twins (64–66). Genome wide 

association studies (GWAS) have generated data that strongly links genetics to the 

pathogenesis of UC. To date, a total of 240 risk loci have been identified and linked to the 

pathogenesis of IBD (67–70).   

 

Of the identified 240 susceptibility genes, 47 have been associated with UC (71,72). UC 

specific susceptibility mutations have been identified on genes linked to human leukocyte 

antigen (HLA class II) region near HLA-DRA with a strong association to HLA-DR-B1*15, 

DRB1*15:01, DRB1*15:02 and DRB1*15:03, the B1 genes contain the β chain and are the 

most polymorphic. It is not clear why these loci are predisposed in UC; however, HLA class II 

genes modulate both innate and adaptive immune responses through recognition of microbes, 

lymphocyte activation, cytokine signalling and maintenance of intestinal epithelial barrier 

function (73). Mutations on genes that are important in these biological processes increase the 

risk of developing UC. For example, susceptibility loci were identified on genes that modulate 

epithelial organisation and barrier function, these include HNF4A, CDH1 and LAMB1 (74,75). 

GWAS have also identified susceptibility loci that are linked to increased risk of developing 

severe UC, these include TNFSF15 (TL1A), MDR1, HSP70 and loci on genes associated within 

the HLA-DRA regions (76–78). GWAS have identified susceptibility genes with an overlap 

between UC and CD, these genes play a key modulatory role in innate and adaptive immune 

responses. These include autophagy genes (PARK7 and DAP), oxidative stress (HSPA6, DLD), 

immune tolerance (IL1R1, IL1R2, IL10) and T cell activation and regulation (IFNG, JAK2, 

TNFSF8, TNFSF15, ICOSLG, IL12B, IL23R, IL17REL  (71,79–81).  

 

Another important factor in the pathogenesis of UC is the dysregulation in recognition of 

pathogens, Caspase recruitment domain‐containing protein 9 (CARD9) is a member of the 
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CARD protein family that acts as an adaptor protein (82). CARD9 is expressed in myeloid 

immune cells, including dendritic cells, macrophages, and neutrophils that are important in 

antigen recognition. Cells of the innate immune system recognise antigens through pattern 

recognition receptors (PRRs) such as C-type lectin receptor (CLR) and toll-like receptor (TLR). 

These receptors couple with signaling adaptor proteins such as CARD9 to activate their 

functions and initiate defence against invading pathogens (83,84). GWAS have identified 

polymorphisms on CARD9, protein interaction domains on CARD9 perform a dual function of 

activating or suppressing other CARD‐containing proteins, hence driving the pathogenesis of 

IBD. There is a significant increase in gene expression of CARD9 in the UC group compared 

with CD (P < 0.001). The data showed a strong disease association of CARD9 to UC and a 

moderate association with CD (85–87).  

 

The study identified high genetic risk alleles in IBD, these included rs10870077, rs4077515 

and rs10781499 while the protective alleles included rs141992399 and rs200735402. The dual 

role has been attributed to CARD9 variants having different mechanisms of pathogenesis that 

contribute to the differences in disease susceptibilities; the predisposing risk variants were 

associated with impairment in recognition of pathogens that results in a dysregulated immune 

response in a genetically predisposed host. The protective variants may have lost the biological 

function of CARD9; a study was conducted using a total and conditional CARD9 knock-out in 

a dextran sulphate sodium (DSS) induced mouse model of colitis and an adoptive transfer 

model of colitis to assess the cell type that plays a key role in the CARD9 protective phenotype 

(88). The data showed a protective role in CARD9 expressing neutrophils; in the absence of 

CARD9, mitochondrial dysfunction increases mitochondrial reactive oxygen species (ROS) 

production leading to a premature death of neutrophils through apoptosis. The reduction in 

functional neutrophils in tissues explains an increased susceptibility to intestinal inflammation. 

This presents opportunities to target neutrophils as potential therapeutic targets in IBD (88,89). 
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Overall, the current data from various studies indicates that genetics is a key factor in the 

pathogenesis of UC.  

 

1.2.1.2 Epigenetic changes can impair intestinal barrier integrity in UC  

Epigenetic mechanisms are reversible changes that occur causing an alteration in the structure 

and function of DNA without changing the DNA sequence. Alteration to the DNA may 

influence gene transcription and alter gene expression hence impacting disease progression and 

overall outcome (90,91). The most common epigenetic mechanisms include DNA methylation 

in which a methyl group(s) is added to a DNA molecule, histone modification which is a post 

transcriptional modification (PTM) which exerts alterations to histone proteins and changes 

due to non-coding RNA associated gene silencing (ncRNAs) (92). In the last decade, there 

have been significant advancement in understanding epigenetics and its role in disease through 

epigenome-wide association studies (EWAS). In UC, epigenetic modifications have been 

identified in genes linked to the intestinal barrier function (93,94). The intestinal barrier is made 

up of a thick internal lining that consists of specialised intestinal epithelial cells (IECs). These 

include enterocytes, paneth cells, goblet cells, endocytes and microfold cells; each with a 

distinct function to maintain epithelial homeostasis. Paneth cells secrete anti-microbial 

peptides, such as α-defensin, to limit microbial entry to the intestinal lumen. Goblet cells 

secrete mucous that is key in defence and repair of the epithelium (95–97) while endocytes 

regulate incoming antigens and present bacterial antigens to dendritic cells. These cells 

establish a tight barrier using adherens junctions and desmosomes, hence maintaining the 

intestinal barrier integrity (96).  

 

A study by Saito (2011) on colon biopsies showed hypermethylation of loci on CDH1 and 

GDNF in colon mucosa of active UC vs inactive. GDNF encodes for Glial cell-derived 

neurotrophic factor, the protein plays a key role in promoting maturation of intestinal epithelial 
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cells (IECs) (99). CDH1 encodes for E-cadherin, E-cadherin is an intercellular adhesive protein 

and a component of adherens junctions found within IECs. The altered gene expression of 

CDH1 and GDNF due to hypermethylation results in a reduced expression of E-cadherin or 

Glial cell-derived neurotrophic factor in the small intestine and colon resulting in an impaired 

intestinal homeostasis and barrier function (100,101).  

 

In another study, next-generation sequencing was used on treatment-naïve UC mucosal 

biopsies, the use of treatment naïve patients was to rule out the effect of medication on DNA 

modification. The study showed that genes such as proline-rich acidic protein 1 (PRAP1) and 

a member of the solute carrier protein family (SLC3A1) were hypermethylated with a 

significantly reduced expression in UC mucosa (102). Both genes encode for proteins that 

maintain homeostasis in epithelial cell and protect the intestinal barrier from oxidative insult 

(103,104).   

 

Other important genes include hyperpigmentation progressive 1 (HPP1) and myogenic 

differentiation 1 (MYOD1) which showed a hypermethylation profile in UC patient samples 

with actively inflamed mucosa compared to quiescent colon derived samples, this indicates a 

strong link between DNA modification and disease phenotype in UC (98). Studies have also 

shown hypermethylation in promoter sites of genes such as multidrug resistance 1(MDR1), 

myogenic differentiation 1 (MYOD1), CXCL5, IL12RB2, IL2RA, intercellular adhesion 

molecule 1 (ICAM), CD40, tumor necrosis factor receptor superfamily members (TNFRSF4 

and TNFRSF5); DNA modifications leads to changes in gene expression and cellular processes 

such as proliferation, intracellular signalling, apoptosis and DNA repair; which in turn drives 

the pathogenesis of UC affecting clinical phenotype, reduced age for disease on set (<20 years 

old), higher number of hospitalisations and severe disease outcomes (98,105–107).  

 



 
 

15 
 

Another study explored the role of hypomethylation in tissue collected from treatment-naïve 

severe UC patients (108). The data showed hypomethylation in some differentially expressed 

genes (DEGs) in patients with severe UC. These included genes such as SIGLEC5, NKG7, 

ITGB2, GNAI2, TNFSF8 and IL10; which are typically involved in anti-inflammatory 

responses. The study suggests that hypomethylation of genes that are important in anti-

inflammatory responses impairs the immune system’s regulatory processes in resolving 

inflammation which is typical in severe UC patients; the impaired immune mechanisms are 

further discussed in section 1.2.1.5. Hypomethylated genes specific to severe UC could also be 

used as biomarkers of disease severity, providing a more targeted treatment approach (108). 

 

Non-coding RNAs (ncRNAs) such as microRNAs (miRNAs) have also become of interest as 

modulators of the epigenome. These are small, endogenous molecules that target mRNA at the 

post-transcription phase causing it to degrade (109). A study by Min (2014) showed an 

upregulation of miR-155 in mucosa of UC patients with active disease corresponding to a 

decrease in expression of FOXO3, a gene that encodes Forkhead box O3 protein (FOXO3a). 

FOXO3a is an important transcription factor that drives multiple homeostatic processes such 

as apoptosis, immune response and growth. Intestinal inflammation was more severe in a 

FOXO3a knockout mice (Foxo3a −/−), a DSS induced mouse model of colitis as compared to 

the wild type This indicates a regulatory role for FOXO3a during the inflammatory response 

in UC (111,112). 

 

Further investigation in the HT29 cell line showed that upregulation of miR-155 has a negative 

effect on expression of FOXO3a and an increase in expression of pro-inflammatory mediators 

including IL-8 and TNF-α (110). Although various miRNA such as miR-103-2, miR-362-3p, 

miR-532-3p, miR-20b, miR-98 and miR-125b-1 have been shown as upregulated in the colonic 

mucosa of UC patients, there is still need for further research to identify what mechanisms they 
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regulate and how best these can be targeted as potential therapies in the management of UC 

(109,113).  

 

1.2.1.3 Environmental factors such as smoking and appendectomy are protective in UC  

Data has shown an increase in prevalence and stable incidence of IBD cases in economically 

developed countries whereas there is an increase in developing countries. The rise in 

prevalence is partly associated with IBD being a chronic condition with low mortality rates  

(5,15). These trends led to further investigations on the role of environment in the pathogenesis 

of IBD. Environmental risk factors such as western diet and lifestyle that were associated with 

developed countries had been implicated in the pathogenesis of IBD. However, the world is 

fast becoming uniform in human behavioural patterns resulting in developing countries 

adapting to similar diets and lifestyles as in developed countries (114). This trend coincides 

with the increase in prevalence and incidence of IBD cases in developing countries in the last 

20 years (14).  

 

One of the main environmental risk factors in IBD is cigarette smoking, smoking is protective 

in UC with low incidence rates of UC in smokers. Studies have also shown an overall positive 

disease outcome in UC patients that start smoking after diagnosis (115). The protective 

mechanisms have been attributed to nicotine and its metabolites, such as cotinine that mediate 

immunomodulatory effects, this includes activation of nicotinic receptors α7 (α7-nAChR) on 

macrophages and dendritic cells. Activation of α7-nAChR receptor exerts immunosuppressive 

function of T regulatory cells and reduces activation of NF-κB and IL-2 production (116).  

 

Studies have also shown expression of α7-nAChR receptors on endothelial cells whose 

activation results in a reduced production of chemokines and adhesion molecules that would 

otherwise modulate leukocyte recruitment (115,117,118). The mechanisms highlighted reduce 

chronic inflammation, the protective effect is specific to UC due to differences in expression 
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of receptors and molecules on immune cells residing in different parts of the gastrointestinal 

tract (GIT) affected in UC or CD. For example, aryl hydrocarbon receptor (AhR) stimulation 

by dioxin from tobacco combustion has anti-inflammatory and protective properties, AhR 

expression is upregulated in inflamed UC as compared to inflamed CD tissue (119). Although 

smoking has been shown as protective in UC, it has been reported as a high-risk factor in 

conditions such as rheumatoid arthritis, Crohn’s disease, and cardiovascular disease among 

others. The deleterious effects of smoking outweigh its benefits in UC, it is therefore good 

clinical practice to recommend that UC patients stop smoking as part behavioural change to 

minimise co-morbidities (120–122).  

 

Another environmental risk factor in UC is appendectomy, a retrospective study in a Swedish 

cohort of UC patients from 1964-2010 compiled by Myrelid (2017) showed a lower risk of 

colectomy, reduced frequencies of hospital admissions and/or a mild disease phenotype in 

patients that undergo appendectomy before the age of 20 years prior to their UC diagnosis; this 

was reported at an odds ratio ([OR], 0.44; 95% confidence interval [CI], 0.30-0.64; P < .0001). 

The protective effect was seen in patients that had appendectomy surgery due to inflammation 

driven conditions such as appendicitis or mesenteric lymphadenitis. There was loss in 

protection for UC patients that had appendectomy surgery above 20 years of age and those that 

received appendectomy for non-inflammation related conditions (123).  

 

On the contrary, patients with established UC undergoing appendectomy because of 

appendicitis showed a worse disease course with an increased rate of subsequent colectomy 

(124,125). The data suggests an immunomodulatory role of the appendix; studies have shown 

abnormal appendicular infiltration of CD4+ T-cell in UC patients with active and inactive 

disease. The suggested mechanisms involve the appendix acting as a priming site for CD4+ T 

cells preceding to the development of UC in genetically susceptible individuals (126,127). 
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Acute appendicitis may activate pro and anti-inflammatory pathways that are ready to resolve 

any triggers that may initiate UC associated inflammation leading to protection against 

developing UC or a mild disease phenotype. In a murine model, there is increased expression 

of T regulatory cells (CD25+FoxP3+) in appendicitis although this is age limited occurring 

mostly in younger animals. The data aligns with previous studies in UC patients that showed 

loss in protection from development of UC when appendectomy is performed after 20 years of 

age (123,127). A comprehensive systematic review and meta-analysis by Welsh (2022) have 

also shown that appendectomy in established UC was associated with higher rates of 

subsequent colorectal cancer (CRC) and high-grade dysplasia (HGD). Overall, the role of the 

appendix in UC is complex and multifactorial; further studies are required to understand the 

role of appendicectomy in left-sided treatment-refractory UC (128).  

 

Diet is another risk factor of interest with consumption of high sugar, soft drinks and lack of 

vegetables showing an increased risk of developing UC, the data in this case is not robust 

enough to draw conclusions (129). The hygiene hypothesis has also been proposed as a risk 

factor for both UC and CD, with people living in rural locations and developing countries 

shown to have a low risk of developing IBD as compared to those in urban and industrialised 

geographical locations (130,131). Trends show a rise in incidence of IBD particularly in 

developing countries coinciding with improvement in hygiene over the 20th century; these 

include access to clean water, a hot water tap, less crowding due to smaller family sizes and 

consumption of non-contaminated food (132). The hygiene hypothesis is based on the premise 

that improved hygiene over protects a child from exposure to common environmental 

infectious agents at an early age. If the child is exposed to pathogenic infectious agent later in 

life, the immune system is not primed to respond to these pathogens hence mounting a 

dysregulated immune response that is characteristic of IBD (133,134).  
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A counter argument has been made as data from the World Health Organisation shows very 

poor availability of data on basic demographic information, causes of death and their 

registration especially in developing countries. The rise in incidence rates of IBD in developing 

countries has been attributed to improved public infrastructure, provision of proper diagnostic 

tools and improved reporting of cases for conditions such as IBD. This has raised doubts on 

the role of the hygiene hypothesis in the pathogenesis of IBD (135,136). Other risk factors 

include use of antibiotics, breast feeding, nonsteroidal anti-inflammatory drugs and air 

pollution; however, the data is inconsistent and inconclusive. Further research is required to 

establish the actual risk of developing IBD upon exposure to these factors (137).  

 

1.2.1.4 Intestinal microbial dysbiosis is a key mediator in the pathogenesis of UC 

The human GIT is composed of commensal microbes such as bacteria, fungi, archaea and 

viruses located on mucosal surfaces (138). The early childhood microbiome is a key modulator 

of health and development, host-microbiome cross-talks influence metabolic and 

immunological homeostasis of the host through facilitating nutrient uptake, promoting immune 

maturation, development of tolerance and clearance of pathogens (139,140). The microbiome 

undergoes multiple changes until it stabilises at the age of 3-4 years (141). Several factors 

contribute to early childhood alterations in the microbiome; they include mode of delivery, 

breastfeeding, early exposure to antibiotics, presence of siblings, family members, pets, 

genetics and the local environment (142).  

 

During delivery, microbiota is transferred from mother to child; babies born through natural 

means will contain microbes common to the mother’s birth canal such as Lactobacillus, 

Prevotella, and Sneathia while the microbiome of babies born through caesarean section is 

colonised by skin microbes, for example Staphylococcus, Propionibacterium, and 

Corynebacterium (143–145). Breast feeding is another contributing factor to early childhood 
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microbiome development, there is a clear difference in the microbiota of babies that are 

breastfed and those that are formula-fed. Babies that are breastfed have a microbiome that is 

predominant of Bifidobacterium and Lactobacillus spp which originate predominantly from 

the milk ducts, mothers’ nipple and surrounding skin while those that are formula fed tend to 

have higher proportion of Clostridiales and Proteobacteria which originate from the equipment 

and water used for suspension of the formula milk (146,147).  

 

Other factors include diet and the use of antibiotics, exposure to antibiotics alters the 

microbiome but particularly in neonates, a systematic review was performed on 48 studies 

where findings showed reduced gut microbial diversity associated with prolonged antibiotic 

treatment. Studies also showed a reduction in colonisation rates of protective commensal 

anaerobic bacteria and an increased risk of developing antibiotic resistance (148). Overall, the 

data presents a strong argument for minimal use of antibiotics in neonates as the alternative 

could lead to alteration of the microbiome into disease-promoting gut microbiota (149).  

 

Host genetics has also been discussed as a potential contributing factor, studies have shown 

similarity in microbiota of monozygotic twins under the age of 10 years as compared to 

dizygotic twins. However, due to the complex nature of genetic factors, more studies are 

required to understand the association between genetics and infant microbiome (150). In a state 

of homeostasis, the microbiome is predominantly made up of probiotics; these are non-

pathogenic bacteria such as Bifidobacterium, Bacteroides and Peptococcus living in the gut 

mucosa in a symbiotic relationship with the host and are important in immune regulatory 

mechanisms (151).These organisms establish a colony in the intestine through a process called 

colonisation resistance that resists new bacterial growth that might be harmful (152). Other 

inhabitants of the gut mucosa are the facultative anaerobes such as 

Enterococcus and Enterobacter, they inhabit the host and are harmless when intestinal 
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homeostasis is maintained; however, they are opportunistic pathogens in dysbiosis (153). 

Increase in pathogenic bacteria populations in the gut leads to increased levels of enterotoxins 

that weaken the intestinal epithelium to what is known as a “leaky gut”. Luminal antigens can 

then easily gain access past the damaged epithelial barrier prompting activation of an immune 

response (154).  

 

Intestinal microbes perform immunomodulatory functions through microbial metabolites of 

dietary substrates such as bile acids (BAs) and short-chain fatty acids (SCFAs) (155). BAs are 

metabolites derived from cholesterol metabolism, they perform a critical role in facilitating 

digestion and absorption of lipids from the diet but also perform a role in regulating intestinal 

mucosal immune responses (156). Primary bile acids (PBAs) such as cholic acid (CA) and 

chenodeoxycholic acid (CDCA) are synthesised in the liver by hydroxylation catalysed by 

cytochrome P450 enzyme cholesterol 7α-hydroxylase (CYP7A1) or an alternative pathway 

(CYP27A1); these are conjugated to glycine or taurine to form conjugated BAs. Conjugated 

BAs are transported to the intestine where they are metabolised and converted into secondary 

bile acids (SBAs), for example deoxycholic acid (DCA) and lithocholic acid (LCA) by gut 

microbes such as Clostridium and Eubacterium species, the SBAs then get excreted in faeces 

(157–159).  

 

BA metabolism is a well-regulated process that is necessary in maintaining gut homeostasis; 

however, gut dysbiosis in IBD results in an imbalanced BA metabolism, multiple studies in 

cohorts that include UC, CD and paediatric IBD patients have shown a defect in BA 

metabolism showing increase in PBAs and/or their conjugated forms and a reduction in SBAs 

(160,161). In addition, a study by Sinha (2020) showed a significant reduction in SBAs in the 

ileal pouches of colectomy-treated UC patients compared to pouches of colectomy-treated 

Familial Adenomatous Polyposis (FAP) patients (162). The shift in balance between PBA and 
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SBA may results in pro-inflammatory intestinal mucosal responses through differential effects 

on epithelial and immune cells. BAs act on BA-activated receptors which include farnesoid X 

receptor (FXR), Takeda G-protein receptor 5 (TGR5), pregnane X receptor (PXR) and vitamin 

D receptor (VDR). This are highly expressed on epithelial cells of the gut as well as immune 

cells including type 3 innate lymphoid cells (ILCs), Th17 cells, dendritic cells (DCs), natural 

killer cells (NKCs), and monocytes/macrophages (156,163,164).  

 

SCFAs such as butyrate, propionate, and acetate are microbial metabolites produced when 

proteolytic enzymes digest polysaccharides; SCFAs play a key role in gut homeostasis through 

anti-inflammatory, anti-microbial properties and modulating intestinal barrier function (165). 

Butyrate promotes homeostasis within the colonic mucosa by stimulation of mucous secretion, 

increase of vascular flow, absorption of sodium and water. Butyrate signals through G-protein 

coupled receptors GPR41 and GPR109A expressed on intestinal epithelial cells and to a lesser 

extent in macrophages and neutrophils (166,167). Butyrate is taken up by IECs and binds its 

cognate receptors, intracellular signalling exerts anti-inflammatory effects through inhibition 

of histone deacetylase (HDAC) that suppresses activation of nuclear factor kappaB (NF-κB) 

hence a reduced inflammatory response which is protective in UC (168).  

 

A study performed on faecal samples obtained from UC patients compared to healthy controls 

showed a reduction in R hominis and F prausnitzii, both bacteria belong to Firmicutes phylum 

and producers of Butyrate. Data also showed a reduction in Butyrate in UC patients’ faecal 

samples (169). On the contrary, pathogenic Proteobacteria such as E. coli and Shigella are 

increased in UC patients. A healthy gut usually has a population of E. coli and Shigella of 

<0.5% of the gut microbiota, a value of 3.9% has been reported in UC patient samples (169). 

Therefore, studies have been conducted to explore the use of butyrate treatment as a therapy in 

UC. A study performed by Varela (2013) showed re-colonisation and increase in F. prausnitzii 
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in UC patients under remission as compared to those with active disease. One of the main 

promising therapies focused on restoring homeostasis in ulcerative colitis through re-

colonisation is the use of fecal microbiota transplantation (FMT) (171).  

 

In a study using a DSS induced mouse model of colitis showed that administration of butyrate 

significantly reduced neutrophil infiltration in the colon mucosa and improved the 

inflammatory profile including activated macrophages, B and T lymphocytes. The data showed 

that butyrate improved mucosal lesions and attenuated the inflammatory profile in the intestinal 

mucosa, local draining lymph nodes and Peyer’s patches of the experimental group compared 

to controls (172).  A randomised controlled trial (RCT) FMT study has shown clinical 

remission in 42.1% of patients with UC as compared to the control group. This data presents 

FMT as a promising and safe potential therapy in the management of UC; however, further 

research is required to optimise the FMT procedure in larger cohorts (171,173).  

 

1.2.1.5 T helper 2 (Th2) immune response is predominant in UC  

Ulcerative colitis is characterised by decrease in microbial diversity and a reduced production 

of mucosal surface mucus (169). This results in exposure of the gut epithelium to pathogens, 

toxins and weakening of tight junction proteins  (174). In response to epithelium damage and 

invasion of pathogens, intestinal epithelial cells (IECs) secrete defensins and signals such as 

IL-18, IL-33 and IL-37, which are important in activation and recruitment of other innate 

immune cells (175). Luminal antigens are recognised by innate immune cells through PRRs 

such as Toll-like receptors and NOD-like receptors. PRRs are expressed on IECs but 

predominantly on tissue resident antigen presenting cells (APCs), these include macrophages 

and dendritic cells (DCs). IECs express toll-like receptors (TLRs) 2 and 4 for antigen 

recognition, expression of TLRs 2 and 4 is significantly increased in patients with UC 

(175,176). Impairment of the intestinal epithelial barrier results in activation of resident APCs 
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for example macrophages located in the lamina propria. Macrophages detect, phagocytose and 

neutralise pathogens intracellularly through opsonisation. The DSS induced mouse model of 

colitis is a well-established animal model of mucosal inflammation that has been used to study 

the pathogenesis of UC. A study by Zhu ( 2014) in a DSS induced mouse model of colitis 

showed interplay between pro-inflammatory (M1) and anti-inflammatory (M2) macrophages. 

In the initial phase of the immune response, percentages of M1 and M2 were nearly equivalent; 

however, the balance shifted as M1 increased (from 14.08% ± 1.83% to 38.58% ± 4.29%) 

while M2 reduced (from 15.49% ± 1.21% to 11.54% ± 1.49%, p50.01). There was also 

increased secretion of pro-inflammatory mediators such as TNF-α, IL-1β, IL-6, IL-8, IL-12, 

IL-18, IL-23, CXCL9 and CXCL10 (177). 

 

A subsequent parasitic infection in this colitis mouse model initiated a Th2 immune response, 

associated with an increase in M2 macrophages with increased secretion of IL-10 and TGF-β, 

there was increase in frequencies of FOXP3+ T regulatory cells, suppressing inflammation and 

promoting tissue remodelling and repair (177). Other studies performed in biopsies collected 

from both UC and CD patients in comparison to healthy controls confirmed a major role for 

macrophages in the pathogenesis of IBD, single cell sequencing data showed an increase in 

expression of genes linked to T cell recruitment and activation such as CXCL9, CXCL10, 

CXCL11 and CD40 within the macrophage population. It suggests a key role that macrophages 

play in the recruitment of T cells into inflamed mucosa hence driving a pro-inflammatory 

microenvironment (178–180). Overall, the balance between M1 and M2 macrophages is a key 

factor in chronic inflammation and drives pathogenesis in UC.  

 

Neutrophils are also recruited to damaged intestinal tissue in response to chemokine signals 

such as CXCL8 (IL-8). In a regulated immune response, neutrophils release reactive oxygen 

species (ROS) and antimicrobial peptides that destroy invading pathogens. Neutrophils release 
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extracellular traps referred to as Neutrophil extracellular traps (NETs) by a process called 

Netosis to trap pathogens. In UC, there is a significant increase in neutrophil frequencies in 

inflamed tissue, increased activity of neutrophils results in release of damage-associated 

molecular patterns which in turn facilitate chronic inflammation (181,182).  

 

In response to impaired intestinal epithelium and invading luminal pathogens, activated innate 

immune cells release mediators that prime the adaptive immune response through antigen 

presentation; the main cells that initiate this process are dendritic cells (DCs). DCs phagocytose 

antigen, process it intracellularly and migrate to the draining lymph nodes where they present 

and stimulate naïve CD4+ T cells that differentiate into effector phenotypes depending on 

signalling mediators in the inflamed microenvironment. Multiple effector cells are activated in 

UC, however a study by Nemeth (2017) using bulk RNA-sequencing on resected tissue 

samples collected from UC, CD and non-IBD (control) revealed an upregulated mRNA 

cytokine profile within the T cell population that included IL5, IL13, IL15 and to a lesser extent 

IL4 in UC samples when compared to CD and controls, suggesting Th2 driven inflammatory 

response in UC (183). Furthermore, a study by Li  (2016)  on mucosal biopsies showed 

increased frequencies of lamina propria GATA-3+ CD4+ T-cells secreting IL-5 and IL-13 in 

UC patients as compared to CD and controls (184). Another study has shown increased 

expression of IL-33 at both transcript and protein level compared to CD and controls. IL-33 

expression was upregulated in colonocytes of UC patients and so was its corresponding T1/ST2 

receptor, this suggested an active Th2 immune response (185). In addition, Ngo (2021) used a 

DSS induced mouse model of colitis to show a key role of IL-33 in expansion of Type 2 innate 

lymphoid cells that have a similar phenotype to Th2 immune cells. The data show a promising 

trend of targeting the IL-33/ST2 receptor pathway as potential therapeutic target for UC 

(185,186). Although earlier studies had considered the immune response in UC to be Th2 

driven, it has been shown that after blocking the expression of Th2 cytokines such as IL-13 in 
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a clinical trial, there is no improvement in clinical outcomes of UC patients (187,188). This 

was attributed to inflammation driven by other immune cells such as natural-killer T (NKT) 

cells, Th17 cells that produce IL-17, and Th1 cells that produce IFN-γ and IL-12.  

 

The pathogenesis in IBD involves epithelial damage, aberrant lymphocyte activation and 

infiltration. Integrins are important molecules in T cell trafficking and gut homing, Lamb  

(2017) used sequencing studies to show that CD4+ T cells that expressed αEβ7 had lower 

expression of genes associated with regulatory function including FOXP3, IL10, CTLA4 and 

ICOS as compared to CD4+αEβ7- phenotype. In UC, the CD4+αEβ7+ T cell subset expressed 

higher levels of IFN-γ, TNF-α, and enriched in T cells that expressed both IL-17 and IFN-γ 

(189,190). The gut homing integrin αEβ7 is important for T cell mucosal homing as it signals 

through its interaction with E-cadherin. The data showed that colonic CD4+αEβ7+ T cells in 

UC patients expressed pro-inflammatory cytokines associated with Th1, Th17 and Th1/Th17 

with a reduced expression of those associated with T regulatory cells. This suggests that colonic 

CD4+αEβ7+ T cell phenotype as a key cell population in driving inflammation and UC 

pathogenesis (189).  

 

Overall, the immune response in UC is complex and varies across patients, although Th2 cells 

have previously been reported as the predominant cell type that drives disease pathogenesis in 

UC, multiple cell types are involved too including cells of both the innate and adaptive immune 

systems such as DCs, macrophages, neutrophils, IECs, Th1, Th2, Th17 and T regulatory cells. 

Further studies are required to identify therapeutic targets with inhibitory effects across cell 

types while limiting off-target effects (183,185,191).   

1.3 Crohn’s disease 

CD is a chronic inflammatory condition of the gastrointestinal tract (GIT) that affects both 

males and females usually between 15-29 years of age. Recent studies have shown disease 
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onset at a later age of 55-59 years (192,193). Inflammation in CD can occur in any part of the 

GIT including both the colon and small bowel as shown in figure 1.3 A; however, the ileocecal 

regions are predominantly affected. The pattern of inflammation includes discontinuous 

inflammatory lesions that are transmural extending to the deeper layers of the GIT with the full 

bowel wall affected (194,195). The inflamed region appear as longitudinal ulcers of ≥4 to 5 cm 

(Japanese criteria) as shown in figure 1.3B (46) . The deep ulcerations also form features that 

appear as cobblestone seen in figure 1.3C. Other features that are unique to CD include sparing 

of the rectum, presence of perianal disease, and occurrence of strictures and fistulas (46,196) 
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Histological findings include clustering of immune cells referred to as granulomas, fat 

deposition, fistulae and abscess (197,198). Severe cases of CD show a chronic inflammatory 

phenotype with full bowel thickening resulting in stricturing disease and bowel obstruction, 

this is common along the terminal ileum (199,200). CD diagnosis is based on physical 

presentation of the patient, laboratory tests and imaging. Patients typically present with 

Figure 1.3: Schematic representation showing location and inflammation pattern of the affected 

areas in CD. A) Inflammation in the colon and small bowel that is discontinuous and patchy (red-

coloured region in gastrointestinal tract). B) Endoscopic features of CD showing longitudinal ulcers 

C) Severe inflammation with cobblestone appearance. Images obtained from Lee and Lee, 2016; Hoter 

and Naim, 2019 
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diarrhoea, weight loss, fever, perianal disease, signs of malnutrition and growth failure in 

children. The aim in management of CD is to suppress an overly active intestinal inflammatory 

response, the current standard of care treatment involves steroids, immunomodulators such as 

methotrexate and thiopurines (azathioprine and 6-mercaptopurine), biologics therapy such as 

anti-TNF-α agents (Infliximab, Adalimumab), anti-IL-12/IL-23 (Ustekinumab) and anti- α4β7 

(Vedolizumab). Immunomodulators are effective therapies in the management of CD; 

however, data has shown that they are less effective than biologic therapies or combinations of 

biologics (201,202).  

 

In the SONIC trial25, infliximab monotherapy, azathioprine monotherapy, and the two drugs 

were combined in moderate-to-severe CD treatment for naïve patients. Of the patients receiving 

combination therapy, 56.8% were in free clinical remission and mucosal healing at week 26 

(the primary end point) as compared to 44.4%) receiving infliximab alone and patients (30.0%) 

receiving azathioprine alone. A similar numerical trend was found at week 50 (203–205). 

Overall, a combination of immunomodulators and biologics have been effective in the 

management of CD. Despite the success of the available therapies in attenuating inflammation, 

approximately 40% of patients lose response to biologics therapy. Loss of response has been 

attributed to immunogenicity such as formation of antibodies that either neutralise the drug or 

hasten the drug’s clearance; both actions limit the drug’s efficacy (206). As indicated above, 

approximately 50% of CD patients development intestinal strictures that will require surgery; 

there are currently no anti-fibrotic therapies for management of strictures, the standard of care 

treatment is surgical resection which presents a major unmet need (207,208). 

 

CD presents in multiple forms including inflammatory, stricturing or fistulising disease 

phenotypes. Fistulas are formed due to a connection between two epithelial surfaces following 

chronic inflammation. The three main classifications include; entero-enteric in which a fistula 
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is formed when a segment from the small intestine joins another segment either from the small 

intestine or colon, entero-cutaneous fistula occur when a segment of the small intestine 

connects to the skin, while entero-vesical fistula are formed as a result of an abnormal 

connection between the small intestine and the urinary bladder (209–212). Overall, accurate 

diagnosis of disease phenotype is important as it informs on the treatment strategy to manage 

disease-specific symptoms (213).  

 

1.3.1 Aetiology of CD 

1.3.1.1 Genetic mutations on the NOD2 gene increase the risk of CD  

The aetiology of CD is multifactorial, genetic predisposition is one of the main factors involved 

in pathogenesis and a major determinant in disease outcome. An editorial on twin studies 

compiled from 1988-2010 showed that there was a strong genetic association in CD with 

concordance rate of 30.3% and 3.6% on monozygotic and dizygotic twins respectively. The 

data showed that 5.2-22.5% of people diagnosed with CD have history of IBD in their family 

(64,214–216). Familial and twin studies, data obtained through linkage studies, GWAS and 

sequencing in the last 20 years have identified risk loci on genes important in intestinal immune 

regulatory mechanisms. To date, a total of 240 risk loci have been identified in IBD (217), with 

over 200 of those linked to increased risk of CD (218). The earliest and strongest susceptibility 

locus to be identified specific for CD is on the NOD2 (CARD15) gene. NOD2 encodes for 

NOD2 (nucleotide-binding oligomerization domain 2) protein (219), one of the PRRs 

expressed on macrophages, dendritic cells, epithelial and Paneth cells of the gut epithelium. 

NOD2 plays a key role in intracellular microbial recognition of muramyl dipeptide (MDP) that 

makes up part of the bacterial wall. Innate immune cells can recognise tissue invading 

pathogenic bacteria through expression of NOD2, and signal through the NF-κB pathway to 

initiate transcription of target genes that encode for secretion of pro-inflammatory mediators 

such as IL-8, TNF-α, and IL-1β (220). Impairment of NOD2 signalling in innate immune cells 
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results in a dysregulated immune response leading to chronic inflammation which is 

characteristic of CD (221). Other notable polymorphisms have been identified on TLR4 

(222,223). The key role that TLRs play as part of the PRRs used in antigen recognition has 

been well documented whereby innate immune cells express TLRs through which they 

recognise luminal antigens that could be derived from microbes, such as unmethylated double-

stranded DNA, single-stranded RNA, lipopolysaccharide (LPS), lipoproteins, and flagellin. 

The antigens are ingested and processed then presented to activate an appropriate adaptive 

immune response. Mutations in genes linked to antigen presentation may result in a 

dysregulated immune response which has been noted in CD patients (84,224).  

 

The adaptive immune system is essential in clearance of pathogens and regulating the immune 

response. However, risk loci on genes associated with the adaptive immune response have been 

identified in CD patients, these include IL23R, JAK2, STAT3, CCR6, ICOSLG (218). In 

particular, the expression of the heterodimeric complex IL23R and IL12RB1 regulate the 

activity of IL-23 and IL-17 cytokine axis, this is a key pathogenic mechanism that mediates 

development and progression of inflammation in Th17 cells. Therefore, gene mutations within 

the IL23R locus may result in an impaired immune response associated with Th17 cells. Th17 

cells play a key role in clearance of extracellular bacteria and other pathogenic organisms; 

impairment in their signalling drives a pro-inflammatory phenotype which has been found in 

CD. This is supported by studies that have shown increased IL-17 levels in both intestinal 

mucosa and serum of CD patients (225,226). Other important risk loci have been identified on 

genes involved in maintaining epithelial barrier function, autophagy and antigen presentation. 

The genes include ATG16L1, IRGM, PTGER4, ITLN1, DMBT1, XBP1, HLA-region, TNFSF15, 

PTPN2, PTPN22 (227). Overlap in risk loci that have been identified as predisposing factors 

that apply to CD and other diseases include; HLADR1:03, IL10, IL23R and IL12B which have 

been reported as risk genes for both CD and UC; PTPN22 and CCR6 are shared risk loci 
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between CD and rheumatoid arthritis, coeliac disease, multiple sclerosis and many others. 

Individuals with mutations on these genes are predisposed to CD and there is overwhelming 

evidence of a genetics being a strong contributor in the pathogenesis of CD (228,229).  

 

1.3.1.2 Epigenetics mechanisms are influenced by environmental factors in CD 

Genetics account for 13.6% of disease variability suggesting an influence by other factors 

(230). Epigenome wide association studies (EWAS) have identified genes that have undergone 

epigenetic modifications that may contribute to the pathogenesis of CD (231). DNA 

methylation has been the main epigenetic mechanism identified in CD (232). Epigenetic 

changes can be triggered by environmental factors such as smoking, diet, and the microbiome, 

these factors have already been indicated as risk factor for CD (233,234). A study by Kim & 

Cheon (2020) using whole blood and biopsies from CD patients showed differentially hyper 

methylated genes, subsequent pathway analysis revealed hypermethylation in genes associated 

with development of the cell structure and cytoskeleton. These included protein localisation to 

cell periphery (EMP2, ANXA2); connective tissue development (RUNX3, COL21A1, TRPM4) 

and regulation of actin filament-based processes (PPM1F, NUMA1, BCAS3). Hyper 

methylation of these genes resulted in their transcriptional silencing therefore impairing key 

biological processes and in turn contributing to the pathogenesis of CD (235). On the other 

hand, hypomethylated genes were found to be involved in processes important in pro-

inflammation such as signalling by interleukins (IL21R, TNFRSF18, IL12RB1, FGF17), 

lymphocyte proliferation (IDO1, ITGB7, LEF1), and cytokine production (TLR1, LEF1, 

IL22RA2, HDAC7) suggesting that this mechanism regulates expression of pro-inflammatory 

genes as part the immune response in CD (236,237). 

 

Other epigenetic modulators of CD include miRNAs; a study conducted on endoscopic 

biopsies from treatment naïve adult and paediatric CD patients gave an indication of the role 
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of miRNA in disease progression. Aberrant expression changes in miR-31 may play a role in 

the pathogenesis of CD; a study by Olaru (2011) identified factor inhibiting hypoxia inducible 

factor 1 (FIH1), an inhibitor of hypoxia inducible factor 1, as a direct target of miR-31. 

Targeting FIH1 leads to repression of survival in endothelial cells, thus promoting cell 

apoptosis and growth arrest, this could be a factor in driving a pro-inflammatory 

microenvironment (238). In adults diagnosed with CD, low levels of miR-31 at the time of 

resection surgery indicated a worse postoperative prognosis. Paediatric patients with low levels 

of miR-31 at the time of diagnosis had an increased risk of development of strictures. These 

findings indicated that miR-31 could potentially be used as a predictive marker for disease 

progression and outcome in CD (239). 

 

MiR-31 has also been reported to modulate activation of T cells by inhibiting expression of 

molecules that control T-helper function, such as CD40L. MiR-31 is down-regulated in 

follicular helper T cells (TFHs), TFHs are a key component of B cell activation in production 

of antibodies during the adaptive immune response. Differentiation and function of TFHs is 

mediated by BCL6; BCL6 suppresses miR-31 expression in TFHs by binding to its promoter. 

Reduced expression of miR-31 leads to a decrease in CD40:CD40L driven costimulatory 

mechanism of T cell activation (240). Another study conducted with samples from CD and UC 

showed unique expression signatures that were specific to each condition. The data showed 

miR-19a, miR-31, miR-142-3p, miR-375, and miR-494 as statistically significant and 

upregulated specifically in CD (241). MiRNAs play key roles in modulating various immune 

processes, however, there is need for further studies to understand their specific roles in disease 

mediating mechanisms; miRNA present opportunities for identification of novel targets in 

various immune mediated diseases including CD.  
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1.3.1.3 Environmental factors such as smoking is associated with worse CD  

Interaction of the environment with the immune system in a genetically predisposed host is 

implicated in the pathogenesis of CD.  Environmental factors that have been studied as 

potential risk factors in development of CD include smoking, diet, medications, stress and 

exercise (242,243). Smoking has a contradictory effect in CD as compared to UC, with smokers 

having an increased risk to develop CD. CD patients that smoke experience a severe 

inflammatory response, patients with a history of smoking had with CD were associated with 

an increased proportional surgery rate (45.8% vs. 37.8%, P = 0.045) as compared to non-

smokers, smokers had increased recurrence in patients that have undergone surgery and poor 

outcomes post-surgery. 

 

The mechanisms that result in detrimental effects of smoking in CD are not clearly defined; 

the data therefore strongly encourages patients with CD to quit smoking (244). Previous studies 

have shown an increased risk of CD in women on contraception; a study in a UK cohort of 

women on combined oral contraceptive pills (COCPs) was conducted to measure their risk of 

developing CD. The data showed an odds ratio (OR) of 1.6, with the ratio being a measure of 

association between women on COCPs and development of CD. The odds ratio was lower in 

UC at 1.3, there was no disease association in women that medicated with the progesterone 

contraception only. This suggests that the possible risk factor could be the oestrogen in the 

COCPs (245). The mechanisms are not clear; however, oestrogen has been shown to enhance 

cellular proliferation and humoral immunity, modify colonic barrier function and contribute to 

thrombosis. These factors may become triggers in onset of CD particularly in a genetically 

disposed individual (246–248). Other factors such as stress and use of nonsteroidal 

inflammatory medications (NSAIDs) may contribute to severe disease phenotype although 

there is no risk involved (249). In general, studies show that external environmental factors 

play an important role in the pathogenesis of CD in combination with other factors. 
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1.3.1.4 Microbiome in CD 

Previous studies have shown key roles of commensal microbes in maintenance of homeostasis 

in the gut mucosa. Dysbiosis between “healthy” inhabitant bacteria of the gut mucosa and 

pathogenic bacteria has been implicated in the pathogenesis of CD (250). The healthy human 

gut is colonized by species that belong predominantly to phyla Bacteroidetes, Firmicutes and 

to a lesser extent Proteobacteria, Actinobacteria (251). Studies have shown a 25% reduction in 

microbial transcriptome diversity in CD in comparison to controls (252). This has mainly been 

attributed to reduction in Firmicutes in the gut; these species include Ruminococcus albus, R. 

callidus, R. bromii, C. leptum and F. prausnitzii. The reduction of bacteria that established a 

colony and a symbiotic relationship within the tissue enables invasion of facultative bacteria. 

An example of protective mechanisms by the Firmicutes group is exhibited by C. leptum. In a 

healthy gut, C. leptum produces butyrate, a SCFA described earlier with immunomodulatory 

effects in processes such as intestinal barrier function, cell proliferation and differentiation. 

Butyrate also acidifies the intestinal lumen making it an unfavourable environment for 

pathogenic bacteria (253). In contrast, species belonging to the Proteobacteria phylum are 

increased in CD (254). The data suggests how changes in microbiota can increase CD risk, it 

also shows that the microbiota is important in modification of disease phenotype and 

determining the course of CD progression.  

 

1.3.1.5 Th1/Th17 plasticity is predominant in CD immune response  

The immune response in CD is characterised by chronic inflammation in response to tissue 

injury, driven by a combination of environmental factors and a dysbiosis of the gut microbiota 

in a genetically predisposed individual which determines the extent and phenotype of immune 

response (255). Luminal antigens are recognised by innate immune cells such as dendritic cells, 

macrophages and neutrophils that are the first responders to invading pathogens. Innate 
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immune cells produce pro-inflammatory cytokines such as TNF-α, IL-6, IL-18 and IL-1β, these 

cytokines modulate pro-inflammatory mechanisms in response to tissue injury. They perform 

their function through neutrophil recruitment, stromal cell activation and proliferation (22). 

Similar to UC, antigen recognition is achieved via PRRs expressed on APCs, mainly 

macrophages and DCs. One of the main PRRs is the NOD-like receptors (NLRs), which is the 

first risk locus implicated in the pathogenesis of CD (256). NOD2 encodes for the NLRs 

expressed on APCs; studies have shown impaired function of these receptors in CD patients, 

this can impact CD phenotype and determine disease severity (257). 

 

One of the main PRRs is the nucleotide-binding domain and leucine rich repeat containing 

family (NLRs), which is the first risk locus implicated in the pathogenesis of CD (256). NLRs 

are a family of intracellular PRRs whose stimulation results in activation of the caspace-1 

signalling complex (inflammasome), mediating cleavage of pro-IL-18 and pro-IL-1β or 

activation of NF-kB signaling. NOD2, a member of the NLR family encodes for NOD2 protein 

that is expressed on APCs. As a pathogen-recognition molecule for muramyl dipeptide (MDP), 

NOD2 modulates mechanisms associated with innate and adaptive signalling such as 

regulation of cytokines, chemokines and antimicrobial peptides production. Therefore, 

individuals with genetic mutations on the NOD2 locus as are predisposed to abnormal bacterial 

sensing and development of inflammatory disorders which is characterised in CD. This also 

presents a potential therapeutic approach in CD involving restoring of NOD2 function 

(219,221,258). 

 

As described previously DCs are the main APCs in the gut, which phagocytose pathogens and 

migrate to the lymph node where they present antigen to naïve CD4+ T cells. Specifically, the 

immune response in CD is characterised by Th1 and Th17 plasticity. In the presence of IL-12, 

Th1 effector cells differentiate from CD4+ T cells. Th1 cells secrete IFN-γ, IL-1β, IL-6, IL-8 
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and TNF-α (259,260). Studies have shown increased frequencies of CD4+ T-cells expressing 

T-box transcription factor (T-bet); T-bet is an important factor in the development of Th1 cells 

and is key in transactivation of IFN-γ. Interestingly, the CD4+ T-bet+ phenotype also showed 

increased levels of IFN-γ in mucosal biopsies from CD patients (261,262). CD4+ T cells 

differentiate into Th17 cells in the presence of IL-23 and TGF-β, and several studies have 

implicated Th17 cells in the pathogenesis of IBD (263–265).  

 

Research has shown that in CD, there is a CD4+ T cell phenotype that expresses markers for 

both Th1 and Th17, and these cells are characterised as Th17 secreting IL-17, IL-22, IFN-γ 

and expressing CXCR3 (266). Th17 plasticity is further highlighted in a Th17 transfer model 

of colitis in which Th17 cells were found to transition into “Th1 like” cells that lost expression 

of IL-17 and increased expression of IFN-γ. Th17 cells were found to act as precursors of 

pathogenic Th1 cells that drove the inflammatory immune response in CD (267). Another study 

by Veny (2010) also showed an increased percentage of Th1/Th17 cells in the lamina propria 

of CD patients especially at the later stages of disease (268). This indicates that the immune 

response in CD is predominantly driven by Th1/Th17 inflammation. IL-12 and IL-23 associate 

with Th1 and Th17 populations respectively and share the p40 subunit. The dynamics of the 

two cell subsets have been of interest as a potential target for anti-fibrotic therapy particularly 

looking to dampen inflammation by targeting the IL-12/IL-23 axis (269,270). Other cell types 

such as Th2 cells are also important contributors in CD but most importantly are Tregs that 

play a suppressive role to regulate effector T cells during inflammation. Studies have shown a 

reduction in Treg frequencies and function in peripheral blood and tissue collected from CD 

patients therefore impairing their suppressive role (271,272).  

 

Overall, pathogenesis in both UC and CD is attributed to a combination of factors; the immune 

response in both conditions is complex however there are disease specific risk factors that 
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influence the course of disease progression. One of the main outcomes of severe disease in 

both UC and CD is tissue fibrosis. Colonic strictures have been reported in 1% to 11.2% of UC 

patients (273), and over 50% of CD patients develop strictures (274). The next sections focus 

on the various factors that influence formation of strictures associated with CD.  

 

1.4 Intestinal fibrosis  

Intestinal fibrosis is the end-stage process resulting from a dysregulated immune response 

affecting the GIT, over 50% of CD patients develop strictures within 10 years of diagnosis 

(199). Intestinal fibrosis results from chronic inflammation and an imbalance between 

deposition of extracellular matrix (ECM) proteins and their degradation. The ECM is a non-

cellular component providing essential physical scaffolding and signals required for tissue 

formation, differentiation, and homeostasis (275,276). ECM proteins include structural 

proteins such as crosslinking collagens and elastin, adhesive proteins such as laminin and 

fibronectin, ground substances within the mesenchyme such as hyaluronan and glycoproteins, 

matrix metalloproteinases (MMPs) and TIMPs tissue inhibitors of metalloproteinases (TIMPs) 

(277,278). MMPs are enzymes that play a major role in degradation of the ECM, while tissue 

inhibitors of metalloproteinases (TIMPs) inhibit the actions of MMPs. 

 

Mesenchymal stromal cells (MSCs) are the main producers of ECM proteins (279,280), there 

are three main types of mesenchymal cells that are resident in each tissue: fibroblasts, 

myofibroblasts and smooth muscle cells (281). Tissue integrity is maintained when ECM 

proteins are deposited, these are constantly remodelled by MMPs whose activity is regulated 

by TIMPs hence maintaining a controlled deposition of matrix and tissue homeostasis. In 

chronic inflammation, myofibroblasts acquire a pathogenic phenotype with an increased 

production of ECM proteins, a downregulation of MMPs and an upregulation of TIMPs. The 

imbalance in MMPs and TIMPs results in formation of a highly cross-linked fibrotic structure 
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which leads to formation of fibrotic strictures. Previous studies revealed a dysregulation in 

MMPs and TIMPs in CD patients presenting with intestinal strictures, resulting in excess 

deposition of ECM proteins with an impaired degradation mechanism (282–284). Restoring a 

balance between tissue MMPs and TIMPs is a key therapeutic target in the management of 

fibrosis (285).  

1.4.1 Intestinal structure  

The intestinal mesenchyme is separated into distinct layers, these include the mucosa, sub-

mucosa, muscular propria and serosa (Figure 1.4), with the structure and cellular distribution 

of each layer being dependent on its function. The mucosa is the inner most layer facing the 

lumen, it is made up of the gut epithelium, lamina propria (villi and intestinal crypt) (286,287) 

. The mucosal lining is covered with mucus secreted by goblet cells that make up part of the 

epithelium. The mucus and epithelial barrier are the first line of defence to invading pathogens 

and toxins. Epithelial cells are located in the gut epithelium, while intestinal villi and crypts 

form part of the mucosa that plays an important role in absorption of nutrients and the 

maintenance of a homeostatic mucosal surface (288,289). The submucosa is the next inner 

most layer and is made up of tissue resident cells such as fibroblasts, lymphocytes, basophils, 

mast cells. It is highly vascularised and made up of the lymphatic drainage. Next is the 

muscularis propria which mainly consists of smooth muscle cells, this layer also contains 

abundant muscle fibers that regulate movement of products through the gut by peristalsis. The 

gut serosa is the outer most layer that plays a major role in tissue protection (290–294). 

 

 



  

40 
 

 

Figure 1.4: Schematic diagram showing cross-sectional structure of the small intestinal wall. The four layers 

of the gut include; mucosa (villi, epithelium, crypts, enterocytes, goblet cells, Paneth cells and fibroblasts). 

Submucosa contains durable and flexible muscle fibres and vasculature, Muscularis propria is made up of well-

developed muscle fibres that are able to produce churning movements required for mechanical digestion. Serosa 

contains a layer of simple squamous epithelium and fat deposits. Image was obtained from BioRender and 

modified. 
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1.4.2 Stricture formation in patients with Crohn’s disease  

The mechanisms involved in the formation of intestinal strictures are unclear, however it has 

been attributed to chronic inflammation and a dysregulated wound healing process (295,296). 

Strictures are characterised by excess deposition of ECM proteins predominantly type I 

collagen and increased levels of pathogenic myofibroblasts that have contractile properties and 

an increased rate of deposition of ECM (297–299). Figure 1.5 shows a stricture in a CD patient 

characterised with thickening of the bowel wall extending into the lumen leading to intestinal 

blockage (Figure 1.5 A), an endoscopic balloon dilation (EBD) technique is used to open up 

the lumen (Figure 1.5 B-C), and Figure 1.5 D shows the lumen opened up post balloon dilation 

procedure (300). The procedure does not automatically resolve the stricture, there are high 

incidences of recurrence which may eventually result in resection surgery. Treatment options 

for management of strictures are based on the specific phenotype. Intestinal stricture 

phenotypes include inflammatory, fibrotic or combined depending on the histological features. 

Inflammatory strictures are usually treated using anti-inflammatory drugs while fibrotic 

strictures are managed mechanically either by stenotic dilation or resection surgery (301,302).  
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1.4.3 Histological features of strictures  

Intestinal strictures are commonly located in the terminal ileum and ileocolonic region of CD 

patients (199,302). A key feature of CD is chronic transmural inflammation across all layers 

of the bowel; these include the mucosa, submucosa, muscularis propria and serosa. Chronic 

inflammation results in formation of penetrating ulcerations, crypt abscess and cryptitis 

(198,303). In the attempt to resolve inflammation, the inflamed regions undergo multiple 

rounds of deposition of collagen rich ECM (Collagens I, III and V) proteins. The balance 

between deposition and degradation of ECM which is regulated by MMPs and TIMPs is 

Figure 1.5: Representative image showing the process of endoscopic balloon dilation on an 

anastomosis stricture in a CD patient. A) Stricture showing thickening of the bowel wall and 

narrowing of the lumen causing blockage. B-C) The process of endoscopic balloon dilation D) Post 

balloon dilation showing clear access to the rest of the intestinal lumen. Image from (Keihanian and 

Moss, 2016)   
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impaired, resulting in bowel thickening and stiffness leading to formation of strictures (304–

306).  

 

A study was performed by members of our team at the University of Birmingham in which 

resection tissue samples from CD patients at the QE hospital, Birmingham, UK were 

histologically scored, and their findings showed that strictures are composed of multiple 

features including acute or chronic inflammation, muscular hyperplasia/hypertrophy, fibrosis, 

adipose hyperplasia and volume expansion or thickening of the bowel wall. These features are 

localised to specific gut layers and contribute to the narrowing of the bowel, for example 

inflammation was most detected within the mucosa while fibrosis was more prominent in the 

submucosa. Muscular hyperplasia and hypertrophy were detected across all the layers of the 

gut (302). Histology features are important in the classification and definition of intestinal 

strictures, this provides relevant information on a more individual patient focused treatment 

strategy.  

 

1.5 Cellular mechanisms involved in intestinal stricture formation 

Various immune and non-immune cells have been implicated in driving the chronic 

inflammatory phenotype in CD in the attempt to restore homeostasis. However, in genetically 

susceptible patients, the wound healing process is impaired, and unresolved chronic 

inflammation eventually results in development of intestinal strictures. The mechanisms 

involved in the formation of strictures are complex, however, it is clearly triggered by 

inflammation (307,308). Intestinal resident cells regulate homeostasis, they are activated in 

response to injury or invading pathogens secreting various cellular mediators and signals 

through which other cells are recruited to the inflamed site in the tissue. This is a physiological 

process of the immune system to restore homeostasis. However, in a host with a dysregulated 

immune response, the result is a vicious cycle of activated immune cells that release signals 
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resulting in the activation of mesenchymal cells and vice versa while maintaining a chronic 

inflamed microenvironment within the affected tissue site. During these processes, cells 

undergo changes in behaviour such as increased cell differentiation and proliferation; there is 

increased release of signalling mediators including cytokines, chemokines and growth factors 

that promote further inflammation and initiate or exacerbate fibrosis. Some of the main soluble 

mediators include IL-1, IL-4, IL-6, IL-13, IL-21, IL-10, IL-12, IFN-γ insulin-like growth factor 

I (IGF), epithelial growth factor (EGF), basic fibroblast growth factor (bFGF/FGF2), platelet-

derived growth factor (PDGF), transforming growth factor beta (TGF-β) and connective tissue 

growth factor (CTGF) (307,309). The following subsections explore the role of the different 

cell types in formation of intestinal strictures. 

 

1.5.1 Immune cells regulate the inflammatory response that initiates stricture formation  

The intestinal fibrotic microenvironment is characterised by a heterogenous cell population of 

both activated stromal and immune cells; both resident and tissue infiltrating cells that in 

response to injury. These cells release soluble mediators that are pro-inflammatory and 

profibrotic, examples of which include TNF-α, IL-1β, IL-33, IL-4, IL-6, IL-13, IL-21 IGF, 

PDGF, TGF-β, CTGF, VEGF, CCL2, CCL3 and IL-12 (310). Neutrophils are first recruited to 

the tissue in response to chemotaxis signals.  A combination of bulk RNA and single cell 

sequencing data by Friedrich (2021) showed increased expression of IL-1R on inflammatory 

fibroblasts which were stimulated by IL-1β signaling. In the early stages of the inflammatory 

response, IL-1β is secreted by activated macrophages which in turn signals through its cognate 

receptor IL-1R. The study showed an upregulation of IL-1R, a neutrophil chemoattractant 

expressed on myofibroblasts. This indicate the key role IL-1β signalling playing in recruitment 

of neutrophils and driving the inflammatory response (311). Interestingly, studies in preclinical 

models of colitis have shown a reduction in inflammation by blocking IL-1β signalling, this 

shows a potential for IL-1β blockade therapies (312–314). Another study by Schroder (2021) 
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of intestinal biopsies of CD patients showed a significant correlation between disease severity 

and increased levels of neutrophil extracellular traps (NETs). NETs produce hypochlorous acid 

(HOCl) that reacts with phagocytosed bacterial pathogens and kills them through oxidative 

damage. In a dysregulated inflammatory response, excess release of these HOCl can lead to 

intracellular damage of various cellular components leading to apoptosis which in turn 

exacerbates inflammation (311,315,316).  

 

Macrophages of the lamina propria are another key innate immune cell implicated in the 

development of strictures. These cells differentiate into a pro-inflammatory phenotype referred 

to as M1 and anti-inflammatory (M2) macrophages. Macrophage plasticity is not clearly 

understood, but its phenotype is determined by the mediators in the inflamed tissue 

microenvironment. Differentiation of M1 macrophages occurs in the presence of IFN-γ and 

TNF-α, M1 macrophages typically secrete pro-inflammatory cytokines such as IL-6, IL-12, 

and TNF-α. Alternative activation gives rise to the M2 phenotype in the presence of IL-4 and 

IL-13, M2 macrophages exhibit anti-inflammatory and pro-fibrotic mechanisms by secreting 

factors such as IL-10, TGF-β and PDGF (317,318).  

 

A study performed in a rat 2,4,6-trinitrobenzene sulfonic acid (TNBS) induced mouse model 

of colitis showed a persistent M2 macrophage population that was localised near intestinal 

smooth muscle cells. Both cell types secrete pro-fibrotic mediators that modulate formation of 

intestinal strictures (319,320). Studies performed in a STAT6−/− mouse model with chronic 

colitis showed contradicting findings with anti-fibrotic properties. STAT6 signalling is a vital 

pathway in the development and function of M2 phenotype. In this study, the STAT6−/− mouse 

model showed significantly reduced frequencies of M2 with a predominant population of 

CD16+ve macrophages which present a more M1-like phenotype. These macrophages also 

showed increased mRNA expression of profibrotic genes such as COL1A1, MMP2, TIMP1 and 
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ACTA2 which exacerbated colonic fibrosis in the STAT6−/− mouse. The wild type mice 

showed increased frequencies of M2 (CD206+ve) and no fibrogenic response. Interestingly, 

administration of IL4-treated WT macrophages to STAT6−/− mice reduced TNBS-induced 

fibrosis(321). This study suggests that M1 macrophages secrete factors that promote 

inflammation and fibrosis while M2 macrophages released factors that were anti-inflammatory 

and anti-fibrogenic, this contradicts what has been published in the literature suggesting M2 

macrophages as pro-fibrogenic in tissues such as the liver and lung (322,323). Macrophages 

are a heterogenous cell type, these cells undergo cellular plasticity and the composition of the 

macrophage population can be specific to each individual human or animal model, data is 

subject to variability across different patients (324–326). 

 

Once the resident stromal and immune cells have been activated, they prime and activate the 

adaptive immune cells that are recruited to the site of injury in response to signals from 

cytokines, chemokines and growth factors. Of the CD4+ T cell effector sub types, Th2 cells 

have been implicated in development of fibrosis (327). CD4+ T cells differentiate into Th2 

cells in the presence of IL-4, Th2 cells secrete IL-13 and IL-4. IL-13 has been shown as an 

important mediator in driving the fibrotic phenotype. IL-13 levels are elevated in intestinal 

fibrosis with IL-13 shown to signal through the IL-13Rα2 expressed on fibroblasts (328). This 

signal regulates the secretion of proteins such as periostin which facilitate activation and 

proliferation of fibroblast into myofibroblasts, leading to increased production of ECM proteins 

(329).  

 

Periostin is matricellular protein encoded by POSTN gene; it is involved in various 

inflammatory and fibrotic diseases. Its mechanism of action in intestinal fibrosis is not clear 

however, studies in idiopathic pulmonary fibrosis (IPF) have suggested that fibroblast derived 

periostin interacts with other soluble mediators such as TNF-α to activate the NF-κB signalling 
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pathway inducing the production of pro-inflammatory cytokines or chemokines (330). Another 

mechanism involves cross-talks between TGF-β and periostin via αVβ3 integrin converging 

into SMAD3; TGF-β/SMAD downstream signalling results in transcription of pro-fibrotic 

genes (328,331,332). Data generated by (333) on bronchial biopsies collected from asthma 

patients showed an increase in protein expression of type I and II procollagens, ECM 

remodelling proteins such as MMP-2, MMP-9 and TIMP-1 in the presence of IL-13. Various 

studies published in the literature show that IL-13 plays a major role in fibrosis and, therefore 

a viable target for anti-fibrotic therapy (328,333–335). 

 

Other cellular mediators such as TNF-α modulate inflammation and fibrosis. TNF-α exhibits 

pro-inflammatory properties, however, it has also been shown to mediate fibrosis. A study in 

intestinal epithelial cells in which they were stimulated with TNF-α resulted in upregulation of 

TGF-β and TIMP-1 expression. A similar effect was observed when epithelial cell conditioned 

media was used to stimulate colonic sub-epithelial fibroblasts, leading to an increase in 

expression of MMP-9 and collagen. The data indicated that stromal cells respond to pro-

inflammatory mediators to secrete pro-fibrogenic factors (336). Another family of cytokines 

reported to have profibrotic properties are members of the IL-1 family. IL-1 is a large family 

of cytokines including IL-1α, IL-1β, IL-18, IL-33, IL-36α, IL-36β and IL-36γ acting as agonist 

cytokines. Binding of these cytokines to their cognate receptors leads to intracellular signalling 

and activation of pathways such as MyD88, IRAK, and TRAF6, which in turn activate NF-κB, 

p38, JNK, and MAPK stimulating innate immune cells to secrete IL-6, IL-5, IL-4, IL-8 and 

MCP-1 (337). Downstream signalling of these pathways was illustrated in a TNBS mouse 

model of colitis; the data showed an increase in intestinal inflammation linked to NF-κB 

signalling, which eventually resulted in excess deposition of ECM related factors and colonic 

fibrosis. Inflammation and fibrosis were reduced upon NF-κB signalling blockade (338); this 
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was similar to the data observed in DSS induced mouse model of colitis in which p38 signalling 

was implicated as a key signalling pathway in fibrosis (339).  

 

Certain cytokines from the IL-1 family have been implicated in intestinal fibrosis; elevated 

levels of IL-33 and its cognate receptor IL1RL1(ST2) have been reported in peri cryptal 

fibroblasts in samples collected from CD patients with active inflammation (175,340,341). 

Data suggests an indirect role of IL-33 in development of fibrosis in CD by driving activation 

of fibroblasts, smooth muscle cells and endothelial cells to secrete increased levels of 

profibrotic mediators such as TGFβ and pathogenic collagens (342). IL-36, another member of 

the IL-1 family, is secreted by epithelial cells and macrophages upon tissue injury; IL-36 

signals through its cognate receptor IL1RL2 (IL36R). A study performed on mucosal and 

submucosal intestinal tissue of patients with fibrostenosing CD showed increased levels of IL-

36, type I and type VI collagen in correlation with higher numbers of α-smooth muscle actin+ 

(α-SMA+) cells compared to UC and controls (343). In the same study, an IL-36R−/ − mouse 

model generated by homologous recombination as described in (344) was induced for colitis 

using chronic DSS and chronic TNBS mouse models of colitis.  

 

In both models, defective IL36R signalling showed antifibrotic outcome; histological findings 

showed a reduction in chronic inflammation evidenced by reduced cell recruitment into the 

lamina propria of the experimental group as compared to wild-type controls. In addition, there 

was a reduction in deposition of types I and VI collagen (191,343). Interestingly, in vivo data 

in the experimental mouse models of fibrosis exhibiting intestinal inflammation showed 

significantly reduced fibrosis when IL-36/IL-36R signalling was neutralised by administration 

of anti-IL36R; this suggests the IL-36/IL-36R signalling axis as a mediator of intestinal fibrosis 

(343,345). Another interesting member of the IL-1 family is the IL-37 which has been shown 

to suppress innate and adaptive immune responses. A transgenic IL37 (IL-37tg) mouse model 
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showed was protected against carbon tetrachloride (CCl4) induced liver inflammation. In 

addition, profibrogenic gene expression was lower in hepatic stellate cells (HSC) and Kupffer 

cells (KC) isolated from IL-37tg and IL-37 overexpressing mice. The study suggests protective 

effects of IL-37 through interacting with SMAD3 resulting in a downregulation in activation 

of liver HSC and KC; this interferes with the TGF-β signaling cascade that modulates liver 

fibrogenesis (346). Overall, the data suggests potential in targeting members of the IL-1 family 

as targets for potential anti-fibrotic therapy in intestinal fibrosis.  

 

Other mediators that have been implicated in the pathogenesis of intestinal fibrosis include 

cytokines such as IL-17A (IL-17), a glycoprotein produced by Th17 cells. It is well 

characterised as a pro-inflammatory cytokine but has also been reported as a mediator of 

fibrosis (347). In chronic inflammation, IL-17 activates fibroblasts, endothelial and epithelial 

cells and macrophages to secrete IL-1β, IL-6, GM-CSF, TNF-α, matrix metalloproteinases 

(MMPs) and chemokines such as CXCL1, CXCL8, CCL2, CCL7, and CCL20 further 

exacerbating inflammation which in a dysregulated immune response, results in fibrosis (348–

350). IL-17 has also been shown to induce expression of heat shock protein 47 (HSP47), a 

molecule that controls the expression of collagen I by intestinal sub-epithelial myofibroblasts. 

Expression of both HSP47 and IL-17A genes has been elevated in intestinal tissue linking it to 

accumulation of collagen (351–353). A study by Mi (2011) showed IL-17 promotion of 

epithelial mesenchymal transition (EMT) in vitro in alveolar epithelial cells in a TGF-β 

dependent manner. There was increased expression of EMT positive markers such as Snail, 

Slug, α-SMA and a reduced expression of EMT negative markers such as E-cadherin and ZO-

1. 

 

In the same study, a bleomycin (BLM) induced mouse model of IPF showed increased 

expression of IL-17 and its associated signalling mediators such as IL-6, TGF-β and, IL-23 in 
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bronchoalveolar lavage fluid (BALF) of BLM-challenged mice; In addition, expression of 

RORγt and IL-17R were upregulated in fibrotic lung tissue of BLM-challenged mice. 

Neutralisation of IL-17 in vivo using anti IL-17 antibody showed a reduction in deposition of 

collagen, hydroxyproline, expression of α-SMA and activation of MMP-2; there was a 

reduction in acute inflammation and increased survival of the experimental group as compared 

to the controls (354,355). The data suggests IL-17 as a driver of both pro-inflammatory and 

pro-fibrotic mechanisms through TGF-β dependent mechanisms. Il-17 is also involved in 

indirect mechanism that drive a pro-fibrotic phenotype especially in the later stages of the 

inflammatory response, this presents opportunities in the development of anti-fibrotic therapy.  

 

1.5.2 Mesenchymal stromal cells 

Mesenchymal stromal cells (Stromal cells) are a heterogenous cell population found in most 

tissues and are part of the mesenchyme that supports tissue structure and architecture. Stromal 

cells are characterised by a negative expression of CD45 and positive expression of surface 

lineage markers such as CD90, CD105, CD44, CD29, CD73 and vimentin (356–358). Stromal 

cells exhibit multipotent properties and play a distinct role in maintenance of tissue 

homeostasis, upon tissue injury and in a chronic inflamed microenvironment, they differentiate 

into fibroblasts, myofibroblasts or smooth muscle cells depending on microenvironment 

stimuli. Recent interest has been on the potential use of stromal cells in tissue regeneration, and 

studies have shown that infusion of therapeutic MSCs into CD patients presenting with perianal 

fistula led to wound healing, related to a downregulation of pro-fibrogenic factors including 

IL-1β, IL-6 and IL-13 and an upregulation of IL-10, a known anti-fibrogenic mediator 

(359,360). These findings indicate that stromal cells play a key role in tissue homeostasis and 

regeneration, and understanding the distinct roles of tissue specific stromal cells presents 

opportunities for a cellular target for anti-fibrotic therapy. The next sections describe the role 

of intestinal stromal cells and their precursors in the pathogenesis of intestinal fibrosis.  
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1.5.2.1 Myofibroblasts 

Intestinal fibrosis is a result of excess deposition of ECM proteins with a dysregulated 

degradation mechanism. The main producers of ECM are the activated intestinal mesenchymal 

cells mainly myofibroblasts. Myofibroblasts are identified by their expression of mesenchymal 

markers such as Vimentin and Thy1 (CD90). Myofibroblasts are differentiated from other 

stromal cells through their increased expression of alpha-smooth muscle actin (α-SMA) and 

enhanced contractile properties (361). Myofibroblasts are mainly localised in the sub-mucosal 

layer which is a common site for fibrosis (362). Studies have shown an increase in frequencies 

of myofibroblasts in tissue collected from CD patients with intestinal strictures (363). During 

chronic inflammation, myofibroblasts acquire a pathogenic phenotype which exhibits 

phenotypic changes such as increased proliferation, migration and differentiation, 

myofibroblasts also produce a myriad of ECM proteins including collagens I, III, IV, V, and 

VI; glycoproteins and proteoglycans such as fibronectin, laminin, and tenascin. Collagens I is 

the most abundant ECM produced by myofibroblasts (310,364,365). The primary source of 

myofibroblasts are resident fibroblasts; other sources of myofibroblasts include epithelial and 

endothelial cells through epithelial to mesenchymal transition (EMT), endothelial to 

mesenchymal transition EndoMT, pericytes, fibrocytes and smooth muscle cells (366,367). 

Myofibroblasts are derived from their precursors in response to inflammatory and fibrotic 

mediators including growth factors, cytokines, adipokines and chemokines (368,369).  

 

Myofibroblasts modulate inflammation in other tissues as well. In the heart, cardiac 

myofibroblasts play an important role in immune response through cross-talks with 

inflammatory cells, and myofibroblasts release factors such as monocyte chemoattractant 

(MCP-1), CCL5 (RANTES), macrophage inflammatory protein (MIP-1) and Interferon 

gamma-induced protein 10 (IP-10) that recruit immune cells to the site of injury (350). In liver 

fibrosis, hepatic myofibroblasts regulate the migration and accumulation of lymphocytes 
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within inflamed tissue (370,371), with increased levels of myofibroblasts in fibrotic liver 

correlating with disease severity (372).  

 

Another extensively studied fibrotic condition is lung fibrosis, Experimental studies from IPF 

patients have shown that bronchial myofibroblasts polarizing CD4+ T cells to Th17, these 

secrete IL-17 and IL-22 leading to a more pro-inflammatory environment (373). In summary, 

myofibroblasts are a pathogenic phenotype that drive fibrosis in various tissue types including 

the intestine, myofibroblasts could be a potential cellular target for anti-fibrotic therapy. 

However, further studies to gain in depth understanding of specific mechanisms through which 

myofibroblasts modulate pro-fibrotic pathways are required. There are multiple cell types that 

acquire a myofibroblast-like phenotype during chronic inflammation and tissue fibrosis, the 

following sections discuss the different myofibroblast precursors in intestinal fibrosis.  

 

1.5.2.2 Fibroblasts 

Fibroblasts are a spindle shaped cell type of stromal origin that make up part of the connective 

tissue of multiple organs, they are localised in the mucosa and submucosal layers of the 

intestinal mesenchyme. Characterisation of fibroblasts is challenging as there is no single 

robust marker for identification of fibroblasts, and typically a combination of markers has been 

used in the literature (374). The common surface and intracellular markers currently being used 

include fibroblast specific protein 1 (FSP-1) which is particularly expressed in quiescent 

fibroblasts, vimentin, Thy1.1 in humans and Thy1.2 in mice (CD90), platelet-derived growth 

factor receptor-alpha and -beta (PDGFRα/β), podoplanin and FAP (fibroblast activation 

protein) (375,376). Fibroblasts have been referred to as the main effector cells of fibrosis due 

to their plasticity, differentiating into myofibroblasts during chronic inflammation (363).  

 

The inflamed intestinal microenvironment is characterised by the presence of cytokines and 

growth factors such as TGF-β, basic fibroblast growth factor (FGF2), connective tissue growth 
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factor (CTGF), epidermal growth factor (EGF), insulin-like growth factor I (IGF-I), platelet 

derived growth factor (PDGF) and pro-inflammatory cytokines, such as interleukins (IL-1β, 

IL-6, IL-13) and TNF-α, endothelins (ET-1, -2, -3), Angiotensin II and peroxisome 

proliferator-activated receptor gamma (PPARγ) among others. PPARγ is a nuclear receptor 

that regulates genes involved in energy metabolism, cell development and differentiation. 

PPARγ is highly expressed in the intestine and its activation has been shown to downregulate 

TGF-β/SMAD signalling pathway. Administration of a PPARγ agonist into a DSS mouse 

model of colitis that had developed colonic fibrosis resulted in a pro-fibrotic outcome.  

 

Macroscopic and microscopic evaluation showed a reduction in expression of pro-fibrotic 

genes including ACTA2, COL1A1 and FN1 by 1.48-folds (P < 0.05), 1.93-folds (P < 0.005), 

and 1.03-fold (P < 0.05). In addition, there was reduction in proteins levels of α-SMA, 

collagens I and II. The PPARγ activity also decreased expression of IL-13 and connective tissue 

growth factor (CTGF) by 1.89-folds (P < 0.05) and 2.2-folds (P < 0.005) respectively. In this 

study, PPARγ modulation significantly reduced expression of pro-fibrotic markers in TGF-β 

stimulated human fibroblast cell line (CCD-18Co) and intestinal epithelial cell line (HT29). 

The study showed anti-fibrotic properties both in vitro and in vivo in which activation of 

PPARγ inhibited TGF-β/SMAD signalling (377). Fibroblasts have also been reported to 

undergo activation due to mechanical stress caused by changes in the matrix (378). Overall, 

pro-inflammatory and pro-fibrotic signalling predominantly mechanisms modulated by TGF-

β signaling pathway promote fibroblast to myofibroblast transition (FMT) hence exacerbating 

tissue fibrosis (366,379).   

 

1.5.2.3 Smooth muscle cells  

Intestinal smooth muscle cells (SMCs) are located in the muscularis propria layer of the gut, 

and these cells replenish the muscle fibres which are important in tissue contraction and 
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relaxation. Smooth muscle cells express contractile proteins such as alpha-smooth muscle actin 

(α-SMA), smooth muscle myosin heavy chain (MYH11) and desmin (319). Formation of 

strictures is characterised by swelling of the intestinal wall and narrowing of the gut lumen 

with SMCs contributing to this process through muscle hyperplasia and hypertrophy. This was 

investigated in a study by Chen (2017) using resected gut strictures from CD patients and 

assessment of histological changes, indicating muscle hyperplasia and hypertrophy across the 

different layers of the gut, facilitating narrowing of the bowel lumen (380). The concept of 

muscle hyperplasia and hypertrophy was further shown by Flynn (2010) where primary smooth 

muscle cells isolated from the muscularis propria layer showed increased proliferation in the 

presence of insulin growth factor-I and alphaVbeta3 integrin (381). In a TNBS mouse model 

of colitis, data obtained increased proliferation of SMCs in the presence of PDGF and IGF-1 

(319,382). These findings indicate the key role SMCs play in formation of strictures in 

intestinal fibrosis.  

 

1.5.2.4 Pericytes 

Pericytes are cells of mesenchymal stromal cell origin wrapped around endothelial cells; they 

are located in the linings of tissue micro-vessels such as capillaries. In the intestine, they are 

predominantly localised within the endothelium in proximity with vascular smooth muscle 

cells in the muscularis propria.  Pericytes express markers such as α-SMA, desminlow, vimentin, 

PDGFRβ, Neural/glial antigen 2 (NG2), melanoma cell adhesion molecule (MCAM or 

CD146), angiotensin I/ II, CD80, CD86 and collagen I (279,383). The mechanisms through 

which pericytes contribute to intestinal fibrosis are not clear, however studies suggest that 

chronic tissue inflammation results in proliferation, migration from vessels and differentiation 

of pericytes into a more contractile and collagen secreting phenotype (332) . Studies performed 

in col1a1-GFP transgenic mice of obstructive kidney fibrosis showed that pericytes 

differentiated and proliferated into myofibroblasts with increased production of collagen 
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(Humphreys, 2012; S. L. Lin et al., 2008). Single cell sequencing of kidney tissue showed 

pericytes as a major source of ECM producing myofibroblasts initiated by TGF-β and PDGF 

signalling pathways during wound healing (386,387). 

 

1.5.2.5 Fibrocytes  

Fibrocytes are bone marrow derived circulating cells of mesenchymal origin with features 

similar to monocytes.  They are identified by their expression of markers such as CD34, CD45, 

CD14, CD11a, CD68, MHC class II and collagens I/III (388). Upon tissue injury, fibrocytes 

migrate to the inflamed site in response to inflammatory signals such as CCR2, CCR3, CCR4 

and CCR7. They lose their stemness and gain a myofibroblast like phenotype with increased 

expression of markers such as α-SMA and collagen (389). A study was performed by Kuroda 

(2019) in a DSS induced mouse model of colitis comparing CCR2 deficient mice and wild type 

controls. Following the onset of inflammation, CCR2+ bone marrow derived fibrocyte 

infiltrated the colon with increased expression of TIMP1 in the wild type. Conversely, 

infiltration of fibrocytes was not observed for the CCR2 deficient mice and resulted in a 

reduced fibrotic response in these animals. These data suggest that the increased expression of 

TIMP1 inhibits degradation of ECM proteins hence driving the fibrotic phenotype in the wild 

type mice (391).  In addition, fibrocytes have been implicated in the pathogenesis of intestinal 

fibrosis and IPF with increase in circulating fibrocytes in resected tissue collected from patients 

with both diseases. The presence of pro fibrotic factors such as TGF-β, CTGF and IL-13 were 

shown to modulate change in fibrocytes to a more pro-fibrotic phenotype (388,392). The data 

strongly suggests that fibrocytes play an important role in the pathogenesis of intestinal fibrosis 

and further understanding of these cells could present opportunities for a cellular target for anti-

fibrotic therapy.   
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In general, multiple cells in a chronic inflamed microenvironment including fibroblasts, 

fibrocytes, pericytes, smooth muscle cells, epithelial and endothelial cells are activated in 

response to various pro-inflammatory and pro-fibrotic mediators, these cells trans-differentiate 

and acquire myofibroblast-like features with increased ECM production which in turn 

exacerbates fibrosis (sources of myofibroblast like phenotype in table 1.1). Most of the studies 

on the specific mechanisms through which these processes occur have been carried out in 

animal models, data for the progression of human disease remains poor. There is an urgent 

need to understand the mechanisms through which these heterogenous cell populations mediate 

inflammation and fibrosis to identify novel targets for intestinal fibrosis which is still a major 

unmet need.  

 

Fibroblasts, myofibroblasts, pericytes, fibrocytes and smooth muscle cells (SMCs) are 

interrelated mesenchymal stromal cells; the different cell phenotypes exhibit plasticity as they 

tend to differentiate to any phenotype within mesenchymal stromal cells (MSCs) depending on 

tissue demands. In UC, the SMCs contribute to the thickening of the muscularis mucosa while 

in CD, these cells contribute to the thickening of the bowel wall followed by stricture formation 

and bowel obstruction. MSCs produce ECM proteins in response to different inflammatory 

mediators such as TGF-β and IL-1β, thus exacerbating the inflammatory process which 

eventually results in stricture formation. MSCs are currently being investigated as potential 

anti-fibrotic therapies in animal models of IPF, these could potentially be translated as cellular 

therapies in intestinal fibrosis  (393,394). Other cellular sources of myofibroblasts are 

discussed in the next sections.  

 

1.5.2.6 Intestinal epithelial cells 

The intestinal epithelial layer plays a key immune regulatory role in maintaining the integrity 

of the epithelial barrier. Epithelial cells are located in the mucosal layer as part of the epithelium 
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which is joined by protein complexes referred to as tight junctions that regulate permeability 

into the intercellular space (395,396). Epithelial cells are identified by their expression of 

markers such as epithelial cellular adhesion molecule (EpCAM), E-cadherin and cytokeratins 

CK 18, 19 and 20. EpCAM has also been reported as an important trans-membrane molecule 

in relevant biological processes such as cell adhesion, cell migration and proliferation 

(397,398). Intestinal epithelial cells are a source of myofibroblasts during chronic inflammation 

and therefore implicated in the pathogenesis of intestinal fibrosis (336). In a TNBS induced 

mouse model of colitis (CD1 mice) exhibiting chronic inflammation and fibrosis, epithelial 

cells showed increased expression of FSP1+ fibroblast marker compared to control tissue as 

well as colocalization of E-cadherin and FSP1; the co-localisation indicates EMT. The group 

that was treated with TNBS and recombinant BMP-7 (rhBMP-7), which is an inhibitor of TGF-

β/SMAD signalling showed a statistically significant reduction in total number of FSP1 

fibroblasts and the degree of co-localisation with E-cadherin (399).  

 

In the same study, double transgenic mice (Villin-LacZ) in which removal of the STOP cassette 

by Cre recombinase in epithelial cells at the promoter site (villin) irreversibly activated Rosa-

driven LacZ reporter gene expression in all cells of intestinal epithelium was developed; LacZ 

reporter gene was used to trace the lineage of epithelial cells that underwent EMT; this was to 

further investigate EMT; fibrosis in these mice was induced by TNBS treatment. Fibrotic colon 

tissue from TNBS-treated Villin-LacZ mice showed increased frequency of cells with α-SMA, 

co-localisation of E-cadherin and FSP1 indication EMT as compared to Villin-LacZ mice 

treated with vehicle alone. This study suggests that treatment with rhBMP-7 both in vivo and 

in vitro resulted in inhibition of TGF- β-induced EMT; BMP-7 could be a potential therapeutic 

target for intestinal fibrosis (399,400). In an inflammatory microenvironment, increased 

expression of pro-inflammatory and pro-fibrotic mediators stimulate the transition of epithelial 

to mesenchymal cell phenotype. It is well documented that IL-17, a pro-inflammatory cytokine 
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is increased in colonic mucosa of CD patients. An in vitro study where an epithelial cell line 

(IEC-6) was stimulated with IL-17 showed a down regulation of E-cadherin and an 

upregulation of mesenchymal like markers such as vimentin and α-SMA. This indicates 

transition of epithelial to mesenchymal phenotype with the ability to produce increased levels 

of α-SMA which is upregulated in fibrosis (181,401).  

 

1.5.2.7 Intestinal endothelial cells 

Endothelial cells make up the lining of blood and lymphatic vessels and prevent bacterial 

antigens from entering the blood stream. In the intestine, endothelial cells are located in the 

endothelium within the submucosa layer. Endothelial cells are identified by their expression of 

markers such as CD31, CD34, melanoma cell adhesion molecule (MCAM/CD146), 

Intercellular Adhesion Molecule 1 (ICAM-1/CD54) and mucosal addressin cell adhesion 

molecule-1 (MAdCAM-1) (402,403). Endothelial cells facilitate the recruitment of gut homing 

of leukocytes from peripheral blood circulation into tissue through expression of receptors such 

as MAdCAM-1 and corresponding integrins such as α4β7 expressed on T cells (404).  

 

During chronic inflammation in IBD, there is increased mucosal ulceration and damage to 

blood and lymphatic vessels. In response to cytokine and growth factors released into the 

inflamed microenvironment, endothelial cells trans-differentiate to mesenchymal like cells 

through a process known as endothelial to mesenchymal transition (EndoMT) (405,406). 

Studies performed on human endothelial cells cultured and stimulated with IL-1β, TNF-α and 

TGF-β resulted in change of phenotype to spindle shaped cells with increased expression of α-

SMA and FSP-1 proteins. In addition, there was increased production of collagen and 

fibronectin 9 days post stimulation; this shows EndoMT as an important mechanism in the 

pathogenesis of intestinal fibrosis (405). Other molecular factors expressed on endothelial cells 

and have been implicated in tissue fibrosis include transcription factors Snail, Slug, Twist, 
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Zeb1/2; studies in cardiac fibrosis showed low oxygen levels and shear stress can lead to 

changes in the microenvironment and activation of SNAI1, SNAI2, TWIST1, ZEB1/2. 

Activation of these transcription factors led to over expression of endothelial markers such as 

VEGFR2, PECAM1 and increased expression of mesenchymal cell markers such as α-SMA 

and Collagens I and II (407,408). 

 

Table 1.2: Cells involved in intestinal fibrosis and their markers of identification 

 

 

 

 

 

Cell type 

 

Positive markers  

 

Activators  

 

Markers upon 

activation  

 

References  

 

Fibroblasts  

 

CD34, Vimentin, FSP-1, 

Collagen 1, Thy1 (CD90), 

Podoplanin, PDGFRβ 

TGF-β, 

TNF-α 

 

CTGF, α-SMA, 

Collagen 1A, 

Fibronectin 

 

(Heinzelmann et 

al., 2018; 

Kahounová et 

al., 2018) 

Myofibroblasts 

 

CD34, Vimentin, FSP-1, 

Collagen 1, Thy1 (CD90), 

Podoplanin, PDGFRβ, α-

SMA 

TGF-β, 

PDGF, 

CTGF 

 

CTGF, α-SMA, 

Collagen 1A, 

Fibronectin 

 

(Eyden, 2008; 

Younesi et al., 

2021) 

Smooth muscle 

cells 

 

CD34, Vimentinlow, α-

SMA, Desmin, Collagen 

IL-1β, 

TNFα, and 

IFN-γ 

 

α-SMA, 

Collagen 1A, 

Fibronectin 

(Latif et al., 

2015; M. Liu & 

Gomez, 2019) 

Pericytes  

 

α-SMA, Desminlow, 

Collagen, RGS5, 

podoplanin, PDGFRβ, 

CD90, Vimentin 

TGF-β, 

PDGF, 

Wnt 

 

ADAMTS-1 

 

(Baek et al., 

2022; T. I. H. 

Park et al., 2016) 

Epithelial cells  

 

Cytokeratins, EpCAM, E-

cadherin 

TGF-β, 

Wnt, 

mTOR, 

HIF-1a 

FSP-1, α-SMA 

 

(Giotakis et al., 

2021; 

Haunerdinger et 

al., 2021) 

Endothelial 

cell 

 

CD31, N-cadherin 

 

IFN-γ, 

TNFα 

VCAM-1, 

ICAM-1 

 

(Goncharov et 

al., 2020; Grant 

et al., 2021) 

Fibrocytes  

 

CD45, CD34, CD11, 

CD14, CD80, CD86 

TNFα, IL-

1β, IL-6 

MHC II, CCR4, 

CCR5 

 

(de Oliveira & 

Wilson, 2020; 

Suga et al., 

2014) 
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Figure 1.6: Cellular mechanisms that drive the fibrotic phenotype in intestinal fibrosis. Innate immune cells (dendritic cells, mast cells, 

macrophages, neutrophils and NK cells) and adaptive immune cells (Th1, Th2 and Th2) secrete cellular mediators that activate fibroblasts to 

differentiate into myofibroblasts that secrete pathogenic ECM. Stromal cells including smooth muscle cells and fibroblasts differentiate to 

myofibroblasts with increased deposition of ECM. Epithelial cells undergo Epithelial to Mesenchymal transition (EMT) while endothelial cells 

undergo endothelial to mesenchymal transition (EndoMT), ECM proteins with a balanced production and degradation program result in wound 

healing, whereas a dysregulated program results in tissue fibrosis. (Image was designed using graphical elements from BioRender) 
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1.6 Molecular mediators that drive stricture formation in intestinal fibrosis  

Wound healing is a physiological process that the immune system initiates to resolve 

ulcerations caused due to chronic inflammation, the process results in restoration of tissue 

integrity and structure. Various molecular mechanisms are involved in regulating the well- 

balanced deposition of ECM and degradation by MMPs whose activity is inhibited by TIMPs 

(304,409). In CD, the wound healing process is dysregulated resulting in activation of stromal 

cells that deposit excess ECM proteins with an impaired degradation program; the highest 

producers of ECM proteins are the myofibroblasts. The ECM proteins such as collagens I, III, 

IV, V, and VI, glycoproteins and proteoglycans such as fibronectin, laminin, and tenascin have 

an altered stiffness that results in scarring and formation of strictures (275,364). Various 

profibrotic mediators activate signaling pathways that are key in activation and differentiation 

of these stromal cells, particularly fibroblasts to myofibroblasts transition (FMT). These 

molecular mediators also play a key role in proliferation and recruitment of both immune and 

stromal cells to the site of injury, hence exacerbating the pro-inflammatory and profibrotic 

microenvironment (410).  

 

Studies have shown efficiency of the current anti-inflammatory therapies in resolving 

inflammation; however, it does not stop progression of fibro-stenosing disease; rather it 

becomes an inflammation independent driven process (411). Some of the key molecular 

mediators include cytokines such as IL-1, IL-4, IL-6, IL-13, IL-17, IL-12, IL-23, IL-33, TNF-

α, MCP-1 and IFN-γ (412,413) . The mechanisms through which cytokines regulate stricture 

formation are discussed in section 1.5.1. Other mediators such as TGF-β1, CTGF, IGF, PDGF, 

ET, ROS, Transglutaminase 2 (TG2), MMPs and TIMPs drive the fibrotic response leading to 

a highly cross-linked extracellular network filled with growth factors, damage associated 

molecular pattern (DAMPs) proteins and other drivers of local immune responses (414). One 

of the key mediators of fibrosis is TGF-β1 (TGF-β), it is referred to as the master regulator of 
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tissue fibrosis across multiple organs (408). Increased levels of TGF-β and its cognate receptors 

I and II have been reported in fibrostenotic CD (415). TGF-β in its active form binds TGF-β I 

and II receptors, downward signaling results in upregulation of profibrotic genes such as PAI-

1, COL1A1, FN1, FAP and PPAR-γ. The non-canonical signaling pathway involves Erk, 

SAPK/JNK and MAPK pathways while the canonical pathway involving SMAD proteins 2/4 

and co-factor SMAD4 as shown in figure 1.7. 

 

Phosphorylated SMAD2/3/4 complex relocate to the nucleus where they initiate transcription 

of target genes that are profibrotic; these include upregulation of genes that encode for 

profibrotic mediators such as CTGF, collagen, fibronectin, α-SMA and a down regulation of 

genes that encode for proteins important in regulating excess ECM deposition such as MMPs. 

In the mucosa of CD patients, increased levels of TGF-β, phosphorylated SMAD2/3 and 

increased collagen production in the stricture regions have been observed compared to the non-

stricture regions (416). The TGF-β signaling pathway is regulated by SMAD7, findings from 

various studies in the intestine, skin, kidney, lung and liver fibrosis have shown that increased 

expression of inhibitory SMAD7 significantly reduced fibrosis  (417,418).  

 

A study carried out in a TNBS fibrosis induced mouse model in which SMAD7 antisense oligo-

nucleotides that knocked down SMAD7 expression showed reduced collagen production and 

fibrosis. These findings contradict other studies that have shown TGF-β as a master regulator 

of fibrosis. The study indicates that SMAD7 inhibition of TGF-β signaling diminishes its anti-

inflammatory mechanisms and therefore knocking down SMAD7 increases TGF-β signaling 

and its anti-inflammatory response (419). On the contrary, studies performed in a rat model of 

renal fibrosis in which SMAD7 gene insertion was carried out using the adenoviral system 

prevented development of unilateral ureteral obstruction whereas controls developed renal 
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fibrosis, suggesting SMAD7 could be used as a potential therapeutic target that can antagonize 

the TGF-β signaling pathway (420).  

 

 

Another key mediator of fibrosis is CTGF, its expression is increased in the presence of TGF-

β. CTGF upregulated in CD patients specifically in fibroblasts within the submucosal layer and 

in areas of intense damage as compared to UC patients (417,421). Studies show profibrotic 

mechanisms of CTGF through modulating proliferation and activation of fibroblasts to produce 

ECM proteins (422). Other growth factors that are important in driving the profibrotic 

phenotype include PDGF, bFGF (FGF2) and EGF. PDGF (PDGF-A or PDGF-B) signals 

Figure 1.7: Canonical TGF-β/SMAD signaling pathway. TGF-β binds its cognate receptors I and II 

to activate phosphorylation of receptor-regulated Smads 2/3 (R-SMADs), pSMAD 2/3 interact with 

co-factor SMAD (SMAD4) to form the R-SMAD/SMAD4 complex, which associates with specific 

transcription factors and cofactors to modulate the expression of its target genes such as SERPINE1, 

CTGF, COL1A1 and ACTA2. The pathway is inhibited by activation of inhibitor (I-SMAD) SMAD7 

(Image drawn from elements collected from www.servier.com) 
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through its cognate receptors PDGFRα and PDGFRβ respectively (423,424). The presence of 

PDGF in the intestine has been reported to cause activation, proliferation and migration of cells 

such as fibroblasts, myofibroblasts and increased deposition of ECM proteins (425). The 

fibrotic microenvironment is complex, cytokines and growth factors initiate signaling and 

activation of pathways that maintain the fibrotic phenotype. Some of the key pathways that 

have been implicated in intestinal fibrosis include Wnt/ β catenin signalling pathway and lysyl 

oxidase.  

 

The β-catenin Wnt signalling pathway controls intestinal epithelial stem cell proliferation and 

differentiation capacity. In the intestine, the Wnt pathway is involved in homeostasis of the gut 

epithelium and cell regeneration; in cases where the Wnt signalling is impaired damage of the 

intestinal crypts has been reported (426,427). Lysyl oxidases (LOX) are copper dependent 

amine oxidase enzymes involved in the cross linking and manufacture of the extracellular 

matrix proteins collagen, elastin and fibronectin. Of the five LOX proteins, LOXL 2 has been 

studied extensively and targeted as a potential antifibrotic in liver fibrosis (428). In IBD, a 

study was carried out that showed that myofibroblasts isolated from stenotic small bowel 

expressed higher levels of LOX enzymes when compared to normal gut tissue derived from 

the same patient (298). There is need to perform more mechanistic studies to ascertain the role 

of LOX proteins on collagen crosslinking and their effect on fibroblasts in intestinal fibrosis. 

 

1.7 Gaps in current knowledge of intestinal fibrosis and the unmet need  

Although there has been progress in development of anti-inflammatory therapies which have 

been effective in the management of CD, evidence has shown that it does not stop the natural 

progression of fibrostenosing disease (429). The mechanisms involved are complex and 

involve interactions between cells, extracellular matrix proteins, growth factors and cytokines. 

There is evidence that shows reversibility of fibrosis, studies have focused on inhibition of 
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TGF-β signalling and its downstream effects of activation of fibroblasts to myofibroblasts. A 

study was performed in a skin fibrosis bleomycin induced mouse model, in which the treatment 

group of animals were treated with a pyridine derivative compound (HPH-15) that inhibited 

phosphorylation of SMAD3. The treated mice experience reduction in immune cell infiltration 

and reduced frequencies of profibrotic macrophages, suggesting that targeting the SMAD 

pathway may be beneficial in this setting (430).  

 

Another study in a unilateral ureteral obstruction (UUO) mouse model of kidney fibrosis was 

performed. In this study, SMAD7 overexpression plasmids were delivered into the kidney. The 

data showed a reduction in expression of profibrotic markers in the mice that received SMAD7 

gene therapy as compared to the controls. The data gives an indication that inhibition of TGF-

β signalling reduces attenuates fibrosis in these mice (431). Despite in vivo and in vitro studies 

that have been performed in understanding the various cellular and molecular mechanisms that 

drive the fibrotic phenotype, there is still no approved anti-fibrotic therapy for intestinal fibrosis 

in humans. Anti-fibrotic drugs used to treat fibrosis in other diseases such as pirfenidone for 

the management of IPF have been studied for efficacy in fibrostenosing CD; the data showed 

anti-proliferative effects and a reduction in collagen production by primary intestinal 

fibroblasts from patients with fibrostenosing CD. Pirfenidone could be repurposed for the 

management of fibrostenosing CD (432–434).   

 

The challenges being faced in identification of novel targets for anti-fibrotic therapy are mostly 

because of the heterogenous nature of the inflammatory and fibrotic microenvironment in CD. 

There is a knowledge gap in understanding the specific mechanisms that drive intestinal 

fibrogenesis. In addition, as intestinal fibrosis is a slow progressing disease it has been difficult 

to detect early fibrosis with intestinal strictures being diagnosed at later stages where it has 

already progressed to loss of tissue function. Although there are various animal models used in 
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investigation of disease mechanisms (435), the challenges of in vivo studies in animals are a 

limitation and access to patient resection tissue is limited, hence the need to establish in vitro 

models that can be used to study the mechanisms in intestinal fibrosis. There is need to further 

understand the specific cellular and molecular mechanisms that are key in driving the fibrotic 

phenotype in intestinal fibrosis. For example, TGF-β signalling is a known pathway that drives 

fibrosis, despite the many attempts to disrupt signalling of this pathway, there has been limited 

success. Are there molecular mediators that can be targeted to indirectly to disrupt TGF-β 

signalling? Are there in vitro models that can be used to study mechanisms that drive intestinal 

fibrosis? Understanding these key questions present opportunities for novel target discovery 

and potential anti-fibrotic therapy in stricturing CD. 

 

The overall aim of this project was to understand the cellular and molecular mechanisms that 

drive the fibrotic phenotype in CD strictures. The availability of new technologies such as 

single cell sequencing has made it possible to interrogate cell populations in more depth. In 

addition our lab is able to access fresh human resection tissue with consent from CD patients 

undergoing resection surgery at the Queen Elizabeth hospital, Birmingham. This presents a 

unique opportunity to perform studies on fresh human samples collected from patients, the 

results obtained would be directly applicable to patients and directly translatable to potential 

targets for anti-fibrotic therapy. In this study, we hypothesise that the stricture segment has a 

unique profibrotic molecular and cellular signature as compared to the non-stricture segments. 

In depth understanding of the stricture associated phenotype will provide insight into potential 

targets for anti-fibrotic therapy in CD. In addition, the study focuses on fibroblasts as studies 

have shown fibroblasts as the main cell type that produce and maintain ECM hence driving the 

fibrotic phenotype in intestinal fibrosis (363,378,436). Below are the specific aims of the 

project; 
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1.8 Aims for the study;  

1. To study the transcriptome and proteome profiles of matched tissue from the stricture, 

proximal and distal segments in CD patients  

2. To study fibroblast expression patterns relative to identified markers FGF2, HDAC1 

and Gremlin1 in the stricture, proximal and distal segments in CD patients   

3. To study the role of fibroblast derived gremlin 1 in the formation of strictures in 

intestinal fibrosis,  
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CHAPTER 2  
 

 

MATERIALS AND METHODS 
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2.1 Sample collection, transportation and processing  

2.1.1 Ethical approval for use of resected tissue samples  

Ethical approval to obtain gut resection samples, biopsies and blood from IBD patients from 

the Queen Elizabeth Hospital was granted under the tissue remodelling and fibrostenosing in 

Crohn’s disease (TRAFIC) study (Approval reference number RRK6508). Samples were 

collected and stored in accordance with the University of Birmingham’s code of conduct and 

Human Tissue Authority (HTA) guidelines. All staff involved in the TRAFIC study completed 

training on details pertaining to patient eligibility, sample collection and data handling prior to 

commencing work on the TRAFIC study. 

 

2.1.2 Sample collection and transportation to the lab 

Samples collected included whole blood and gut resection tissue from IBD patients with 

fibrostenotic disease who provided consent to the TRAFIC study. Whole blood, matched to 

resected tissue, was collected before or on the day of the surgery depending on what was most 

convenient for the clinical staff and the patient. Blood was collected in vacutainer tubes 

containing EDTA anticoagulant. On the day of the surgery, gut resection samples were 

collected and immediately transported to the clinical pathology department by clinical staff. 

The pathologist then examined the resected tissue and decided if it was suitable to be sampled 

for the study. From each patient, the aim was to collect tissue segments that were distal and 

proximal to the stricture in addition to the stricture itself as illustrated in figure 2.1B. The size 

of tissue sampled ranged between 0.668-3.5 grams depending on the size of the total resection 

received at pathology. Samples were placed into MACS tissue storage solution (Miltenyi 

Biotec, Germany), and transported immediately to the lab for further processing.  
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2.1.3 Sample receipt and processing in the lab   

Gut resection and blood samples were pseudo-anonymised on arrival at the lab by assigning 

each a unique access number. Blood was processed to collect peripheral blood mononuclear 

cells (PBMCs) immediately for use in further experiments using the methodology described 

below in section 2.2.1. Resection samples were weighed and depending on how much tissue 

was available, were further cut for various procedures. Figure 2.2 shows the different 

procedures that were carried out using the tissue collected, tissue was placed in RNAlater for 

RNA extractions and part of it placed in formalin to generate FFPE sections. Tissue was also 

used for isolation of fibroblast. The number of procedures carried out varied depending on the 

amount of tissue supplied to the lab. 

Figure 2.1: Representative images showing location of sampled segments. A) Healthy intestine 

showing the different segments prior to stricture formation. The segments include the large intestine 

(colon), the ileocecal valve, which is a sphincter muscle that separates the colon and ileum and the 

small intestine (ileum). B) Image shows regions from which the samples were collected from: the 

distal segment is mainly taken from the colon, a region distal to the stricture, the stricture segment 

was taken from the fibrotic region which was common around the ileocecal region in the ileum, and 

the proximal segment was taken from a region proximal to the stricture, generally located in the ileum- 

Image adapted from https://smart.servier.com 
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2.1.4 Resected gut tissue samples received and analysed in the whole study  

A total of 25 samples from 25 individuals were collected for the study, but that the samples 

that were able to be taken varied between individuals (see Table 2.1). For example, we received 

blood for 5 patients which did not have matching tissue samples, but for 12 patients we were 

able to collect both blood and tissue from all three sites. 

 

 

 

 

Figure 2.2: Distribution of gut resected tissue (proximal, stricture and distal) and blood for 

various experimental procedures. Cells were isolated from whole blood and from tissue samples for 

cellular characterisation using flow cytometry. Tissue samples were also used for isolation of 

fibroblasts. Tissue was left in culture and supernatants were collected to examine secretion of various 

mediators. Tissue was stored in RNA later and formalin for gene and protein expression analysis 

studies, respectively, and cells were isolated from tissue and used for single cell sequencing. 
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Table 2.1: Summary of gut resected samples delivered to the lab for in vitro 

experiments (Number of samples: Sample type e.g blood, proximal, stricture and distal) 

Total number of samples Blood Proximal Stricture Distal 

5 X    

2  X X X 

2  X X  

3 X X X  

1 X X  X 

12 X X X X 

 

 

2.2 Primary cell isolation  

2.2.1 Isolation of Peripheral Blood Mononuclear Cells (PBMCs) from blood  

Whole blood collected in EDTA tubes was used for the isolation of cells to study the immune 

profile of CD patients undergoing resection surgery. Whole blood was layered onto Ficoll-

Paque (Sigma-Aldrich, Gillingham, UK) at a ratio of 2 parts of blood to 1 part of Ficoll-Paque. 

The layered mixture underwent centrifugation at 800 x g for 20 minutes with an acceleration 

rate of 5 and a deceleration rate of 2. The buffy coat containing PBMCs that formed between 

the Ficoll-Paque and plasma layers was carefully aspirated, cells were washed twice in sterile 

phosphate buffered saline (PBS) and then counted using a Neubauer haemocytometer. For 

counting, cells were mixed at a ratio of 1:10 with Trypan-blue (Sigma-Aldrich, Gillingham, 

UK) to ensure only viable cells were counted. Cells were then used for planned experimental 

procedures. 

 

2.2.2 Isolation of primary fibroblasts  

The study was focused on primary fibroblasts isolated from resection samples collected from 

CD patients undergoing resection surgery. However, access to resected tissue samples was 

limited; the centre for liver and gastroenterology research (CLGR), Birmingham had a more 

reliable access to explant liver samples. Therefore, explant liver was used for initial 

optimisation. 
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2.2.2.1 Isolation of primary liver fibroblasts 

Approximately 20-30 g of diseased explanted liver tissue was used for isolation of liver 

fibroblasts following an established protocol in the lab (370). Specifically, tissue was collected 

and sliced into approximately 3-5 mm pieces using a scalpel and the sliced tissue was washed 

in ice cold PBS (Sigma-Aldrich, Gillingham, UK) to remove any residuals of blood. Tissue 

was transferred into a beaker and digested using an enzyme cocktail of collagenase IV (4,000 

U/mL) and collagenase 1A (100 µg/mL) (Sigma-Aldrich, Gillingham, UK) in DMEM media 

(ThermoFisher Scientific, UK). Tissue was placed in a shaker at 370C for 20-30 minutes 

depending on the stiffness which was determined during slicing of the tissue.  

 

The tissue digest was then filtered through a 70 µm strainer (Miltenyi Biotec, Germany) and 

cells layered onto a 77% and 33% Percoll gradient before being centrifuged to sediment debris 

and erythrocytes at 800 x g for 20 minutes with an acceleration rate of 5 and a deceleration rate 

of 2. The buffy coat containing leukocytes and stromal cells was collected, washed and 

resuspended in 5 mL of complete fibroblast media made up of DMEM supplemented with 

100U/mL Penicillin (Gibco, Invitrogen, United Kingdom), 100 µg/mL streptomycin (Gibco, 

ThermoFisher, United Kingdom) and 2 mM of L-glutamine (Gibco, ThermoFisher, United 

Kingdom) and 16% heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, Gillingham, 

UK). The cells were then transferred to a T25 flask (Corning, New York, USA) at 2X106 

cells/mL. Cells were left in culture at 370C, 5% CO2 while changing media every 2-3 days, 

fibroblast growth was monitored over 10-14 days.  

 

2.2.3 Isolation of primary gut fibroblasts  

The gastroenterology group was being set up just as I was starting my PhD, thus there were no 

established protocols on handling gut samples. For isolation of human primary gut fibroblasts, 
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I had to develop a protocol which involved several steps of optimisation, detailed below and 

also discussed in chapter V of this thesis.  

 

2.2.3.1 Protocol A: Isolation of gut fibroblasts using the ‘explant liver’ protocol 

Similar to the ‘explant liver’ protocol described above, resected gut tissue was collected and 

sliced into small pieces approximately 3-5 mm using a scalpel. The sliced tissue was washed 

in ice cold PBS (Sigma-Aldrich, Gillingham, UK) to remove any residuals of blood. Tissue 

was transferred into a 50 mL falcon tube (ThermoFisher Scientific, UK) for digestion in an 

enzyme cocktail of collagenases IV (4,000 U/mL) and 1A (100 µg/mL) (Sigma-Aldrich, 

Gillingham, UK) in DMEM media (ThermoFisher Scientific, UK). Tissue was placed in a 

shaker at 370C for 20-30 minutes depending on the stiffness which was determined during 

slicing of the tissue. The tissue digest was then filtered through a 70 µm strainer (Miltenyi 

Biotec, Germany) and cells layered onto a 77% and 33% Percoll gradient before being 

centrifuged to sediment debris and erythrocytes at 800 x g for 20 minutes with an acceleration 

rate of 5 and a deceleration rate of 2. The buffy coat containing leukocytes and stromal cells 

was collected, washed and resuspended in 5 mL of complete fibroblast media supplemented 

with 100U/mL Penicillin (Gibco, Invitrogen, United Kingdom), 100 µg/mL streptomycin 

(Gibco, Invitrogen, United Kingdom) and 2 mM of glutamine (Gibco, Invitrogen, United 

Kingdom) and 16% heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, Gillingham, 

UK). The cells were then transferred to a 6 well tissue culture plate (Corning, New York, USA) 

at 2X106 cells/mL. Cells were left in culture at 370C while changing media every 2-3 days, 

fibroblast growth was monitored over 10-14 days. 

 

2.2.3.2 Protocol B: Isolation of gut fibroblasts using the organ culture protocol 

A different approach was tested to isolate primary gut fibroblasts as previously described by  

(Sawant et al., 2016). In this case gut resected tissue from the proximal, distal and stricture 
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segments was transferred into a 6 well plate (Corning, New York, USA) and washed with ice 

cold PBS (Sigma-Aldrich, Gillingham, UK) to get rid of the excess blood residue, then cut into 

approximately 3-5 mm pieces using a scalpel, after which pieces of tissue were transferred to 

another 6 well plate and cultured in 2 mL of fibroblast media which was made up of DMEM 

supplemented with antibiotics including 100U/mL Penicillin (Gibco, Invitrogen, United 

Kingdom), 100 µg/mL streptomycin (Gibco, Invitrogen, United Kingdom), 50 μg/mL of 

gentamicin (ThermoFisher Scientific, UK) and 0.25 μg/mL amphotericin B (Sigma-Aldrich, 

Gillingham, UK). In addition, the media contained 2mM of L-glutamine (Gibco, Invitrogen, 

United Kingdom) and 16% heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, 

Gillingham, UK). Culture conditions were at 370C, 5% CO2. Fibroblast media was replaced 

every 3-4 days while monitoring cell growth from the tissue.  

 

2.2.3.3 Protocol C: Isolation of gut fibroblasts using an enzymatic digestion protocol 

Another method for fibroblast isolation was performed based on enzymatic digestion using 

Liberase. For this method, resected gut tissue was washed twice in epithelial layer stripping 

buffer made up of 1X HBSS (Sigma-Aldrich, Gillingham, UK), 10 mM of HEPES (Sigma-

Aldrich, Gillingham, UK), 5% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin and 2 mM 

of EDTA. Stripping of the epithelial layer was carried out to enrich the stromal cell component 

of the tissue while reducing the epithelial cell component.  Resected gut tissue was then placed 

in a 6 well culture plate and cut into approximately 3-5mm2 pieces using a scalpel. Tissue was 

rinsed with cold PBS (Sigma-Aldrich, Gillingham, UK) and placed in a 50 mL Falcon tube 

containing the epithelial layer stripping buffer. Tissue was left to incubate at 370C for 15 mins 

while shaking at 250rpm, this was performed twice. The resulting tissue was pelleted by 

centrifugation at 200 x g for 5 minutes. The pelleted tissue was further cut into smaller pieces 

of approximately 3-5 mm in a 6 well culture plate and transferred to gentleMACS™ C tubes 

containing enzymatic digestion media made up of DMEM, 2.5% FBS (Sigma-Aldrich, 
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Gillingham, UK), 100U/mL Penicillin (Gibco, Invitrogen, United Kingdom), 100 µg/mL  

streptomycin (Gibco, Invitrogen, United Kingdom), 50 μg/mL of gentamicin (ThermoFisher 

Scientific, UK) and 0.25 μg/mL amphotericin B (Sigma-Aldrich, Gillingham, UK). In addition, 

the media contained 100 µg/mL of DNAse (ThermoFisher Scientific, UK) and 100µg/mL of 

Liberase Thermolysin Low enzyme (Roche, Basel, Switzerland). The tissue was incubated at 

370C for 30 mins while shaking. Enzymatic activity was quenched with 10% FBS in DMEM 

and a quick cycle of further tissue digestion was performed on the gentleMACS™ Octo 

dissociator with heaters (Miltenyi Biotec, Germany) for 1 minute (C tube protocol). The 

resultant tissue digest was filtered through a 70 µm filter into a 50mL falcon tube. The single 

cell suspension was centrifuged at 200 x g for 5 minutes and cells counted in trypan blue (1:10) 

dilution. Cells were left in culture at a dilution of 2x106 cells/mL of fibroblast media which 

was changed every 3-4 days while monitoring for fibroblast growth.  

 

2.2.3.4 Protocol D: Isolation of gut fibroblasts using a hybrid (mechanical and enzymatic 

digestion) protocol 

A fourth protocol was tested for fibroblast isolation combining enzymatic and mechanical 

digestion. In this protocol, resected gut tissue was washed with cold PBS (Sigma-Aldrich, 

Gillingham, UK), tissue was dissected into 3-5 mm pieces using a scalpel. A wash was 

performed using cold PBS to get rid of the excess blood residue and then the tissue was 

transferred to a 50 mL falcon tube containing enzymatic digestion media made up of DMEM, 

2.5% FBS (Sigma-Aldrich, Gillingham, UK), 100U/mL Penicillin (Gibco, Invitrogen, United 

Kingdom), 100 µg/mL  streptomycin (Gibco, Invitrogen, United Kingdom), 50 μg/mL of 

gentamicin (ThermoFisher Scientific, UK) and 0.25 μg/mL amphotericin B (Sigma-Aldrich, 

Gillingham, UK). In addition, the media contained 100 µg/mL of DNAse (ThermoFisher 

Scientific, UK) and 100µg/mL of Liberase Thermolysin Low enzyme (Roche, Basel, 

Switzerland. Tissue was digested at 370C while constantly dissociating on the gentle MACS™ 
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Octo dissociator with heaters (Miltenyi Biotec, Germany) for 30 mins on a pre-set program. 

Digested tissue was filtered through a 70 µm strainer (Miltenyi Biotec, Germany), and the 

resulting single cell suspension was centrifuged at 200 x g for 5 mins at acceleration and 

deceleration speed of 9. The cells were washed once and re-suspended in DMEM (Sigma-

Aldrich, Gillingham, UK) supplemented with 16% heat inactivated FBS in a 6 well plate at a 

concentration of 2.5x106 cells/mL and incubated at 370C and 5% CO2.  

 

Table 2.2: Summary of steps used during optimisation protocol for isolation of gut 

derived primary fibroblasts  

Steps in the 

fibroblast isolation 

process 

Protocol A: 

“Explant liver” 

protocol 

Protocol B: 

Organ culture 

protocol 

Protocol C: 

Enzymatic 

digestion 

Protocol D: 

Hybrid protocol 

Wash of tissue Yes Yes Yes Yes 

Dissection of tissue Yes Yes Yes Yes 

Digestion Enzymatic No Enzymatic Enzymatic and 

mechanical 

Wash of cells Yes Yes Yes Yes 

 

 

Table 2.3: Culture media and reagents used in cell isolation and culture  

Media and reagents Company 

Roswell park memorial institute 1640 medium [+] L-glutamine Sigma-Aldrich 

Dulbecco's Modified Eagle Medium (DMEM) Thermo Fisher 

Penicillin streptomycin solution Sigma-Aldrich 

Gentamicin Sigma-Aldrich 

Amphotericin Sigma-Aldrich 

Normocin Invivogen 

Dispase Stemcell Technologies 

L-glutamine Sigma-Aldrich 

Phosphate-buffered saline [+] MgCl2 (1000mg/L), CaCl2 (100 mg/L) Sigma-Aldrich 

Ethylenediaminetetraacetic acid solution (EDTA) Sigma-Aldrich 

Heat inactivated fetal bovine serum (FBS)  Sigma-Aldrich 

Phosphate buffered saline Sigma-Aldrich 

Bovine serum albumin (BSA)  Thermo Fisher 

Fibroblast growth medium Lonza 

Hank's Balanced Salt Solution (HBSS) without Ca2+ and Mg2+ Sigma-Aldrich 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) Sigma-Aldrich 

DNAse  Thermo Fisher 

Collagenase 1A Sigma-Aldrich 

Collagenase IV Sigma-Aldrich 

Liberase TL Roche 

Ficoll-Paque Sigma-Aldrich 
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2.3 Flow cytometry  

2.3.1 Surface staining   

Freshly isolated single cells in suspension from resected gut tissue and peripheral blood were 

distributed into flow cytometry (FACS) tubes (Fisher Scientific, UK) at 1x106cells/mL. Cells 

were initially labelled with 100 µl of the Zombie Aqua viability dye (Biolegend, San Diego, 

USA) diluted at 1:500 at room temperature for 20 minutes in the dark.  Cells were washed in 

2% FBS diluted in PBS (Sigma-Aldrich, Gillingham, UK) and further labelled with surface 

antibodies against cell surface antigens for Immune and stromal cells (T cells, B cells, 

fibroblasts, epithelial and endothelial cells). All antibodies used are listed in Table 2.4. Controls 

included cells only (cells without antibodies), isotype controls and all fluorochromes minus 

one (FMO) control, especially for markers of interest with low antigen expression. These were 

used to set gates above background levels during data analysis. Cells were incubated at 4oC 

for 30 minutes, then washed with 2% FBS + PBS. Cells were fixed with 100µl 4% 

Paraformaldehyde (PFA) for 20 minutes at room temperature in the dark. A final wash was 

performed with 1mL of 2% FBS + PBS, and the cells were then re-suspended in 300µl of 2% 

FBS + PBS and analysed using the BD LSRFortessa™ (BD Bioscience, New Jersey, USA) for 

flow cytometry, data was analysed using FlowJo version 10.8.1. 

 

2.3.2 Intracellular staining  

To study cytokine expression by tissue infiltrating and peripheral blood mononuclear cells, 

intracellular staining and subsequent flow cytometry analysis was performed. Freshly isolated 

cells from resected gut tissue and peripheral blood were distributed in 24 well plates at 2 x 106 

cells/mL and left overnight in the incubator at 37°C and 5% CO2 to recover and settle. On the 

day of staining, cells were stimulated with 30nM PMA (Sigma-Aldrich, Gillingham, UK), 

200nM ionomycin (Sigma-Aldrich, Gillingham, UK) and 4µg/mL Brefeldin A (Sigma-

Aldrich, Gillingham, UK) for 4 hours. Cells were transferred to FACS tubes and washed with 
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1 mL of 2% FBS diluted in PBS and labelled with 100 µl of the Zombie Aqua viability dye 

(Biolegend, San Diego, USA) diluted at 1:500 at room temperature for 20 minutes in the dark.  

The viability dye was washed off using 2% FBS diluted in PBS. Cells were then fixed with 

500µl of fix/perm buffer (BD Bioscience, New Jersey, USA) for 50 minutes at 40C in the dark. 

A wash step was performed using 2% FBS diluted in PBS, a second wash step was performed 

using 1X BD permeabilization buffer (BD Bioscience, New Jersey, USA) diluted at (1:10 10x 

Perm buffer: dH2O), and a centrifugation step was performed for 5 minutes at 500 x g with 

both acceleration and deceleration set to 9. The cells were stained with intracellular antibodies 

targeting IL-17, TNF-α, IFN-γ, IL-10 and IL-2 or isotype control for 30 minutes at 40C in the 

dark (details listed in table 2.4). Antibodies were prepared in the 1X BD Perm/Wash buffer. 

The stained cells were then washed with perm buffer followed by 2% FBS diluted in PBS; and 

re-suspended in 300 µl of 2% FBS diluted in PBS ready for flow cytometry using the BD 

LSRFortessa™ (BD Bioscience, New Jersey, USA). 

 

Table 2.4: List of antibodies used for flow cytometry staining for immune cell, cytokine 

and stromal cell panels (Abbreviations: APC: Allophycocyanin, PE: phycoerythrin, FITC: 

Fluorescein isothiocyanate, CY: Cyanine, BV: Brilliant violet, Rec: Recombinant, IgG: 

Immunoglobulin G, CD: Cluster of differentiation, k:kappa, Ms:Mouse) Note: Initial and final 

concentrations were not shown as some were missing on the product website   

                                Immune cell panel  

Target Fluorochrome Clone Dilutio

n 

Isotype control Company 

CD45 APC CY 7 2D1 1:50 Ms IgG1, κ Biolegend  

CD19 BV650 HIB19 1:50 Ms IgG1, κ Biolegend 

CD8 BV605 SK1 1:100 Ms IgG1, κ BD 

Biosciences 

CD3 BV421 UCHT1 1:100 Ms IgG1, κ BD 

Biosciences 

CD4 APC REA623 1:50 Rec. human 

IgG1 

Miltenyi 

Biotec 

CD25 PECF594 M-A251 1:50 Ms IgG1, κ BD 

Biosciences 

CD127 PECY7 eBioRDR5 1:50 Ms IgG1, κ Invitrogen 

CCR6 BV711 G034E3 1:100 Ms IgG2b, κ Biolegend 

CXCR3 PerCP CY5.5 11A9 1:50 Ms IgG1, κ BD 

Biosciences 
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Cytokine panel  

IL-10 PE JES3-9D7 1:50 Rat IgG1, κ Biolegend 

TNF-α BV450 MAb11 1:40 Ms IgG1, κ Invitrogen 

IFNγ BV650 4S.B3 1:100 Ms IgG1, κ BD 

Biosciences 

IL-17 BV785 BL168 1:50 Ms IgG1, κ Biolegend 

IL-2 APC MQ1-17H12 1:100 Rat IgG2a, κ eBioscience 

Stromal cell panel  

CD45 APC CY7 2D1 1:50 Ms IgG1, κ Biolegend  

HLA-DR BV450 LN3 1:50 Ms IgG2b, k Invitrogen 

Podoplanin PerCP CY5.5 NZ-1.3 1:50 Rat IgG2a Invitrogen 

CD90 PECY7 5E10 1:50 Ms IgG1, k Invitrogen 

EpCAM PECF594 CO17-1A 1:100 Ms IgG2a, κ Biolegend 

CD34 FITC 561 1:50 Ms IgG2a, κ Biolegend 

CD31 APC REA730 1:50 Rec. human 

IgG1 

Miltenyi 

Biotec 

PDGFRβ PE PR7212 1:50 Ms IgG1 Bio-techne 

 

 

2.4 In vitro cell culture assays  

2.4.1 Cell lines used in this study  

The normal human colon derived fibroblast cell line CCD-18Co (cat. No. CRL-1459™) and 

the human colon derived fibroblast cell line from an Adenocarcinoma donor Hs 255T (CRL-

7213™) were obtained from the American Type Culture Collection (ATCC) (Manassas, VA, 

USA).  

 

2.4.1.1 Cell line culture    

The CCD-18Co cell line was cultured at 37ºC and 5% CO2 in complete media (Eagle's 

Minimum Essential Medium (EMEM) (ATCC, Manassas, VA, USA) supplemented with 10% 

FBS (Sigma-Aldrich, Gillingham, UK), 100U/mL Penicillin (Gibco, Invitrogen, United 

Kingdom) and 100 µg/mL streptomycin (Gibco, Invitrogen, United Kingdom). Cells were sub-

cultured at 80% confluence by dissociation from the flask using TrypLE (ThermoFisher 

Scientific, UK). A confluent T75 flask (Corning, USA) was split at a ratio of 1 in 3. The Hs 

255T cell line was cultured at 37ºC and 5% CO2 in complete media (Dulbecco's Modified 

Eagle's Medium (DMEM) (ATCC, Manassas, VA, USA) supplemented with 10% FBS 
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(Sigma-Aldrich, Gillingham, UK), 100U/mL Penicillin (Gibco, Invitrogen, United Kingdom) 

and 100 µg/mL streptomycin (Gibco, Invitrogen, United Kingdom). Cells were sub-cultured at 

80% confluence by dissociation from the flask using TrypLE Express (ThermoFisher 

Scientific, UK). A confluent T75 flask (Corning, USA) was split at a ratio of 1 in 3. 

 

2.4.1.2 Cell banking for long term storage 

Cell lines at 80-90 % confluence in a T75 flask were washed with PBS, and 3 mL of TrypLE 

(ThermoFisher Scientific, UK) was added to the flask and cells left in the incubator at 37°C for 

3 minutes. Once the cells were detached from the flask, 10 mL of complete media was added 

into the flask to quench the enzymatic reaction. Cells were then transferred to a 15 mL falcon 

tube (ThermoFisher Scientific, UK) and centrifuged at 500 x g for 5 minutes at an acceleration 

and deceleration speed of 9. The supernatant was removed, cells were re-suspended in 1 mL of 

CryoStor® cell freezing media (ThermoFisher Scientific, UK) and transferred into two 1.5mL 

Cryogenic vials and stored in Mr. Frosty freezing container that provides 1oC/min cooling rate. 

Cells were stored at -800C for 24 hrs then transferred to liquid nitrogen for long term storage.  

 

2.4.1.3 Thawing cells  

To recover frozen cells, defrosting was performed in a water bath for less than 2 minutes and 

transferred to a 15 mL falcon tube containing 10 mL of CCD-18Co media made up of EMEM 

(ATCC, Manassas, VA, USA) + 10% FBS (Sigma-Aldrich, Gillingham, UK), 100U/mL 

Penicillin (Gibco, Invitrogen, United Kingdom) and 100 µg/mL streptomycin (Gibco, 

Invitrogen, United Kingdom). Cells were centrifuged at 500 x g for 5 minutes at an acceleration 

and deceleration speed of 9, followed by a second wash with media and repeat of the 

centrifugation step. Cells were then re-suspended in 10 mL of CCD-18Co media and 

transferred to a T75 flask and left in the incubator at 37°C and 5% CO2. Cells were left to 

adhere to the flask for approximately 24 hours, and then media was replaced every 2-3 days 
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until cells were confluent enough for further experiments. Cell lines were routinely tested to 

monitor mycoplasma contamination of cell cultures.  

 

2.4.1.4 In vitro stimulation of CCD-18Co cell line 

CCD-18Co were counted and diluted at 5x104 cells/mL with complete media, and 500µl was 

transferred into wells of a 24 well plate. The cells were left in culture at 370C and 5% CO2 in 

an incubator for 12 hours, after which media was removed replaced with serum free EMEM 

with 100U/mL Penicillin (Gibco, Invitrogen, United Kingdom) and 100 µg/mL streptomycin 

(Gibco, Invitrogen, United Kingdom) and 0.2% BSA (Sigma-Aldrich, Gillingham, UK). The 

cells were incubated as before for an additional 12 hours. Serum free media was removed and 

CCD-18Co media containing treatments of TGFβ1 (Miltenyi Biotec, Germany), IL-13 

(Peprotech, UK) and IL-36 (Peprotech, UK) at 1 ng/mL, 10 ng/mL and 100 ng/mL respectively.  

The cells were left in culture at 370C, 5% CO2 for 24 and 48 hours. Wells containing 

unstimulated cells were included as a baseline sample (control). At the end of each time point, 

media was removed, and cells were washed with 1X PBS (Sigma-Aldrich, Gillingham, UK) 

before being lysed in 350 μL of lysis buffer (RLT buffer (Qiagen, UK) containing β-

mercaptoethanol (Sigma-Aldrich, Gillingham, UK) at a dilution ratio of 10 µL β-

mercaptoethanol for each 1 mL RLT lysis buffer). The lysed cells were transferred to 1.5 mL 

Eppendorf tubes ready for RNA extraction. RNA was either extracted immediately or lysed 

cells were stored at -800C ready for RNA extraction. 

 

2.4.2 Gene expression assays  

Gene expression analysis was performed on tissue samples from the proximal, stricture and 

distal segments of resected gut as well as cells collected from in vitro cell culture assays. Fresh 

tissue for gene expression studies was transported to the lab in tissue storage media (Miltenyi 

Biotec, Germany) and transferred immediately to RNAlater at 40C (Sigma-Aldrich, 
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Gillingham, UK), this was stored further in 40C for various times until it was ready for further 

experimental work.   

 

2.4.2.1 RNA extraction from cells  

All reagents were provided in the kit except for ethanol solutions prepared in the lab) 

Total RNA was extracted from lysed cells using the RNEasy micro kit (Qiagen, UK) according 

to manufacturer’s instructions. The RNEasy micro kit is designed to extract RNA of up to 45 

µg or in samples with cells <500,000, therefore the kit was fit for purpose based on the seeding 

density of cells used in the in vitro assays. Lysed cells were homogenised and 70% of ethanol 

(Fisher Scientific, UK) was added to precipitate the RNA from the cell lysates which was then 

collected within the membrane of the RNeasy MinElute spin column through centrifugation. 

Wash steps were performed followed by elimination of genomic gDNA using 

Deoxyribonuclease I (DNase I). Further wash steps were performed to purify RNA, with RW1, 

RPE buffers and 80% ethanol (Fisher Scientific, UK) used for these wash steps. These solutions 

are eliminate carbohydrates, proteins, fatty acids and residual salts retained in the column. The 

membrane was dried by centrifugation at maximum speed (12000 x g for 5 minutes). RNA was 

then eluted in 14 µL RNase-free water by centrifugation at maximum speed for 1 minute. The 

concentration of eluted RNA in ng/μL was measured using a Nanodrop Spectrophotometer 

(ThermoFisher Scientific, UK). The absorbance ratios at 260 nm/280 nm and 230 nm/260 nm 

were also recorded to check the purity of RNA and contaminants that may have resulted from 

reagents used. For an RNA sample a 260/280 ratio of >1.8 is considered pure RNA and a 

260/230 ratio of >1.5 is considered clean of organic solvents. 

 

2.4.2.2 Complementary DNA (cDNA) synthesis  

Complementary DNA (cDNA) was synthesised using iScript cDNA synthesis kit (BioRad, 

Hercules, CA, USA) according to manufacturer’s instructions. Extracted RNA (up to 1 μg) was 
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used as the starting RNA template. This was transcribed into cDNA by a mixture of iScript 

reverse transcriptase, iScript reaction mix which contained oligo(dT) and random hexamer 

primers and nuclease free water to a total volume of 20 μL, as detailed in the Table 2.5; 

 

Table 2.5: Reagents used for cDNA synthesis  

 

Reagents  Final Assay 

Concentration  

Company 

5X iScript reaction mix  4 µL Biorad, UK 

iScript reverse transcriptase  1 µL Biorad, UK 

Nuclease free water    

RNA template (up to 1 µg total RNA) 10 µg/mL From cell lines and tissue  

 

2.4.2.3 Real time-PCR (qPCR)   

RT-PCR was used to measure gene expression in cells obtained from in vitro cell culture 

experiments (list of genes shown in table 2.6). Taqman assays which contain primers and 

Taqman probes labelled with a 5’ reporter dye (FAM) and a 3’ quencher dye (probe assay 

IDs in table 2.6) were used. Serine and arginine Rich Splicing Factor 4 (SRSF4) was used as 

an endogenous control.  The assay was run on the ABI Prism 7900HT sequence detection 

system (ThermoFisher Scientific, UK) at the University of Birmingham. Differential gene 

expression levels were calculated using the delta Ct method by (Livak and Schmittgen, 2001) 

as shown below; 

 

Table 2.6: Reagents used for qRT-PCR 

Reagents  Final Assay Volume (Total 10  µl) Company 

Taqman 20X primers  0.25 µL Life Technologies 

PCR 2X master mix  5 µL Life Technologies 

RNAse free water 3.75 µL Life Technologies 

cDNA 1 µL  
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Table 2.7: Protocol for qRT-PCR  

Step 

No. 

Process  Treatment 

temperature  

Duration Number of cycles  

1 Pre-incubation 950C 10 minutes 1 

2 Denaturation 950C 10 seconds 

 

40 
3 Annealing 600C 30 seconds 

4 Extension 720C 30 seconds 
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Table 2.8: List of genes and primer sequences for targets used in qPCR 

 

Gene Name  Assay ID  Dye 

SRSF4 Serine And Arginine Rich Splicing Factor 4 Hs00900675_m1 FAM 

COL1A1 Collagen Type I Alpha 1 Chain Hs00164004_m1 FAM 

ACTA2 Actin Alpha 2, Smooth Muscle Hs00426835_g1 FAM 

FN1 Fibronectin 1 Hs01549976_m1 FAM 

TIMP1 TIMP Metallopeptidase Inhibitor 1 Hs01092512_g1 FAM 

GREM1 Gremlin 1 Hs01879841_s1 FAM 

CTGF (CCN2) Cellular Communication Network Factor 2 Hs00170014_m1 FAM 

BMP2 Bone Morphogenetic Protein 2 Hs00154192_m1 FAM 

BMP4 Bone Morphogenetic Protein 4 Hs00370078_m1 FAM 

BMP7 Bone Morphogenetic Protein 7 Hs00233476_m1 FAM 

TGFB1 Transforming Growth Factor Beta 1 Hs00998133_m1 FAM 

BMPRIA Bone Morphogenetic Protein Receptor 1A Hs04980288_g1 FAM 

BMPRIB Bone Morphogenetic Protein Receptor 1B Hs01010965_m1 FAM 

BMPRII Bone Morphogenetic Protein Receptor II Hs00176148_m1 FAM 
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2.5 Bulk RNA sequencing  

2.5.1 RNA extraction  

Total RNA was extracted from 9 matched gut resected tissue samples (proximal, stricture and 

distal segments) that had been stored in RNAlater (Sigma-Aldrich, Gillingham, UK) using the 

RNEasy mini kit (Qiagen, UK) according to manufacturer’s instructions. The RNEasy mini kit 

is designed to extract RNA of up to 100 µg from cells or tissue. Tissue was transferred from 

RNAlater solution to a gentleMACS™ C tube containing RLT lysis buffer containing β- 

mercaptoethanol, and then the tissue was disrupted using a pre-set protocol “RNA_01 for 

tissue” on the gentleMACS™ dissociator. Further tissue disruption was performed using a 10 

mL syringe, mixing tissue “up and down” to obtain a homogenous solution. Disrupted tissue 

was then centrifuged for 5 mins at 12000 x g for 5 minutes, after which the supernatant was 

transferred to a fresh tube while the pellet was discarded, and 70% of ethanol (Fisher Scientific, 

UK) was added to the supernatant to precipitate the RNA.  

 

The homogenised sample including any precipitate was transferred to an RNeasy Mini spin 

column, and centrifugation was performed at ≥8000 x g. A wash step was then performed using 

the RW1 buffer followed by elimination of genomic gDNA using Deoxyribonuclease I (DNase 

I). Further wash steps were performed to purify RNA, with RW1 and RPE buffers (Qiagen, 

UK) were used for the wash steps. These solutions eliminate carbohydrates, proteins, fatty 

acids and residual salts stuck in the column. The membrane was dried by centrifugation at 

maximum speed (12000 x g for 5 minutes). RNA was then eluted in 30 µl RNase-free water 

by centrifugation at maximum speed for 1 minute ready for the next experimental steps.  

 

2.5.2 RNA quality assessment  

Extracted RNA was subjected to quality checks: RNA concentration and purity (A260/A280) 

was measured using the Nanodrop Spectrophotometer (ThermoFisher Scientific, UK) while 
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RNA quality and integrity was checked using the 2100 Bioanalyzer (Agilent) by measurement 

of the RNA integrity number (RIN). Samples with purity of >1.8 at OD260/280 and RNA 

integrity number (RIN) of >7 were used to prepare cDNA libraries.  

 

2.5.3 cDNA library preparation for sequencing  

Preparation of cDNA libraries was performed using the QIAseq UPX 3’ (Qiagen, UK) 

according to manufacturer’s instructions. In summary, 0.5ng of RNA was reverse transcribed 

to cDNA; during this step each sample was tagged with a unique molecular index (UMI). All 

samples with tagged UMIs were then pooled into a single tube and subjected to further 

amplification through PCR using the Qiagen HiFi PCR master mix (Qiagen, UK). The 

amplified cDNA sequence was fragmented into uniform short reads to make sequencing 

possible; the fragmented ends were repaired and “A-tailed” by addition of an adenine base. The 

library was completed by ligation of adaptors to the cDNA fragments, that serve to identify the 

library and attach it to the flow cell during the sequencing process. Finally, the cDNA 

fragments each tagged with their UMI and library adaptors were further amplified by PCR to 

enrich the amplicon and increase sensitivity of the assay. The amplified fragments in the cDNA 

library were quantified using the QIAseq Library Quant Assay Kit (Qiagen, UK) and 

sequenced using the Nextseq Illumina platform. Nextseq Illumina sequencing was performed 

by the genomics department within the Institute of Biomedical Research, University of 

Birmingham. Raw data was generated as FastQ files ready for analysis.  

 

2.5.4 Analysis of bulk RNA-seq data  

Bulk RNA-seq data analysis was performed by Dr Animesh Acharjee, a senior research fellow 

with specialty in ‘omics’ data analysis from the Institute of Cancer and Genomic Sciences, 

University of Birmingham. The FastQ files obtained as raw data were de-multiplexed, aligned 

to the genome, quantified and normalised using the CLC Genomics workbench (Qiagen, UK). 
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The normalised values of reads reported in transcripts per million (TPM) were quality 

controlled by excluding genes with transcript expression of mean normalised counts that were 

less than a set threshold (< 1) and a false discovery rate corrected p value of <0.05 was 

considered and filtered for further downstream data analysis. Partial least squares discriminant 

analysis (PLS-DA) modelling was performed on these genes and a Variable Importance in 

Projection (VIP) score was used as a filter of genes of importance as per the model, genes with 

VIP Score of ≥1 were considered to be important in the PLS-DA model. DEGs were identified 

using the Linear models for Microarray data analysis (limma) package. Gene expression was 

compared between proximal vs stricture (P vs S), distal vs stricture (D vs S) and proximal vs 

distal (P vs D). Pathway enrichment was done using the databases Gene ontology biological 

pathways, Wiki pathways and Kyoto Encyclopaedia of Genes and Genomes (KEGG). 

 

2.6 Single cell RNA sequencing   

2.6.1 Isolation of single cells from resected gut samples for RNA sequencing  

Single cell RNA sequencing was performed on cells collected from the stricture (n=3) and 

proximal (n=3) segments. The decision to sequence tissue from the stricture and proximal was 

taken because both segments are located in the small bowel, and strictures in CD commonly 

occur in the terminal ileum located within the small bowel. These made the two segments more 

comparable in terms of gene expression patterns, except for the changes that may arise due to 

disease phenotype in each segment. Tissue was collected from pathology in MACS tissue 

storage solution (Miltenyi Biotec, Germany). Tissue was weighed and transferred into a petri 

dish (ThermoFisher Scientific, UK), sliced into 3-5 mm sections using a scalpel, washed in 

cold PBS and transferred into gentleMACS™ C tubes (Miltenyi Biotec, Germany) which 

contained 2.5 mL of digestion media. The digestion media contained DMEM (Sigma-Aldrich, 

Gillingham, UK), 100 µg/mL Liberase enzyme (Roche, Basel, Switzerland), 100U/mL 

Penicillin (Gibco, Invitrogen, United Kingdom), 100 µg/mL streptomycin (Gibco, Invitrogen, 



 
 

90 
 

United Kingdom), 50 μg/mL gentamicin (ThermoFisher Scientific, UK) and 0.25 μg/mL 

amphotericin B (Sigma-Aldrich, Gillingham, UK). Tissue digestion was performed on a 

gentleMACS™ Octo dissociator with heaters (Miltenyi Biotec, Germany). A protocol was set 

up on the Octo dissociator to mechanically digest tissue while maintaining a temperature of 

370C for 20-30 minutes depending on tissue stiffness. The tissue digest was then filtered in a 

70µm cell strainer (Miltenyi Biotec, Germany). Culture media containing DMEM (Sigma-

Aldrich, Gillingham, UK), 16% heat-inactivated FBS (Sigma-Aldrich, Gillingham, UK), 

100U/mL Penicillin (Gibco, Invitrogen, United Kingdom), 100 µg/mL streptomycin (Gibco, 

Invitrogen, United Kingdom), 50 μg/mL of gentamicin (ThermoFisher Scientific, UK) and 0.25 

μg/mL amphotericin B (Sigma-Aldrich, Gillingham, UK) was added to the flow through to 

stop the enzymatic reaction. The flow through containing cells was subjected to centrifugation 

at 500 x g for 5 minutes, the supernatant was discarded, and the pellet was resuspended in 

sterile PBS and another wash step was performed. Cells were then counted ready for the next 

experimental steps. 

 

2.6.2 Enrichment of viable cells by Fluorescence Activated Cell Sorting (FACS)  

To enrich viable cells for sequencing, freshly isolated single cells from the proximal and 

stricture segments of resected gut were stained with propidium iodide (PI) dye ready for sorting 

on the FACSAria machine (BD Biosciences). Viable cells were collected, and a viability test 

was performed using trypan blue on the Biorad TC20 automated cell counter (Biorad, UK). 

Samples containing  >80% viable cells were used for single cell sequencing. A total of three 

matched samples from the stricture (n=3) and proximal (n=3) were used for sequencing.   

 

2.6.3 10X Genomics Chromium single cell sequencing  

The 10X Genomics Chromium system is a platform used for single cell sequencing, and the 

approach is based on rapid droplet-based encapsulation of single cells using a gel bead in 
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emulsion (GEM). Each gel bead is labelled with oligonucleotides that consist of a unique 

barcode, a 10 bp UMI, sequencing adapters/primers, and an anchored 30 bp oligo-dT (See et 

al., 2019). Complementary DNA synthesis and library preparation was performed using 

Chromium Single Cell 3' Library & Gel Bead Kits (10X genomics, USA) by the genomics 

facility team at the University of Birmingham, UK. The cDNA was quantified, and quality 

controlled by tape station analysis before the libraries were prepared and sequenced using 

Illumina NextSeq500/550High-Outputv2.5Kit (150 cycles) sequencing reagents to obtain 5000 

cells per sample.    

 

2.6.4 Analysis of single cell sequencing data  

 Single cell RNA sequencing data analysis was performed by Dr Csilla Varnai, a Research 

Fellow in Bioinformatics from the Institute of Cancer and Genomic Sciences. 

The FastQ files obtained as raw data were de-multiplexed, and quality control of the data was 

performed. Cell filtration criteria was based on quality control metrics in Seurat data analysis 

software. The exclusion criteria included: cells in which <200 genes were detected as low 

quality cells have few genes; cells in which >2,500 genes were detected as cell doublets or 

multiplets may exhibit high gene count; and cells with a mitochondrial content >5% as low 

quality cells or dying cells tend to exhibit a high contamination of mitochondria. Filtered cells 

were then merged and subjected to cluster analysis for cell type identification using the R 

package Seurat. Based on gene expression patterns, cells were grouped under the following 

major cell categories: epithelial, stromal/mesenchymal, myeloid, and lymphoid cells. For 

similarity-based cell network analysis and visualization, dimensionality reduction was 

performed based on gene expression profiles to identify cells that clustered together. Uniform 

Manifold Approximation and Projection (UMAP) figures were generated for the different 

clusters. Reference markers (gene expression) were then used to identify cell type in each 

cluster. For cell types with low expression profiles, sub-clustering was performed to identify 
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these cell types. Further downstream analysis was performed to identify expression profiles of 

the genes of interest comparing expression in the proximal vs the stricture. (Adams et al., 2020). 

 

2.7 CCD-18Co transfection with small interfering RNA (siRNA)  

To study the downstream signalling effect of the identified gene on interest (GREM1), small 

interfering RNA (siRNA) was used to silence GREM1 expression in CCD-18Co. The protocol 

involved the use of the FlexiTube kit (Qiagen, USA) that contained 2 types of reagent: 

FlexiTube gene solution small interfering RNA (siRNA) and HiPerFect transfection reagent. 

Four siRNAs (Qiagen, USA) designed to target different regions of human gremlin 1 (Refseq 

ID: NM_001191322) were used. CCD-18Co cells were plated in a 24 well plate at 5x104 

cells/mL in culture media made containing EMEM (ATCC, Manassas, VA, USA) 

supplemented with 10% FBS (Sigma-Aldrich, Gillingham, UK), 100U/mL Penicillin (Gibco, 

ThermoFisher, United Kingdom) and 100 µg/mL streptomycin (Gibco, ThermoFisher, United 

Kingdom). The cells were left in culture at 370C and 5% CO2 for 24 hrs to adhere to the plate. 

Cells were then transfected with GREM1 siRNA (Qiagen, UK) and negative control siRNA 

(Qiagen, UK) at 60nM in a final volume of 600 µl as described below.  

 

The respective siRNAs were made up in 100 µl of serum free media and mixed by vortexing 

for 10 seconds. In addition to the siRNA mix, 4.5 µl of HiPerFect transfection reagent was 

added and mixed by vortexing for 10 seconds. The mixture was incubated for 10 minutes at 

room temperature to allow formation of transfection complexes. Culture media was removed 

from cells and replaced with 500µl of culture media. 100µl of psiRNA complexes containing 

HiPerFect transfection reagent and siRNA (GREM1 and negative control, prepared as 

described above) were added onto the respective wells while gently swirling the plate to ensure 

uniform distribution of the transfection complex mixture across the well; the final 

concentration of siRNA in each well was 60nM. Cells were then incubated at 370C and 5% 
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CO2 for 72 hrs. To measure the efficiency of siRNA transfection in CCD-18Co, cells were 

lysed after 72 hrs of transfection and GREM1 gene expression was measured in the cell lysates 

using qPCR as described in sections 2.5.1, 2.5.2 and 2.5.3. Transfected cells were also used for 

further downstream in vitro experiments to further understand effects of GREM1 knockdown 

in CCD-18Co. The nucleotide sequences used for GREM1 siRNA optimisation are shown in 

table 2.9.  
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Table 2.9: Sequences of the four synthetic siRNAs targeting GREM1 

 

siRNA no. Target 

position 

Target sequence (5’-3’) RNA oligo sequences (5'‑3') 

siRNA1 477-499 TCGTTGCATATCCATCGATTTGG AAAUCGAUGGAUAUGCAACGAGUUGCAUAUCCAUCGAUUUGG 

siRNA2 559-581 GACCTAAAACAACCAGATTCTTA AGAAUCUGGUUGUUUUAGGUCCCUAAAACAACCAGAUUCUUA 

siRNA3 989‑1011 TCCATCTCTTCTTAAGTTGATAG AUCAACUUAAGAAGAGAUGGACAUCUCUUCUUAAGUUGAUAG 

siRNA4 1218-1240 AAGCTTGAAAGGCCAATACCAGA UGGUAUUGGCCUUUCAAGCUUGCUUGAAAGGCCAAUACCAGA 
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2.8 CCD-18Co lentiviral transduction  

Lentiviruses have become a stable and fast means of inserting transgenes into animals or cell 

lines to address outstanding scientific questions. To study the biological function of abundant 

GREM1 expression and its effect on downstream signalling, CCD-18Co were transduced with 

lentiviral particles coding for GREM1 and/or GFP. This was performed to integrate GREM1 

into the cell genome resulting in gene overexpression, and transduction efficiency was 

determined by examining cells for GFP expression from a separate locus using a fluorescence 

microscope. The lentiviral particles used for GREM1 transduction were generated by members 

of the Weston lab (Centre for liver and gastrointestinal research, Birmingham, UK).  CCD-

18Co were seeded in 6-well plates in culture media (10% FBS+ EMEM+ 100U/mL penicillin, 

100 μg/mL streptomycin) at a concentration of 2.5x105 cells per well. CCD-18Co were either 

co-transduced with both GFP- and GREM1-encoding particles or GFP-encoding particles 

alone for the control cells, , by adding 5 µl of lenti-GREM1 and/or lenti-GFP particles to the 

respective wells. For this experiment, multiplicity of infection (MOI) was not pre-determined. 

Cells were cultured at 370C, with 5% CO2 for 48 hrs. At this point, cells emitting the GFP 

green fluorochrome could be visualised under a fluorescence microscope; this was an indicator 

of a successful transduction process. Culture media containing any remaining viral particles 

was gently removed and the cells were washed with PBS (X2). 2 mL of fresh culture media 

was added onto the cells and left in culture. The cells were passaged to expand for further 

experiments.  

 

2.9 Semi- quantitative PCR 

To check for transduction efficiency, GREM1 transduced cells were lysed, RNA was extracted 

(section 2.5.1) and cDNA obtained through reverse transcription of RNA using iScript kit 

(BioRad, Hercules, CA, USA) (section 2.5.2). For the amplification of cDNA, a master mix 

was prepared as shown in table 2.10, the forward primer sequence was 
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GCCACCATGAGCCGCACAGC while the reverse primer sequence was 

TCACTATTAATCCAAATCGATGGATATGCAAC. The PCR reaction was amplified for 20 

and 30 cycles respectively.  The PCR product was diluted in 1X DNA gel loading dye 

(ThermoFisher Scientific, UK) and loaded onto a 2% (w/v) agarose gel (Sigma-Aldrich, 

Gillingham, UK) containing 0.5% ethidium bromide (Sigma-Aldrich, Gillingham, UK) in Tris-

borate-EDTA (TBE) buffer (ThermoFisher Scientific, UK). The ethidium bromide binds to the 

DNA and can be visualised under ultraviolet light. A 100 base pair DNA Ladder (ThermoFisher 

Scientific, UK) was loaded in the first lane of the gel to enable the size of the target gene to be 

determined. The gel was run for 60 minutes at 100 V after which GREM1 DNA fragments with 

an expected size of 567bp were visualised by imaging under the Chemidoc imaging system 

(Biorad, UK). 

Table 2.10: Reagents used for qRT-PCR 

Reagents Final Assay Volume 

(Total 10 µl) 

Company 

2X MM Q5 Hot Start Polymerase 0.25 µl New England Biolabs Ltd (NEB) 

10 µM reverse primer 1.25 µl New England Biolabs Ltd (NEB) 

10 µM forward primer 1.25 µl New England Biolabs Ltd (NEB) 

RNAse/DNAse free water 6.25 Qiagen, UK 

cDNA (1ng/mL) 1 µl  

 

Table 2.11: Protocol for semi-quantitative PCR  

 Treatment temperature  Duration Number of cycles 

Pre-incubation 98°C 30 s 1 

Denaturation 98°C 10 s  

20 or 30 Annealing  67°C 30 s 

Extension  72°C 2 min 

Cooling  4°C ∞ 1 

 

 

2.10 CCD-18Co proliferation using the MTS assay  

CCD-18Co proliferative activity was measured with the MTS reduction assay (#ab197010; 

Abcam, UK). The assay is based on MTS tetrazolium reduction by NAD(P)H-dependent 

dehydrogenase enzymes in viable cells, which generates a coloured formazan dye. The greater 

the production of the formazan dye, the higher the number of proliferating cells. CCD-18Co 
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were plated into a 96-well plate at densities of 6,250 and 25,000 cells per well and either left 

unstimulated or stimulated with TGF-β (100 ng/mL; Miltenyi Biotec, Germany), or IL-1β (100 

ng/mL; Miltenyi Biotec, Germany) or PDGF-BB (100 ng/mL; Peprotech, UK). Cells were 

incubated at 370C and 5% CO2 and left in culture for 20 hours, 36 hours and 48 hours. At each 

time point, 20µl of MTS reagent were added and cells were incubated at 370C, with 5% CO2 

for 4 hours. Quantification of the formazan dye reaction product was performed by measuring 

the absorbance of the culture medium at 490nm using the ELISA plate reader (BioTek Synergy 

HT).  

 

2.11 Protein expression assays  

2.11.1 ELISA  

An ELISA kit to measure human Gremlin 1 (#EKH4238; Lot No: H2119F033) was purchased 

from Nordic BioSite. CCD-18Co cells were stimulated with pro-fibrotic factors such TGF-β 

(100 ng/mL; Miltenyi Biotec, Germany), IL-1β (100 ng/mL; Miltenyi Biotec, Germany)  

PDGF-BB (100 ng/mL; Peprotech, UK), PAI-1 (100 ng/mL; Peprotech, UK) or FGF2 (100 

ng/mL; Peprotech, UK); supernatant was collected. Gremlin 1 proteins levels were determined 

using ELISA performed according to manufacturer’s instructions. 

 

2.11.2 Haematoxylin and Eosin staining (H & E) 

The H and E stain involves haematoxylin which is a basic dye that stains acidic structures 

including the nucleus purple/blue, and eosin which is an acidic dye that stains basic structures 

such as the cytoplasm pink. Paraffin sections of 5 µm thickness were dewaxed by incubating 

in 3 sequential basins containing xylene (Pioneer research chemicals, UK) for 2 minutes in 

each, to enable the aqueous labelling solutions to penetrate the fixed tissue. The tissue sections 

were then passed through 3 basins of ethanol (Sigma-Aldrich, Gillingham, UK) in descending 

order from absolute ethanol, 96% ethanol and then 70% ethanol for 2 minutes in each solution. 
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Tissue sections were then placed in 2 basins of distilled water (2 minutes in each) to rehydrate. 

The sections were transferred to a rack containing Heamatoxylin Harris (Sigma-Aldrich, 

Gillingham, UK) solution for 4 minutes and the excess stain washed off by placing the sections 

in water for 2 minutes. The sections were transferred to acid alcohol (ThermoFisher Scientific, 

UK) for 30 seconds to remove excess staining, and then washed again with water for 2 minutes. 

Next, the sections were transferred to Scott’s tap water substitute (Cell path, UK) for 30 

seconds. This solution helped in bluing the sections to improve quality of the H and E stain.  

Sections were then dipped in distilled water (dH2O) for 2 minutes before transferring to the 

eosin (Sigma-Aldrich, Gillingham, UK) stain for 1 minute. Sections were dehydrated by 

passing sequentially through 2 basins of distilled water, 3 basins of alcohol in ascending order 

at concentrations of 70%, 96% and absolute ethanol for 2min in each solution. The sections 

were then passed through 3 basins of xylene (2 minutes in each). Finally, the sections were 

mounted in distyrene, plasticizer and xylene (DPX) (Cell path, UK) with a cover slip, left to 

dry and imaged using the Zeiss AxioScan Z.1 slide scanner (Zeiss, Munich, Germany) 

 

2.11.3 Immunohistochemistry  

Immunohistochemistry has long been used for identification of protein expression based on the 

principle of antibodies binding to the antigen of interest. The target antigens in this case were 

FGF2, Gremlin 1 and HDAC1. Formalin fixed paraffin embedded (FFPE) tissue blocks 

collected from the proximal, stricture and distal segments of resected gut were used with 

sections cut into 5 µm.  Sections were dewaxed and rehydrated by placing in xylene (x3) 

(Pioneer research chemicals, UK) for 3 minutes in each basin, then transferred to descending 

concentrations of alcohol (Sigma-Aldrich, Gillingham, UK) with concentrations including 

absolute ethanol, 96% of ethanol and 70% ethanol for 3 minutes in each solution, then in 2 

basins of distilled water. The next step involved unmasking epitopes of the target protein to 

improve detection and antibody binding. This was performed using an antigen retrieval solution 
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(pH 9) which was diluted in distilled water (10 mL of pH high solution (Vector Labs, UK) in 

1L of distilled water). The solution was heated in the microwave at high power for 10 minutes. 

The tissue sections were transferred into the heated antigen retrieval solution and placed in the 

microwave to heat on high power for further 30 minutes. The solution was allowed to stand for 

10 minutes and then brought to room temperature by running cold water. Tissue sections on 

each slide were circled using a wax pen (ImmEdge Pen, Vector Laboratories, UK) to prevent 

leakage of any staining compound being added onto the sections. The sections were then placed 

in Tris-Buffered Saline containing 0.1% Tween (TBS-T) for 5 minutes and then blocked with 

2 drops of BLOXALL reagent (Vector Labs, UK) per tissue section for 10 minutes; BLOXALL 

reagent is a dual enzyme blocking reagent that inactivates endogenous peroxidase and alkaline 

phosphatase. The tissue was then washed in TBS-T for 5 minutes and blocked in Casein reagent 

(Vector labs, UK) for a further 10 minutes to reduce unspecific binding. A volume (100µl) of 

the respective primary antibody solutions prepared as listed in table 2.11 was added onto the 

sections and left at room temperature with gentle agitation (platform shaker) for one hour. 

 

The tissue sections were then washed with TBS-T twice for 5 minutes. For antigen detection, 

100µl of secondary antibody raised against the isotype of the primary antibody and linked to 

the horseradish peroxidase (ImmPRESS HRP Anti-IgG) (Vector Labs, UK) was added into 

each section at room temperature with gentle agitation (platform shaker) for 30 minutes. Tissue 

sections were then washed twice in TBS-T for 5 minutes. Meanwhile, 3,3' Diaminobenzidine 

(DAB) solution was prepared by adding 1 drop of chromogen into 1 mL of diluent as per 

manufacturer instructions (Vector Labs, UK). 5-6 drops of DAB solution were added on the 

tissue sections. The reaction was stopped by washing with tap water after 5 minutes. The tissue 

sections were then counter stained with 3 drops per section of haemotoxylin (Pioneer research 

chemicals, UK) for 45 seconds and the reaction stopped by washing with tap water. Hot tap 

water was then run on the tissue sections for 2 minutes gently to avoid washing the tissue off, 
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excess water was drained off, and sections were then transferred to 3 basins of alcohol in 

ascending order at concentrations of 70%, 96% and absolute ethanol for 3x3minutes, then into 

xylene for 3x3minutes.The sections were drained of excess xylene and immediately mounted 

in distyrene, plasticizer and xylene (DPX) (Cell path, UK), covered with a cover slip, left to 

dry and then imaged using the Zeiss AxioScan Z.1 slide scanner (Zeiss, Munich, Germany).  

 

2.11.4 Immunofluorescence  

Immunofluorescence (IF) staining technique allows for detection of multiple protein 

expression on the same section if the antibodies are raised in different species or are of differing 

isotypes. In addition, co-expression of proteins and how they interact within the same section 

can be visualized. This was especially important because certain cells of interest in this study 

such as fibroblasts are detected by a combination of different markers. IF was performed on 

5µm FFPE sections from the proximal, stricture and distal segments of resected gut tissue. 

Sections were labelled, dewaxed and rehydrated by placing into xylene (x3) (Pioneer research 

chemicals, UK) for 3 minutes in each basin, then transferred to descending concentrations of 

alcohol (Sigma-Aldrich, Gillingham, UK) with concentrations including absolute ethanol, 96% 

of ethanol and 70% for 3 minutes in each solution, then in 2 basins of distilled water.  

 

Heat induced antigen retrieval at a basic pH was performed (pH 9) for 30 minutes. Tissue 

sections on each slide were both circled using a wax pen (ImmEdge Pen, Vector Laboratories, 

UK) to prevent leakage of any staining compound being added onto the sections. The sections 

were then placed in TBS-T)for 5 minutes, and unspecific antigen binding was minimised by 

incubation with Casein blocking solution (Vector Labs, UK) for 30 minutes. Primary 

antibodies were prepared in 10% goat serum (Sigma-Aldrich, Gillingham, UK) and PBS; 100µl 

of the primary antibody solution and the corresponding isotype controls as listed in table 3.3 

were added onto the sections and left at room temperature with gentle agitation (platform 
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shaker) for one hour. The tissue sections were then washed twice with TBS-T for 5 minutes. 

For antigen detection, slides were stained with secondary antibodies conjugated with 

fluorochrome raised against the species of the primary antibody. Secondary antibodies were 

prepared in PBS containing Hoechst dye (Sigma-Aldrich, Gillingham, UK) at a dilution of 

1:1000 µl in PBS. Slides were stained for 30 minutes and then washed twice with TBS-T for 5 

minutes. Slides were then mounted on to glass microscope slides using prolong gold anti fade 

mounting reagent. Imaging was performed using the confocal microscope (Zeiss, Munich, 

Germany). 

 

Table 2.12: List of antibodies used for IHC, IF and mIF 
(Abbreviations: IgG: Immunoglobulin G, CD: Cluster of differentiation, k:kappa, Ms:Mouse, AF: 

AlexaFluor)  

 

Unconjugated primary antibodies 

Target Clone Stock 

concentration  

Dilution Isotype  Company 

Mouse anti-human desmin D33 111 mg/L 1:100 Ms IgG1, k DAKO 

Mouse anti-human vimentin V9 156 mg/L 1:100 Ms IgG1, k DAKO 

Mouse anti-human α-SMA 1A4 71 mg/L 1:200 Ms IgG2a, k DAKO 

Rat anti-human podoplanin NZ-1.3 0.5 mg/mL 1:50 Rat / IgG2a Invitrogen 

Rabbit anti-human CD90 EPR3133 0.08 mg/mL 1:100 Rabbit IgG Abcam 

Rabbit anti-human PDGFRβ 42G12 0.162 mg/mL 1:100 Rabbit IgG Abcam 

Mouse anti-human HDAC1 10E2 200 µg/mL 1:100 Ms IgG1, k SantaCruz 

Mouse anti-human FGF2 C-2 200 µg/mL 1:100 Ms IgG2a, k SantaCruz 

Goat anti-human Gremlin 1 Polyclonal 0.2 mg/mL 1:50 Goat IgG R and D 

Secondary antibodies 

Immunogen Conjugate Stock 

concentration 

Dilution  Company 

Rat IgG (H+L) AF488 2 mg/mL 1:1000 Invitrogen  

Rabbit IgG (H+L) AF488 2 mg/mL 1:1000 Invitrogen  

Rabbit IgG (H+L) AF555 2 mg/mL 1:1000 Invitrogen  

Mouse IgG1 AF647 2 mg/mL 1:1000 Invitrogen  

Mouse IgG2a AF555 2 mg/mL 1:1000 Invitrogen  

Rat IgG (H+L) AF647 2 mg/mL 1:1000 Invitrogen  

Mouse IgG2a AF488 2 mg/mL 1:1000 Invitrogen  

Rat IgG (H+L) AF488 2 mg/mL 1:1000 Invitrogen  

Mouse IgG2a AF546 2 mg/mL 1:1000 Invitrogen  

Mouse IgG1 AF488 2 mg/mL 1:1000 Invitrogen  

Mouse IgG1 AF594 2 mg/mL 1:1000 Invitrogen  

Mouse IgG1 AF546 2 mg/mL 1:1000 Invitrogen  

Rabbit IgG (H+L) AF647 2 mg/mL 1:1000 Invitrogen  
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2.12 Statistical analysis  

2.12.1 Graphpad prism  

Data analysis was performed using Graphpad PRISM 9 (Graphpad Software Inc, USA). Data 

sets were tested for normality - a parametric test was used to analyse normally distributed data 

while non-parametric test was used for data that was not normally distributed. To compare two 

data sets, a student’s t test was used. One way ANOVA or two-way ANOVA was used in cases 

where comparison was being made in means of more than two groups. A value of P≤0.05 was 

considered statistically significant. Statistical analysis was performed for both the bulk RNA-

seq and single cell seq data, P values were generated to check for statistical significance in gene 

expression profiles between proximal, stricture and distal segments 
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CHAPTER 3  
 

 

 

TRANSCRIPTOMIC AND PROTEOMIC PROFILING OF STRICTURE, 

PROXIMAL AND DISTAL SEGMENTS TO IDENTIFY MEDIATORS 

AND PATHWAYS OF INTESTINAL FIBROSIS IN CROHNS DISEASE 

 

 

 

 

 

 

 

 

 

 

Overview of this chapter  

In this chapter I studied: a) the transcriptomic profile of the proximal, stricture and distal 

segments from resected gut tissues from patients with Crohn’s disease using bulk RNA-

sequencing and single cell RNA-sequencing and b) determined the frequencies and localization 

of immune and stromal cells in the three segments. The data from this chapter will give an 

insight into the molecular and cellular mediators as well as the key pathways involved in 

initiation and progression of inflammation and fibrosis in CD.  
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3.1 Introduction  

The most common complication of CD is development of strictures with approximately 40-

70% of CD patients requiring surgical intervention within 10 years of diagnosis (199,429). 

Deep data analysis from GWAS in CD patients have identified single nucleotide 

polymorphisms (SNPs) within genes such as NOD2, ATG16L1, IRGM and IL-23R. Patients 

diagnosed with CD and predisposed to these polymorphisms have an increased risk of 

developing severe disease and non-responsiveness to anti-inflammatory treatment specifically 

therapies that target IL-12/IL-23. Single nucleotide polymorphisms were also identified on 

TGFB1, MMP3, JAK2 and IL12B; CD patients with these mutations have an increased risk of 

developing ileal fibrostenosing CD and undergoing multiple resection surgeries 

(285,437,438).These findings suggest a strong contribution of genetic factors in immune 

dysregulation and development of fibrostenosing CD. In agreement with this, multiple studies 

suggest that if the inflammatory response is not resolved it becomes a precursor to development 

of strictures in CD (72,285,439,440).   

 

Genetic factors account for only 13.6% in disease variation; other factors such as epigenetic 

modifications are thought to influence disease outcome (441,442). Epigenetic changes such as 

DNA acetylation, deacetylation or methylation regulate gene transcription and can influence 

disease behaviour (443,444). For example, post-translational modification of histones by 

histone acetylases and deacetylases in mouse models of colitis have been shown to regulate 

transcriptional activity (445), hence affirming a key role of epigenetics in the pathogenesis of 

CD (441,446–448). Cells of the innate and adaptive immune system have also been reported 

to infiltrate inflamed mucosa in CD, these include T and B cells, neutrophils, monocytes, 

macrophages and NK cells among others. Cellular activation and differentiation results in 

increased levels of pro-inflammatory mediators such as IFN-γ, TNF-α, IL-6, IL-1β, TGF-β, IL-

22 and IL-17. These cytokines promote proliferation and activation of MSCs including 
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fibroblasts, smooth muscle cells, endothelial and epithelial cells to produce extracellular matrix 

(ECM) proteins (297,310,336).  Cytokines such as IL-33, IL-36 and IL-6 also act on MSCs to 

prevent production of MMPs and increase secretion of TIMPs. The imbalance between MMPs 

and TIMPs drives an increase in the deposition of ECM proteins (328,449). Although 

inflammation is required to initiate fibrosis, the fibrotic process can be maintained even after 

inflammation has been resolved, and this is mainly attributed to profibrotic pathways driven by 

activation of MSCs (450).  

 

Progress has been made in the development of effective anti-inflammatory therapies; however, 

there is still a huge unmet need in the lack of anti-fibrotic therapies for the management of 

intestinal fibrosis (451). Understanding molecular and cellular mediators of key pathways that 

drive the fibrotic process and identifying those unique to intestinal fibrosis is key in the 

development of therapies for the management of fibrostenosing CD (452,453). Studies 

described in this chapter aimed to identify novel biomarkers and associated pathways that drive 

intestinal mucosal inflammation and fibrosis in the stricture vs non-stricture segments 

(proximal and distal) in resected gut of CD patients. This was performed with the aim of 

generating a data set that informs the knowledge gap on mechanisms that drive intestinal 

fibrosis in CD.  

 

3.2 Aims of this chapter: 

The specific aims of this chapter were to: 

1. To study the transcriptomic profile of stricture, proximal and distal resection segments 

using bulk (bulk-seq) and single-cell RNA sequencing (scRNA-seq). 

2. To study the proteome profile in expression and localisation of key markers by 

immunofluorescence.  
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3.3 Results  

3.3.1 Patient demographic information and characteristics  

Dr Uday Shivaji, a clinical research fellow and a member of our research group identified CD 

patients that were scheduled to undergo resection surgery at the QE hospital, Birmingham. A 

total of 25 patients were recruited into the tissue remodelling and fibrostenosing in Crohn’s 

disease (TRAFIC) study (approval reference number RRK6508) also referred to as the 

fibrostenosing Crohn’s disease (FCD) cohort. Of the 25 patients, 20 were Caucasian, 2 Asian 

and 3 Afro-Caribbean in ethnicity. Consent was obtained from both male and female patients 

with a median age of 37 years (range 19-65 years) and median disease duration of 14 years 

(range 0.3 – 38 years). Resected samples with consent from the patients were collected as per 

approved ethical guidelines. Details of patient demographics, disease classification and 

medications are summarised in table 3.1;  
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Table 3.1: Patient demographics and characteristics  
(Medication:  5-ASA (1), Thiopurines (2), Methotrexate (3), Anti-TNF (4), Vedolizumab (5), Ustekinumab (6), Other immune-suppressive (7) Steroids (8)) 

 
Study 

code/ID 

Age 

(years) 

Sex Montreal classification Duration of 

disease (years) 

Medications 

within 1 year 

of surgery 

Medication at 

the time of 

surgery 

FCD001 57 Male B3 penetrating p perianal disease modifier 5 to 9 years 2;4 1; 2; 4  

FCD002 65 Male B1 non‐stricturing, non‐penetrating 5 to 9 years No data No data 

FCD003 54 Male B2 stricturing >20 years 1; 2; 7 1; 2 

FCD004 63 Female B2 stricturing >20 years 4 6 

FCD005 24 Male B2 stricturing  p perianal disease modifier 10 to 20 years 7 8 

FCD006 28 Male B1 non‐stricturing, non‐penetrating 5 to 9 years 7 No data 

FCD007 43 Female B1 non‐stricturing, non‐penetrating  p perianal disease modifier 5 to 9 years No data No data 

FCD008 58 Female B2 stricturing >20 years 2; 4 2; 4 

FCD009 19 Male B3 penetrating < 6 months   

FCD010 35 Female B3 penetrating 5 to 9 years 2; 4 8 

FCD011 55 Male B3 penetrating  p perianal disease modifier >20 years No data No data 

FCD012 55 Female B2 stricturing >20 years 4 4 

FCD013 52 Male B3 penetrating >20 years No data No data 

FCD014 33 Male No data No data No data No data 

FCD015 28 Female B2 stricturing 10 to 20 years 6 6; 8 

FCD016 37 Male B3 penetrating 6 to 12 months 4; 7 4; 8 

FCD017 39 Male B2 stricturing 10 to 20 years 2; 4; 6 2; 6 

FCD018 22 Male B2 stricturing 5 to 9 years 5 5 

FCD019 26 Male B3 penetrating 10 to 20 years 2;4 2; 4 

FCD020 24 Male B3 penetrating  p perianal disease modifier 10 to 20 years 2;4 4 

FCD021 55 Female B3 penetrating 10 to 20 years 4 4 

FCD022 42 Female B2 stricturing 5 to 9 years 1; 2 4 

FCD023 25 Female B3 penetrating No data 3; 6 8 

FCD024 48 Female B2 stricturing 5 to 9 years No data 4 

FCD025 56 Female B2 stricturing 10 to 20 years 6 6 
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3.3.2 Sequencing as a tool to study transcriptome profiles “the old versus the new” 

Transcriptional changes that occur in normal tissue versus diseased conditions have provided 

insight into variation in gene expression of different disease conditions. Such data has informed 

decisions on potential therapeutic targets that have been translated to life changing therapies 

(412). Bulk RNA-sequencing is used as a tool to study average gene expression profiles in each 

given sample, the method is robust, sensitive and provides information on variation in disease 

versus normal conditions. ScRNA-seq is a more recent technique that was introduced by Tang 

(2009); It is a more advanced and informative technique that permits the identification of 

individual cell specific gene expression profiles.  The technique has been used to identify novel 

cell sub types, monitoring cell fate and plasticity in different states of disease (455). Our study 

incorporated both bulk- and scRNA-seq methods for an in depth understanding of gene 

expression profiles in the tissue as a whole and at a cellular level in stricture and non-stricture 

segments. Figure 3.1 provides an overview of the processes involved in the two techniques. 
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3.3.2.1 Bulk RNA-sequencing  

Bulk RNA-seq was performed to understand transcriptome profiles and variation in gene 

expression in the proximal (P), stricture (S) and distal (D) segments from resected gut of CD 

patients. Bulk RNA-seq provides an insight into the transcriptome by measuring average gene 

expression based on RNA from a heterogeneous population of cells in each sample; in so doing, 

it is possible to study transcriptional changes in stricture compared to the non-stricture 

segments. Of the 9 samples selected for bulk RNA-seq, 7 included matched tissue from the 

stricture (fibrotic) region and those regions proximal and distal to it. Isolated RNA was checked 

for quality and integrity using a Nanodrop spectrophotometer, Qubit fluorometer (Life 

Technologies) and 2100 Bioanalyzer (Agilent Technologies). Extracted RNA was measured to 

Figure 3.1: Schematic diagram that shows workflow involved in bulk RNAseq and scRNAseq 

processes. Bulk RNAseq involves isolation of total RNA from tissue, each sample (total RNA) is 

labelled with a unique identifier, cDNA libraries are prepared ready for sequencing. scRNA-seq 

involves isolation of single cells from tissue, each cell is then labelled with a unique identifier, cDNA 

libraries are prepared ready for sequencing.  
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establish concentration, purity (A260/A280) and RNA integrity number (RIN) as seen in table 

3.2; the RIN scale ranges from 0 to 10, with 10 indicating maximum RNA integrity. It is 

important to check RNA quality and integrity prior to sequencing because RNA can easily be 

digested in the presence of ubiquitous RNase enzymes. In general, RNA with an absorbance 

ratio (A260/A280) close to 2.0 and RIN above 8 is considered as good enough quality for 

sequencing (456). The QIAseq™ UPX 3' transcriptomic profiling kit used for this study 

enabled sequencing of ultralow amounts of cells or RNA from each sample (1 to 100 cells or 

10 pg to 1 ng isolated RNA per samples), which remarkably increases transcriptome profile 

accuracy, specificity and sensitivity.  

 

The 27 samples included in this study had a median concentration of 253.7ng/mL (range: 37.2-

1675.5), a median A260/ A280 absorbance ratio of 2.02 (range: 1.89-2.07) which suggested 

that the RNA was suitably free of impurities and contaminants and a median RIN value of 7.6 

(range: 5.8-8.8), which indicated if the RNA integrity was acceptable for sequencing which 

was fair quality of RNA. Samples FCD012-P (Proximal) was not analysed for RIN due to 

technical mistake; however, the sample was sequenced based on a high A260/ A280 

absorbance ratio of 2.03. The variable range in RNA concentrations was an indicator of the 

heterogeneity of the samples. cDNA libraries were prepared and quantified ready for 

sequencing using the Nextseq Illumina platform.  
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Table 3.2: Showing concentration, absorbance and RIN values for RNA samples 
(P= Proximal; S= Stricture and D=Distal) 

Sample ID Concentration (ng/µl) Absorbance 

A260/A280 

RIN 

FCD003-P 426.4 2.03 7.1 

FCD003-S 241.6 2.04 8.2 

FCD003-D 75.1 2.02 7.8 

FCD004-P 1675.5 2.06 7.7 

FCD004-S 77.9 2.04 7.6 

FCD004-D 399.3 2.02 7.6 

FCD005-P 158.6 2.03 7.6 

FCD005-S 107 2.03 7.6 

FCD005-D 1137.6 2.09 8.0 

FCD006-P 228 2.02 8.2 

FCD006-D 85.8 2.02 6.7 

FCD009-P 253.7 2.02 7.2 

FCD009-S 253.7 2.02 6.1 

FCD009-D 78.4 1.94 7.1 

FCD010-P 120.3 2.01 7.6 

FCD010-S 163.7 1.99 7.6 

FCD010-D 45.1 1.90 6.5 

FCD012-P 309.5 2.03 - 

FCD012-S 590.1 2.10 8.0 

FCD012-D 519.8 1.99 8.1 

FCD015-P 1004.5 2.07 5.8 

FCD015-D 37.2 1.89 7.0 

FCD016-P 316.3 2.03 8.3 

FCD016-S 265.7 2.02 8.1 

FCD016-D 1305.4 2.07 8.1 

FCD017-P 116.8 2.00 8.4 

FCD017-S 251.7 2.02 6.8 

FCD017-D 451.3 2.03 6.2 

FCD019-P 282.5 2.05 8.8 

FCD019-S 212 2.01 8.0 

FCD019-D 259.2 2.04 8.7 
 

 

 

A summary of the analysis process is highlighted in figure 3.2, fastQ sequencing files were 

obtained through BaseSpace (Illumina) and reads de-multiplexed, cleaned, aligned, quantified 

and normalised to human genome using the CLC Genomics Workbench (Qiagen). Dr Animesh 

Acharjee, a senior research fellow from the institute of cancer and genomics performed the 

data analysis. Quality control (QC) was performed on the data by filtering out lowly expressed 

genes (≤ 1 transcript), and all samples passed the QC process; filtered data was then subjected 
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to linear models for microarray data (limma). Limma is a bioconductor package written in R 

and used for identification of differentially expressed genes (DEGs) to investigate 

transcriptional changes and differences in gene expression profiles in the stricture, proximal 

and distal segments.  

 

3.3.2.2 Principal component analysis of gene expression data revealed differences in gene 

expression profiles in the stricture, proximal and distal segments    

To study variation in gene expression of the 3 segments, a total of 501 DEGs were analysed by 

principal component analysis (PCA). PCA is a univariate regression analysis model that is used 

to show trends and similarities in the data set based on gene expression patterns; clusters are 

formed based on similarities in gene expression profiles. PCA reduces dimensionality of the 

data into principal components and is visualised as a 2-dimensional (2D) graph displayed as 

principal component 1 (PC1) vs principal component 2 (PC2); PCA is used to cluster samples 

into different groups based on their location in the PC1 vs PC2 plot, each PC is independent of 
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the other. Principal components are linear combinations of the data’s original variables; PC1 

is the matrix projection containing features with the largest variance along the first axis. For 

examples, PC1 contains a combination of genes that contribute to the highest variation within 

samples along the PC1 axis. Principal component 2 (PC2) contains a combination of genes that 

result in the second largest sample variation within the data set. Therefore, PC1 vs PC2 plots 

show the highest spread of the data resulting in better recognition of similarity or dissimilarity 

in gene expression profiles across samples (457). Figure 3.3A shows unsupervised PCA plots 

in which the training data set for the analysis algorithm was not provided with specific 

information (labels) or variables about the data. The algorithm in unsupervised PCA analysis 

uses machine learning to detect hidden patterns in the data to show similarities or differences 

without information on the different variables. The PCA analysis scores in figure 3.3A show a 

47.2% and 10.3% variance as per PC1 vs PC2 respectively. Samples from the stricture segment 

clustered together and apart from the non-stricture (proximal and distal), the non-stricture 

segments formed a discrete cluster which suggests similarity in gene expression profiles in the 

proximal and distal segments as compared to the stricture.  

 

Supervised PCA analysis was performed where labels and specific information about the data 

set such as the group to which the samples belong (stricture, proximal and distal) is input during 

training of the algorithm. PCA plots (figure 3.3B) showed a 47.1% and 5.8% variance for PC1 

and PC2 respectively. Supervised PCA plot showed tighter clustering of samples from the 

proximal and distal segments as compared to stricture samples. A wide range of variability in 

gene expression within the stricture samples was also observed, this could be attributed to 

samples collected at different stages of fibrosis and hence undergoing different biological 

processes and mechanisms despite all the tissue being fibrotic.   
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3.3.2.3 Variability in gene expression profiles within samples in each segment  

To study gene expression patterns in samples between and within each segment, pairwise 

supervised partial least-square discriminant analysis (PLS-DA) was performed. PLS-DA is a 

multivariate regression analysis model that is suitable for discrimination of multiple variables 

according to their gene expression profiles. PLS-DA plots in figure 3.4A show distinct gene 

expression patterns between the proximal and stricture with PC1 and PC2 accounting for a 37% 

and 7.2% variance respectively. Although samples from each segment clustered together as 

seen in PCA plots in figure 3.4A-C, there is variation in gene expression within each group: 

proximal being much more similar which is evident through how close the samples cluster 

together based on gene expression profile as compared to those in the stricture (figure 3.4A). 

Figure 3.3: Transcriptome analysis showed differential gene expression profiles in the stricture, 

proximal and distal segments of resected gut. RNA was isolated from matched proximal, stricture 

and distal segments.  cDNA libraries were prepared and sequenced using the 3'RNA-seq kit and 

Illumina NGS. A) Unsupervised principal component analysis (PCA) showing an overview of gene 

expression patterns in the proximal (green circles), stricture (blue circles) and distal segments (red 

circles). B) Supervised PCA showing differences in gene expression of the stricture (blue circles) to 

proximal (green circles) and distal (red circles) which appear similar in their pattern of gene expression 

proximal n=9, stricture n=8 and distal n=8 
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Pairwise comparison of distal and stricture showed a similar pattern with PC1 and PC2 

accounting for 38.7% and 7.5% variance respectively (figure 3.4B). Pairwise comparison of 

distal and proximal in figure 3.4C showed a similar pattern with PC1 and PC2 accounting for 

a 35.8% and 11.8% variance respectively. The distal samples seemed to spread across the 

cluster while the proximal samples clustered into 2 separate groups. PLS-DA analysis of the 

data set showed differences in gene expression patterns in each segment. The data also showed 

separation in gene expression profiles within samples from the same segment which 

demonstrates the heterogeneity and variability in the transcriptome of proximal, stricture and 

distal tissue.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

116 
 

 

 

 

 

Figure 3.4: Supervised PLS-DA of DEGs showed variation in gene expression between segments 

and within samples from the same segment.  Differentially Expressed Genes (DEGs) identified 

through limma-R analysis were subjected to PLS-DA to classify gene expression profiles between and 

within segments A) Supervised PLS-DA comparing proximal vs stricture with PC1 and PC2 variance 

at 37% and 7.2% respectively B) Supervised PLS-DA comparing distal vs stricture with PC1 and PC2 

variance at 38.7% and 7.5% respectively C) Supervised PLS-DA comparing distal vs proximal with 

PC1 and PC2 variance at 35.8% and 11.8% respectively (proximal n=9; stricture n=8; distal n=8) 
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3.3.2.4 Assessing performance of the PLS-DA model 

To evaluate performance of the trained PLS-DA predictive model, goodness of fit (R2) and 

predictive variation or goodness of prediction (Q2) matrices were measured for each pairwise 

comparison as seen in table 3.3. R2 and Q2 are usually used in combination to test the 

robustness of the algorithm that was developed based on a training data set and determine if it 

is good enough to reproduce similar results when used to analyse a test data set. Determining 

R2 values helps explain variation in a given variable in comparison to another while Q2 gives 

an insight of how well a variable can be predicted.  R2 and Q2 values range from (0-100 %), 

the closer to 100% both values are, the more robust the model is. A good model works 

independently of the specific data set that was used to train the algorithm. 

 

The PLS model used in the analysis was designed by making comparison for the 3 segments. 

R2 and Q2 values were determined for each comparison. R2 and Q2 values for the proximal 

vs distal comparison were 47% and 92.2%, these values suggest that 47% of variation in the 

proximal is explained by variation in the distal, the Q2 value at 92.2% shows a good predictive 

value in the results for the comparison. Similar R2 and Q2 values for the distal vs stricture and 

the proximal vs stricture comparison with R2 values of at least 50% and Q2 values of at least 

85%. These 2 matrices confirm that the model is well suited to analyse the data and can be used 

for another test data set (458).  
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Table 3.3: PLS model validation; model variance (R2) and predictive ability (Q2) of 

each of the comparisons 

 

 

3.3.2.5 Differentially expressed gene identification 

A total of 501 differentially expressed genes (DEGs) were identified in the 3 segments as seen 

in the Venn diagram in figure 3.5A, which illustrates the overlapping associations of DEGs in 

a pairwise comparisons of the 3 segments. Figure 3.5B shows DEGs that were upregulated and 

downregulated in each pairwise comparison. The highest number of DEGs was seen in the 

proximal vs stricture comparison with a total of 303 DEGs, of which 126 were upregulated and 

177 downregulated in proximal as compared to the stricture respectively.  The lowest number 

of changes was seen in the proximal vs distal comparison with a total of 91 DEGs, of which 46 

were upregulated and 45 downregulated in proximal as compared to the distal respectively. 

There was no gene expression overlap in the comparison of all the 3 segments. The highest 

number of DEGs in common was 81 as seen in the proximal vs stricture and stricture vs distal 

comparisons. The overlap in gene expression could be due to similar biological processes that 

might be occurring and shared across the 3 segments. 
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3.3.2.6 A unique gene signature was upregulated in the stricture segment 

To explore transcriptome profiles in the stricture, a group of 81 DEGs identified in the previous 

section which were regulated in both the proximal versus stricture and stricture versus distal 

comparisons were selected for further analysis. The selected 81 genes were subjected to 

hierarchical clustering and data visualised as a heat map as seen in figure 3.6, expression of the 

81 genes was analysed in samples from the stricture and proximal respectively. Hierarchical 

clustering revealed a separation in gene expression profiles between stricture and proximal 

samples. There was a unique transcriptomic fingerprint of fibrotic related genes whose 

expression was upregulated in samples from the stricture segment. This suggests a distinct 

fibrotic molecular signature within the stricture segment. Examples of genes upregulated in the 

Figure 3.5: Transcriptome analysis showed differential gene expression profiles in the stricture, 

proximal and distal segments of resected gut. RNA was isolated from matched proximal, stricture 

and distal segments.  cDNA libraries were prepared and sequenced using the 3'RNA-seq kit and 

Illumina NGS. A) Venn diagram showing differential gene expression across the three segments. The 

genes selected were based on an adjusted p value <0.05, blue shows the number of genes upregulated 

in the proximal (P) vs stricture (S), red shows the number of genes upregulated in proximal (P) vs 

distal (D) and green shows the number of genes upregulated in stricture (S) vs distal (D). Overlap 

regions show the number of genes upregulated in both comparisons B) Table corresponding to the 

Venn diagram showing the number of genes up regulated or down regulated in the 3 segments 
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stricture segments included COL1A1 that encodes for the most abundant ECM protein collagen 

1 and a key gene in regulating pathways that drive fibrosis such as ECM-receptor interaction 

and collagen formation, CCL2 which encodes for macrophage chemoattractant protein which 

is important in antigen presentation through the recruitment of myeloid cells, a process that 

initiates and sustains chronic inflammation that eventually leads to fibrosis. GREM1 which 

encodes Gremlin 1 protein known to play a key role in regulation of BMP/TGF-β1 signalling 

pathways was also identified, this was considered significant as the TGF-β1 signalling pathway 

is widely reported as a key pathway in fibrogenesis of multiple organs. Downstream signalling 

TGF-β1 results into activation, proliferation, and differentiation of MSCs particularly 

fibroblasts; the TGF-β/SMAD signalling is the main mechanism that drives fibrosis (459–461). 

Other genes of interest that were upregulated in the stricture were SERPINE1, PODN, 

PECAM1, IGF1 and SIPR1 among others. These genes have also been reported in the literature 

to regulate pathways that are linked to fibrosis. The heat map in figure 3.6 also showed a 

clustering pattern in which samples from each segment (stricture and proximal) clustering 

together.   
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3.3.2.7 Gene enrichment analysis identified important biological processes in the 

stricture, proximal and distal segments 

Gene network interaction analysis was performed on a list of DEGs to identify variation in 

biologically relevant processes that are enriched in communities of genes linked to cell 

signalling in inflammation and fibrosis within the three segments. Network interaction analysis 

was performed on DEGs in proximal vs stricture, stricture vs distal and proximal vs distal 

segments. The Infomap algorithm has been used to detect communities and their interactions 

within large datasets; therefore, DEGs were analysed using Infomap with pairwise comparison 

in the three segments to study gene to gene interactions (figure 3.7).  

 

Each node represents an “enriched term”, and the edge represents the connections between two 

enriched terms that have a gene-overlapped ratio greater than 0.5. Different modules in 

different colours represent nodes belonging to specific communities in the gene interaction 

network, which were defined using Infomap algorithm as seen in figures 3.7 A (proximal vs 

stricture), B (stricture vs distal) and C (proximal vs distal). The network is in a circular layout 

according to the gravity of the two nodes. The list of enriched terms in each module were 

identified based on pathway analysis using the Gene ontology biological pathways (GO) and 

Kyoto Encyclopaedia of Genes and Genomes (KEGG) reference databases (462). These 

Figure 3.6: Hierarchical clustering of 81 genes to classify gene expression patterns in the 

stricture and proximal segments. A) The 81 DEGs shown in the heat map were selected from the 

pairwise comparisons of the three segments (P vs S and S vs D). Gene expression profiles were 

analysed by hierarchical clustering in samples from the proximal (red) and stricture (green). The 

colour range indicates expression level - from deep red (high levels in gene expression) to deep blue 

(low levels in gene expression). B) Pathways enriched in the 81 genes and their associated genes, 

the pathways are coordinated to a colour code and matched with specific genes that are important 

in the pathway. S<P indicates reduced expression in stricture vs proximal, S>P indicates elevated 

expression in stricture vs proximal tissue. 
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databases link DEGs to the relevant biological processes, molecular function and cellular 

components. A list of biological processes that are over-represented within each module were 

identified. The identified biological processes in each module were further represented in bar 

plots as seen in figures 3.8A (proximal vs stricture), B (stricture vs distal) and C (proximal vs 

distal) respectively. A total of nine different modules were identified for each comparison, with 

one non-identified (unassigned) module. In the bar plots, each enriched term (pathway) is 

represented by a bar where the length of the bar relates to its’ enrich ratio. The enrich ratio is 

calculated as a ratio of the “number of observed genes compared to expected genes that regulate 

the enriched term (pathway). Pathways that show a high number of significant genes being 

expressed will have a high enrich ratio and most likely a high level of importance in regulating 

different biological processes.  

 

Within each enriched term, there is a group of genes that are differentially regulated - Figure 

3.8A shows a pair wise comparison of proximal and stricture indicating pathways that are 

differentially expressed in the two segments. An example is the HIF-1 signalling pathway that 

regulates hypoxia, and studies have shown that chronic hypoxia is involved in the pathogenesis 

of fibrosis through upregulation of ECM related genes such as COL1A1, COL4A1, COL4A2, 

COL9A1 and FN1 (463). Understanding the metabolic shifts and pathways that influence 

cellular changes in an inflammatory or fibrotic state are important in identification of potential 

therapeutic targets.  
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Figure 3.7: Enriched term connections visualised in circular network. Pairwise comparison 

between segments A) proximal vs stricture B) stricture vs distal and C) proximal vs distal. Each node 

represents an enriched term, and the edge represents the connections between two enriched terms that 

have a gene-overlapped ratio more than a specific cut off (>0.5). Different modules in different colours 

represent nodes belonging to specific topologic communities in a structure network, which were 

defined using Infomap algorithm. The network is in a circular layout according to the gravity of the 

two nodes. 
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Figure 3.8: Figure legend on the next page 
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3.3.2.8 Selection of DEGs as predictors of stricturing fibrostenosing disease  

A group of genes were selected as predictors of stricturing in intestinal fibrosis, these included 

LY96, GREM1, SERPINE1, HDAC1 and FGF2. The group was selected based on the highest 

ranked genes in the list of DEGs with a cut off set at a p value <0.05 and their biological 

association to pathways that drive a profibrotic phenotype. To test model performance for 

prediction of stricturing, AUC (Area Under the Curve) and confidence interval were calculated 

as listed in table 3.4. AUC values measure overall accuracy of a model for prediction based on 

sensitivity (measure of true positives) and specificity (measure of true negatives), where the 

higher the sensitivity and specificity, the higher the accuracy.  This means that if an individual 

Figure 3.8: DEGs identified as significant (FDR adjusted p<0.05) for the segment pairwise 

comparisons. Bar plots represent classification of significant DEGs in the gene ontology (GO) 

database for every pairwise comparison. Each bar represents an enrich term (module/GO term) 

plotted to show the enrich ratio to determine overall upregulation of the module A) proximal vs 

stricture B) stricture vs distal and C) proximal vs distal. 
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is randomly selected from the group and subjected to gene transcriptome analysis, the 5 

selected genes can potentially predict development of stricturing disease based on the AUC 

values. AUC values range from 0-1 with values close to 1 indicating an excellent model for 

prediction while those close to 0 show the model as a poor predictor of stricturing in CD. 

Pairwise comparisons for corresponding AUC values for each gene and a combination of all 

the genes were calculated. GREM1, SERPINE1 and FGF2 showed the highest potential to 

predict intestinal tissue stricturing with AUC of GREM1 (0.88), SERPINE1 (0.77), FGF2 (0.7). 

HDAC1 and LY96 had lower AUC values of 0.65 and 0.69 respectively. These genes gave a 

high combined predictive AUC value of 0.81 at the 95% confidence interval, which suggests 

that the group of genes can be used as predictors of stricturing disease, especially GREM1 

which had the highest AUC value.  

 

The selected genes are involved in various biological processes in inflammation and fibrosis. 

Current research in various fibrotic conditions such as the kidney, liver, heart and lung are 

focused on biomarkers encoded by these genes: Gremlin 1 encoded by GREM1 is of interest 

for its role in the TGFβ/BMP signalling pathway. PAI-1 protein encoded by SERPINE1 is of 

interest due to its protective role in cardiac fibrosis (464), and HDAC1 plays a major role in 

epigenetic modulation through mechanisms such involving histone modification. HDAC1 has 

been shown to promote the differentiation of MSCs such as fibroblasts and pericytes to 

myofibroblasts, a more activated phenotype with increased potential to produce excess ECM 

proteins which promotes a profibrotic microenvironment (465,466). By contrast, FGF2 has 

demonstrated antagonistic effects on activation of fibroblasts into myofibroblasts; Nintedanib 

an anti-fibrotic small molecule inhibitor targets  Fibroblast growth factor receptor (FGFR1, 2 

and 3) is currently licenced for the management of IPF patients (467). Based on these reasons, 

there was an interest to understand the biological pathways through which these markers 

modulate profibrotic processes and how their dysfunction links to progression of stricturing in 
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CD. Understanding these regulators of fibrosis and their associated pathways provides avenues 

to explore potential therapeutic targets for intestinal fibrosis. 

 

Table 3.4: Table showing AUC for individual genes and a combined score 

 

 

3.3.2.9 Validation of DEGs by qPCR   

The bulk RNA-seq data provided insight into potential regulators of fibrosis using bulk RNA-

seq data, RT-qPCR was used to validate these findings. Nine samples used in bulk-RNAseq 

run and an additional five samples matched as proximal, stricture and distal (a total of 14 

samples) were used for the validation process in which expression of the five DEGs selected 

to build a predictive model were analysed by RT-Qpcr, β- actin was used as a house keeping 

genes. The data was presented as median with a 95% confidence interval, statistical analysis 

was performed using the “Kruskal-Wallis non-parametric test”. GREM1 was highly expressed 

in the stricture as seen in figure 3.9A, proximal vs stricture (p value=0.004) and stricture vs 

distal (p value <0.001). SERPINE1 was upregulated in the stricture as seen in figure 3.9D with 

a statistical significance (p value=0.009). There was no statistical significance in expression of 

LY96 (figure 3.9C), FGF2 (figure 3.9B) and HDAC1 (figure 3.7E) though LY96 and FGF2 

showed upregulation in the stricture. HDAC1 expression was higher in the distal segment as 

compared to the stricture and proximal but this was not statistically significant.  
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Overall, qPCR data matched and validated the expression patterns seen in the bulk RNA-seq 

data and confirmed the suitability of the group of genes selected as predictors of stricturing 

disease:  GREM1, LY96, FGF2, HDAC1 and SERPINE1 as shown in figure 3.7 is reproducible 

in comparison to the bulk RNA-seq. Particularly, GREM1 and SERPINE1 were upregulated in 

the stricture as compared to the proximal and distal segments (data expressed as (2-ΔCt).  
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3.3.2.10 Determining sample size and power estimation analysis  

For any study, it is critical to determine the appropriate sample size to answer a particular 

research question. For a gene to be considered differentially expressed, a particular quantity of 

transcriptome for the specific gene from a group of samples must be met. This is common 

particularly when a study has a small sample size which was the case for this study (468). To 

have confidence in the data and minimise false positive error rates, it is important to calculate 

the number of samples required to achieve gene specific effect, and therefore a retrospective 

power analysis was performed (469). A power analysis is used to estimate the smallest sample 

size needed for an experiment to a chieve a required level of significance and effect. It helps to 

determine if a result from an experiment is due to chance or genuine and significant (470). The 

power values calculated in figure 3.10 determine the probability that a specific gene will be 

differentially expressed when a specific sample size is used. According to our calculations, the 

probability that GREM1 will meet the criteria turn out to be differentially expressed when 5 

samples are used to determine GREM1 gene expression by qPCR is 0.25, but when the sample 

size is doubled to 10 samples, the probability becomes 1.   

 

Figure 3.9: Validation of DEGs by qPCR. Gene expression profile of the selected biomarkers is 

similar in bulk RNA-seq and RT-qPCR data across the proximal, stricture and distal segments. The 

expression of (A) GREM1, (B) FGF2, (C) LY96, (D) SERPINE1 and (E) HDAC1 was studied by 

RT-qPCR analysis in n=14 matched samples from proximal, stricture and distal segments from the 

FCD cohort. Data shown as relative expression to β-actin as the endogenous control and reported 

as 2-ΔCt (where ΔCt = Ct of gene of interest – Ct of endogenous control). Data represented as 

median with 95% confidence interval. Statistical analysis was analysis was performed on PRISM 

using Kruskal-Wallis non-parametric test, and Dunn’s multiple comparison test *p<0.05, 

****p<0.0001 
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3.3.3 Single cell RNA-seq to determine unique cell phenotypes in stricture and proximal 

tissues  

Bulk RNA-seq as described above provided insight into the overall transcriptome profiles in 

the stricture, proximal and distal segments but due to the heterogenous nature of tissue in terms 

of its cellular composition, it is not possible to distinguish cell specific gene expression profiles 

and their contribution to disease pathogenesis. To determine cell specific changes and pathways 

that contribute to the fibrotic phenotype, gene expression profiles were studied in single cell 

populations from the proximal and stricture segments. Single cell RNA sequencing (scRNA-

seq) has extensively been used to study transcriptional similarities and differences in individual 

cells and within a population of cells. This technique has led to identification of rare cell 

populations which would have been undetected by use of the traditional sequencing methods 

such as bulk RNA-seq. Moreover, during the process of scRNA-seq data analysis, unique 

molecular identifiers (UMI) are used to accurately track the mRNA molecules that have been 

transcribed, and barcodes are used to link the mRNA transcript to the cell of origin. Due to the 

efficiency in using UMIs and barcodes, it makes the technology very accurate even when very 

Figure 3.10: Figure shows calculations to determine sample size and power analysis. Power values 

for each gene are determined corresponding to the shape and colour of the diamond, Sample size is on 

the x-axis. The power values are the probability of using a specific number of samples to achieve a 

desired effect size. 
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few cells are analysed (471). Single cell RNA-seq was used to further understand transcriptome 

profiles at individual cellular levels in the proximal and stricture segments. In this section of 

the study, resected gut tissue from the stricture (n=3) and proximal (n=3) segments of CD 

patients were used to perform scRNA-seq. The bulk RNA-seq data suggested that the proximal 

and distal segments were most similar. Therefore, either could serve as a control relative to the 

stricture given the need to save costs. Single cells were isolated and sequenced on the 10X 

chromium platform, quality control was performed on the sequenced raw data to exclude cells 

that showed low quality transcriptomes and low viability, leaving such cells as part of the 

analysis can skew and create bias in the data.  

 

3.3.3.1 Quality control and cleaning up of scRNA-seq data  

A total of 31,195 cells were recovered from 6 samples after sequencing. Quality control (QC) 

was performed based on a set-criteria, including <5% mitochondrial gene expression and 200-

2,500 cellular features which considered genes related to apoptosis, metabolism as well as 

ribosomal and mitochondrial genes.  Based on these criteria, cells were classified as high and 

low quality. A total of 6,106 cells passed the set QC threshold and were included in further 

analysis.  From the filtered cells, 8,387 unique genes were detected. Table 3.5 shows the 

number of cells pre and post QC for each sample and the number of genes used for further 

analysis. Cell numbers recovered for analysis were variable across samples. Many cells were 

lost during the QC process, and figure 3.11 shows the number of cells that were releasing 

mitochondrial content in each sample. Genes encoded in the mitochondria are commonly 

expressed and used in daily cellular physiological processes that are necessary in normal 

function of the cell. Their expression is estimated at 5-10% reads in each cell (472,473). If a 

cell is expressing mitochondrial genes higher than the normal range, it may overshadow the 

signal from low expression nuclear genes whose changes give an indication of possible 

biological alterations that a cell undergoes from normal to a diseased state. In addition, cells 
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undergoing stress and possibly cell death have shown increase in expression of mitochondrial 

genes. These factors constitute an exclusion-criteria for cells expressing high mitochondrial 

content.  

  

 

The ideal number of cells required for scRNA-seq data analysis to acquire in depth information 

on the transcriptional state of cells or tissue is not clear. However, studies suggest as low as 

50-10000 cells per sample can be used to perform scRNA-seq analysis but the biological 

question to be studied should be taken into account  (474,475). Table 3.5 shows the variation 

in the number of filtered cells across all samples that were submitted for further analysis, with 

patient 3 having the lowest number of cells (320 cells obtained from the proximal region) and 

patient 1 having the highest number of cells (2990 cells obtained from the stricture). The 

number of filtered cells used for analysis were within the range previously used in several 

studies to analyse cell specific gene transcription profiles. 

Figure 3.11: Quantity of mitochondrial content being released by cells from each segment.  

Violin plot showing release of mitochondrial content.  
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Table 3.5: Quality control was performed on the cells for data analysis 

 

3.3.3.2 Gene expression profiling identified 14 distinct cell populations  

To identify cell populations and modulatory mechanisms that are unique to inflammation and 

fibrosis in the stricture and proximal segments, scRNA-seq data was analysed using Seurat, an 

R-studio data analysis package. Due to the low cell numbers being used for analysis in each 

sample, cells were pooled from all six samples (Stricture n=3 and proximal n=3) for analysis, 

totalling 6,106 filtered cells. Seurat data analysis software uses dimensionality reduction and 

unsupervised uniform manifold approximation and projection (UMAP) clustering. In total, 14 

different cell types consisting of both immune and stromal cell populations were identified as 

seen in figure 3.12. Unsupervised clustering was based on the principal that cells that clustered 

together have a similar gene expression profile and biological function. Identification of cell 

types in each cluster was based on cell defining markers that were highly expressed in 

respective clusters, gene lists from each cluster were compared to publicly available literature 

to check for phenotypic markers that are unique to a cell population (476). Table 3.6 shows 

reference markers used to identify cells in the different clusters.  
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The data from this study showed immune cells constituting the highest frequency found in 

diseased tissue, in agreement with the published literature (477). Immune cell populations 

identified include lymphocytes (B and T cells), NK cells, monocytes and macrophages, 

basophils and dendritic cells. Based on gene expression, B cells were identified as cluster 5 

expressing CD19 and CD20. Two subsets of B cells were identified, these include cluster 0 as 

plasma cells based on their expression of CD39, CD79A and several immunoglobulins as 

expected of plasma cells (478). Cluster 9 was identified as marginal zone B cells, and this 

cluster had a gene expression profile of immunoglobulin related genes and markers such as 

MZB1 which are known to be expressed by marginal zone B cells. T cells were identified as 

Figure 3.12: Multiple cell populations identified in both the stricture and proximal segments. 

scRNA-seq was performed on single cell suspensions isolated from resected stricture (n=3) and 

proximal (n=3) using the 10X chromium platform. Cell clustering was performed using Seurat (R-

studio package) based on gene expression patterns and visualised using the Uniform Manifold 

Approximation (UMAP) plot. A total of 6,106 cells pooled from six samples (stricture n=3 and 

proximal n=3) were used to identify 14 cell clusters. Each cluster identified corresponds to a specific 

colour. 

 



 
 

136 
 

clusters 1 for CD4 T cells and cluster 3 for CD8 T cells respectively. Some of the genes that 

were expressed within the CD4 cluster such as CCR6, RORA, LTB and FOXP3 indicated 

presence of Th17 and regulatory T cell phenotypes within this cluster. Cluster 8 was identified 

as activated lymphocytic cells due to the expression of lymphocyte markers at low expression 

levels and effector molecules such as IFNG and GZMB. Cluster 10 was identified as NK cells 

due to the expression of markers characteristic of this lineage including KLRD1, NKG7 and 

NCAM1 commonly known to encode for CD56 protein. Clusters 4, 6, 12 and 13 were identified 

as monocytes, macrophages, and dendritic cells respectively. Monocytes were identified based 

on CD14, CXCL8 and HLADR expression. Macrophages were defined as CD68 and HLA-DRA 

expressing cells while dendritic cells in cluster 12 were identified by their expression of CD83 

and IDO1 which encodes for indoleamine 2,3-dioxygenase, an enzyme that is reported to 

modulate various pathophysiological processes and expressed in dendritic cells. Plasmacytoid 

dendritic cells were identified in cluster 13 using their expression of IL3RA and IRF7. 

 

The identified immune cells play a key role in chronic inflammation, they activate resident 

stromal cells that contribute to tissue stiffness and formation of strictures. In addition to 

immune cells, stromal cell populations were also identified; these were classified in cluster 2 

because of their expression of genes such as COL1A1, COL1A2, VIM, EPCAM and PDGFRα 

associated with fibroblasts, pericytes and epithelial cells. Endothelial cells were identified in 

cluster 7 with expression of CD34, a well-known mesenchymal cell marker and PECAM1 

which encodes for CD31. Having pooled cells together from all the 3 samples and segments, it 

was important to establish the origin of these cells in terms of samples 1 2 or 3 and either the 

proximal or stricture segment.  
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Table 3.6: Genes selected for cluster identification of the different cell populations 

 

 

Figure 3.13 shows the gene expression pattern of the main markers used in the identification 

of specific clusters. The central figure shows 14 clusters that were identified and around it are 

UMAP plots that show gene expression pattens within clusters for some of the markers that 

were used to identify the various cell types.  
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3.3.3.3 Determining the origin of identified cell types corresponding to sample and 

segment 

To study the distribution of cells across the identified 14 clusters, Seurat analysis software was 

used to track the origin of the cells in each cluster to the sample and segment (proximal or 

stricture) using UMIs and barcodes. The cell types identified from the 3 samples were 

distributed across clusters as seen in figure 3.14. However, samples 1 consists of the highest 

number of cells and cluster around cell types CD4+ T cells (cluster 1), CD8+ T cells (cluster 

3) and NK cells (cluster 10) as seen in figure 3.14B. This was expected as the highest number 

of cells after QC was from sample 1. The lowest number of cells used for analysis was from 

sample 3 which is quite evident when looking at the distribution plots (figure 3.14B). Overall, 

cell distribution across clusters is even despite variation in cell numbers. Figure 3.14C shows 

cell distribution across clusters as per the segment of origin (proximal and stricture), the plot 

shows a similar distribution of cells from both segments across the 14 clusters. As expected, 

the cell frequencies from the stricture are more visible (green dots) as compared to those from 

the proximal (red dots). This was expected because of the 6,106 cells that were being used for 

analysis, 71% were from the stricture.  

 

 

 

 

Figure 3.13: UMAP plots showing gene expression patterns of markers that were used to 

define 14 clusters that represent individual cell populations. Each dot represents a single cell. 

The central plot shows already identified cell populations and surrounding it are UMAP plots 

showing transcriptional expression of some of the biomarkers used to identify specific cell 

populations across the 14 clusters. Genes with high transcripts being expressed corresponded to the 

scale (0-3) where high expression is towards the red colour (3) and no expression is towards grey 

(0) 



 
 

140 
 

 

3.3.3.4 Increased expression of markers of immune cell activation across clusters   

Immune cells have been shown as major drivers of chronic inflammation which is known to 

initiate the fibrosis process in CD (265). To understand the state of immune cell activation in 

the tissue microenvironment, gene expression patterns of activation markers within the 14 

Figure 3.14: Even cell distribution across clusters. A) Plot showing identified cell types, analysis 

was based on cells pooled together from 3 samples, each sample containing matched tissue from the 

proximal and stricture  B) With the use of Seurat and basing on unique molecular identifiers and 

barcodes, cells in each cluster were linked back to the sample of origin identified with a unique colour 

(red dots show sample 1 distribution, green dots=sample 2 and blue dots=sample 3) C) Plot shows 

distribution of cells from either the proximal or stricture segments across the different cell clusters, 

segment of cell origin is identified with a unique colour (red dots show cells from the proximal, green 

dots show cells from the stricture). 
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cluster were examined as seen in figure 3.15.  Expression of activation markers such as CD69, 

CD2 and various HLA molecules is an indication of an activated immune cell phenotype. 

Increased expression of CD69, which is an early marker of lymphocyte activation was seen in 

clusters 1, 3, 5 and 10, these clusters were identified as T cells, B cells and NK cells respectively 

(479).   

 

Other molecules whose expression indicate an activated immune phenotype include CD2 

which is a costimulatory molecule for activation of T cells (480) and IL1B that is mostly 

expressed on antigen presenting cells such as monocytes and macrophages, these are important 

proteins in priming and activation of the adaptive immune response (481). Figure 3.15 shows 

expression of CD2 was seen in clusters 1, 3, and 10 which were identified as CD4, CD8 and 

NK cells while expression of IL1B was seen in clusters 4 and 6 which correspond to monocytes 

and macrophages.  Other molecules of importance especially in antigen presentation and the 

major histocompatibility complex (MHC) include CD74, HLA-DRB1, HLA-DRB5 and HLA-

DRA, whose expression is increased in clusters 2, 4, 5, 7,12 and 13 which correspond to T and 

B cells, monocytes, macrophages and dendritic cells.  

 

Figure 3.15 also shows a moderate expression of MHC Class II molecules including HLA-

DRB1, HLA-DRB5 and HLA-DRA in cluster 2 which has been identified as stromal cells 

particularly fibroblasts, pericytes and epithelial cells. Epithelial cells are the primary barrier 

and first line of tissue defence, intestinal epithelial cells are important in regulation of tolerance 

while preserving immunity against pathogens. Studies have shown expression of class II MHC 

molecules on the surface of IECs which aligns with findings from our data (482,483).
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CXCL8 which encodes for IL-8, a chemokine that signals through receptors CXCR2 and 

CXCR1, was observed on clusters 4 and 6 that were identified as monocytes and macrophages, 

IL-8 is produced by macrophages and other cells such as epithelial and endothelial cells. IL-8 

is a chemoattractant for neutrophils and is important in neutrophil recruitment.  

 

3.3.3.5 Sub-clustering identified stromal cell populations in the data set  

Immune cells are the main drivers of inflammation, but they also contribute to activation of 

stromal cells in sites of inflammation. The activated microenvironment leads to a chronic 

inflammatory response which if not resolved eventually results in formation of strictures in CD 

patients. Extensive research has been performed on mechanisms through which immune cells 

drive inflammation and fibrosis. However, less focus has been placed on the role of stromal 

cells in inflammation and fibrosis in CD. The scRNA-seq data was analysed to identify stromal 

cell populations in the proximal and stricture segments. Stromal cells are much lower in 

frequency in the tissue as compared to immune cells, and therefore it was challenging to detect 

most stromal cell markers during initial clustering because of the low cell numbers used to 

perform the analysis and the overall low expression of these markers.  

 

Of the 14 clusters that were identified in the previous sections, clusters 2, 4 and 12 (figure 

3.16A) exhibited expression of stromal like markers such as CD34, THY1, COL1A1, COL1A2, 

PECAM1 and EPCAM. Through further analysis of cells from the three selected clusters, a 

Figure 3.15: Violin plots show activation markers with increased expression across immune 

cell clusters. Each violin plot is representative of markers related to activation of immune cells, 

these include CD2, IL1B, CD69, HLA-DRB1, HLA-DRB5, HLA-DRA, CD86, CD74 and CXCL8. 

All the 14 clusters are shown, each violin is coloured corresponding to a specific cluster. The x-axis 

shows the cluster identity while the y-axis shows gene expression levels which increase higher up 

on the axis 



 
 

144 
 

further 5 sub-clusters were identified as seen in figure 3.16B.   Figure 3.16C below shows 

violin plots of representative genes expressed in each sub-cluster, with these biomarkers used 

for identification of the stromal cell populations represented in each sub-cluster. Genes 

expressed by cluster 0 were indicative of plasma cells, they include IGHA1, IGHM and MZB1. 

This may suggest an overlap in gene expression between immune and stromal cells during the 

initial clustering. Cluster 1 was identified as a mixture of endothelial and smooth muscle cells 

due to expression of CD34, PECAM1, CAV1, ACTA2 and VIM.  The cell populations in cluster 

2 were identified as a possible mix of fibroblasts, myofibroblasts and pericytes due to their 

expression of genes such as THY1 (CD90), COL1A1, COL1A2, PDPN, PDGFRα and ACTA2. 

Cluster 3 was identified as epithelial cells with expression of EPCAM and VIM. Cluster 4 

showed a gene expression signature that was characteristic of dendritic like cells, these 

included genes such as LAMP3, CD83 and IDO1.  
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Figure 3.16: Sub clustering of cells based on gene expression to identify stromal cells with a low 

transcription profile. A) UMAP plot showing 14 identified clusters based on gene expression 

patterns, clusters 2, 4 and 6 circled in purple were selected for sub clustering, each dot represents a 

single cell and cells clustered together with the same colour represent a cell population. B)  Sub-

clustering identified 5 cell populations, these were identified as; cluster 0 as Plasma cells; cluster 1 

as endothelial cells, cluster 2 as fibroblasts, myofibroblasts and pericytes cluster 3 as epithelial cells 

and cluster 4 as dendritic cells C) Violin plots show pattern of select stromal markers, each dot 

represent a single cell plotted as per level of expression. The y-axis shows gene expression profile 

level with zero being the lowest expression which increases towards the top of the axis. The x-axis 

shows the identity of the cluster ranging from 0-4 
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3.3.4 Fibroblasts and biomarkers of fibrosis   

Myofibroblasts are the activated phenotype of fibroblasts and play a major role in intestinal 

fibrosis. Myofibroblasts exhibit profibrotic features such as increased production of 

extracellular matrix (ECM) and contractile proteins that result in tissue stiffness due to fibrosis 

(336,484,485). The mediators and pathways through which fibroblasts regulate intestinal 

fibrosis have been studied but are not fully understood. The bulk RNA-seq data from this study 

revealed differences in expression of markers that are currently being studied in other fibrotic 

diseases.  

 

A particular interest was on GREM1, HDAC1 and FGF2 which were shown as differentially 

expressed in the proximal, stricture and distal segments. Expression of these markers was 

further investigated in the scRNA-seq data with interest to localise their expression to a specific 

cellular phenotype. HDAC1 was broadly expressed in several clusters including immune and 

stromal populations as seen in figure 3.17D, whilst FGF2 and GREM1 localised predominantly 

to the stromal clusters specifically cluster 2 which was identified as stromal cells (figure 3.17 

B and C). In the next sections, the expression profile of HDAC1, FGF2 and GREM1 within the 

stromal cell clusters was explored.  
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3.3.4.1 GREM1 mRNA expression localised to stromal cells in resected intestinal tissue   

Genetic studies have suggested a central role of stromal cells in mediating fibrosis in multiple 

organs including the intestine (486). Therefore, a more focused analysis on expression of select 

biomarkers including FGF2, GREM1 and HDAC1 was performed on the five clusters that were 

identified during sub-clustering. The bulk RNA seq data showed upregulation of GREM1 in 

the stricture segment as compared to the proximal and distal segments. Data from the scRNA-

seq showed GREM1 mRNA expression to be localised to the stromal cell cluster containing a 

mix of fibroblasts, myofibroblasts and pericytes as seen in figure 3.18B. However, it also shows 

that not all stromal cells within cluster 2 express GREM1. This may suggest that of the mixture 

of stromal cells in cluster 2, GREM1 expression might be specific to one cell type within that 

group. A further analysis of GREM1 mRNA expression between proximal and stricture 

segments showed a trend in increased expression of GREM1 in the stricture as compared to the 

proximal as seen in figures figure 3.18 C, D and E. This however is not conclusive because the 

data was not statistically significant.   

 

 

 

 

Figure 3.17: Expression of target genes in scRNA-seq data from proximal and stricture 

segments. 10X single cell sequencing was performed on total cell populations isolated from the 

stricture and proximal regions of the resected bowels of three patients. Single cells from all patients 

and locations were pooled and clustered using the UMAP_1 vs UMAP_2 parameters. A) Clusters 

were identified based on their expression of lineage defining marker genes B) UMAP_1 vs 

UMAP_2 expression plots for GREM1 C) FGF2 and D) HDAC1 



 
 

149 
 

 

3.3.4.2 HDAC1 ubiquitously expressed in resected intestinal tissue   

The second biomarker of interest was HDAC1, bulk RNA-seq data showed that HDAC1 was 

differentially expressed across proximal, stricture and distal segments with the highest 

expression seen in the distal tissue (figure 3.19E). The analysis performed on scRNA-seq data 

showed ubiquitous expression of HDAC1 in all the 5 sub-clusters as seen in figure 3.19B. 

Figure 3.19 shows a trend in increased expression of HDAC1 within cluster 1 which was 

identified as constituting a combination of endothelial and smooth muscle cells. However, this 

is inconclusive as statistical analysis was not performed due to the very low cell numbers that 

Figure 3.18: GREM1 expression identified in intestinal stromal cells (cluster 2) A) Representative 

UMAP plot showing sub-clustering to identify stromal cell populations B) UMAP plot showing 

expression of GREM1, the arrow points to cells expressing the gene, the scale corresponds to level of 

gene expression, purple shows the highest expression while yellow shows no expression. C) UMAP 

plot showing expression of GREM1 in cells from the proximal segment D) UMAP plot showing 

expression of GREM1 in cells from the stricture segment E) Violin plot showing GREM1 expression 

level in cells from the stricture and proximal. 
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were used for analysis. Comparison in HDAC1 expression between the proximal and stricture 

segments showed expression of HDAC1 in both segments which confirms the ubiquitous nature 

and expression profile of HDAC1.  

 

 

3.3.4.3 FGF2 mRNA expressed in stromal cells of resected intestinal tissue    

To further assess the mRNA expression profile of FGF2 in the proximal and stricture segments 

of resected gut tissue, FGF2 gene expression was measured in cell populations identified upon 

sub-clustering of the scRNA-seq data. The data showed localised gene expression to cluster 1 

Figure 3.19: HDAC1 expression seen across sub-clustered cell populations in both the proximal 

and stricture segments A) Representative UMAP plot showing sub-clustering to identify stromal 

cell populations B) UMAP plot showing expression of HDAC1 across the cell populations identified 

through sub-clustering C) UMAP plot showing expression of HDAC1 mRNA expression in cells from 

the proximal segment D) UMAP plot showing expression of HDAC1 in cells from the stricture 

segment E) Violin plot showing HDAC1 expression level in cells from the stricture and proximal 

tissue. 
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identified as endothelial/smooth muscle cells and cluster 2 identified as a mix of fibroblasts, 

myofibroblasts and pericytes respectively as seen in figure 3.20B. A further comparison 

between the proximal and stricture segments in graphs C and D in figure 3.20 showed an 

interesting expression pattern in which FGF2 expression was restricted more to cluster 2 

whereas in the stricture, gene expression is seen in both cluster 1 and 2 identified as 

endothelial/smooth muscle cells and fibroblasts, myofibroblasts and pericytes respectively. 
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3.4 Discussion 

Studies to understand transcriptional changes that occur in normal versus diseased conditions 

have provided insight into variation in gene expression patterns across disease states. The data 

acquired has informed decisions on potential therapeutic targets that have been translated to 

life changing therapies (487). Bulk RNA-seq platforms have been used to study average gene 

expression profiles in each given sample, and the method is robust, sensitive and provides 

information on variation in disease versus normal conditions. Despite the vast amount of 

Figure 3.20: FGF2 expression localised to clusters identified as endothelial/smooth muscle cell 

cluster and fibroblasts A) Representative UMAP plot showing sub-clustering to identify stromal cell 

populations B) UMAP plot showing expression of FGF2 across the cell populations identified through 

sub-clustering, gene expression localised to endothelial, smooth muscle and fibroblast clusters C) 

UMAP plot showing expression of FGF2 mRNA expression in cells from the proximal segment, gene 

expression localised to the stromal cell cluster D) UMAP plot showing expression of FGF2 in cells 

from the stricture segment, gene expression in clusters identified as endothelial/smooth muscle cells 

and the fibroblast cluster E) Violin plot showing FGF2 expression level in cells from the stricture and 

proximal segments. 
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informative data that has been generated using bulk-RNA-seq, the limiting factor with the 

technique is that it is not possible to analyse cell specific gene expression profile. ScRNA-seq 

platform is the more recent technique that was introduced by Tang (2009), and provides the 

means to identify individual cell specific gene expression profiles. This approach has been used 

to identify rare cellular phenotypes, identify unique molecular signature in a specific disease 

state and link to a particular cell phenotype. scRNA-seq data has also been used to monitor cell 

fate and plasticity in response to disease (455).  

 

As discussed in the previous chapters, there is still an unmet need in understanding mechanisms 

that drive fibrostenosing disease, with approximately 50% of patients with CD still developing 

fibrosis (488). This has been attributed to the heterogenous nature of the disease. This study 

aimed to complement multiple studies that have already been carried out in identification of 

disease-classifying molecular and cell type profiles associated with fibrostenosing CD (279). 

The uniqueness to this study was the access to matched tissue from the fibrotic region (stricture) 

and segments that were proximal and distal to the stricture from the same patient. The study 

cohort constituted of 25 samples in total, and it would have been ideal to perform bulk RNA-

seq on all the 25 samples for a higher statistical power. However, only 9 samples out of the 25 

were sequenced due to cost limitations while additional samples served as a validation tool for 

follow up RT-qPCR analysis. 

 

Bulk RNA-seq data provided an overview of the transcriptome profile of the stricture as 

compared to the proximal and distal segments. There was a clear alteration in gene expression 

signature in the stricture as compared to the proximal and distal (figure 3.3B). The data showed 

a strong genetic profile that was linked to pathways relevant in fibrosis as seen in hierarchical  

clustering in figure 3.6. Some of the genes upregulated in the stricture segment such as CTSK, 

COL1A1, GREM1, PECAM1 and SERPINE1 have been identified as those having a key role 
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in ECM remodelling, cell differentiation and tissue remodelling. Upregulation of profibrotic 

genes such as CCL2 was also seen in the stricture in comparison to the non-stricture segments; 

CCL2 is important in the recruitment of infiltrating CCR2+ monocytes and fibrocytes. Both 

cell types signal to produce TIMP-1 which inhibits degradation of collagen. CCL2 is also 

important in recruitment of fibroblasts to the site of injury hence driving the inflammatory and 

fibrotic phenotype (390).  

 

The findings from the bulk RNA-seq data were interesting however not specific to the cell type 

in which gene expression alterations occurred. The study was complemented using single cell 

sequencing approach comparing tissue from the proximal (n=3) and stricture (n=3) segments. 

The single cells were pooled from all 3 samples and segments, quality control was performed 

and eventually the resulting cells used for analysis were a total of 6,106 cells. Analysis resulted 

in identification of 14 clusters in total constituting of immune and stromal cells as seen in figure 

3.12. A further analysis showed that the cells were distributed in a similar pattern between the 

proximal and distal; and across the 3 samples. This is indicative of how heterogenous the 

intestinal microenvironment is. It is important to note that the proximal tissue in this study is 

not classed as “healthy” as the segment is also collected from CD patient. Inflammation in CD 

is predominantly driven by an activated immune cell phenotype, however recent studies have 

shown the importance of stromal cells in driving the inflammatory phenotype and eventually 

fibrosis.  

 

In this study, there was an interest in investigating the stromal cell profile in stricture and non-

stricture segments; and the transcriptional changes that may be driving the inflammatory and 

fibrotic phenotype. The challenge in this case was the low frequency of stromal cells in the 

tissue which was compounded by the low cell numbers that passed QC and were suitable for 

analysis. Within the initial 14 clusters that were identified during the initial clustering, a further 
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sub-clustering analysis was performed on clusters 2, 4 and 12 that showed a stromal cell 

signature. Sub-clustering resulted in identification of stromal cell populations such as 

endothelial and epithelial cells, fibroblasts and a smooth muscle phenotype. Of interest were 

targets such as FGF2, HDAC1 and GREM1 that were identified as differentially expressed in 

the proximal, stricture and distal segments in the bulk RNA-seq. In addition, was their 

biological importance in regulating pathways linked to inflammation and fibrosis.  

 

Epigenetic modulation by enzymes such as HDAC1 has been shown as an important process 

in fibrosis across various fibrotic conditions including cardiac and pulmonary fibrosis; 

emerging data suggests that inhibiting the function of HDAC enzymes alleviates fibrosis and 

increases tissue remodelling hence our interest in HDAC1 gene expression profile. The one 

challenge with HDAC1 as a target is because it is ubiquitously expressed by multiple cells, it 

becomes very challenging to target as this could result in systemic toxicity and off target 

effects. FGF2 gene expression on the other hand was more restricted in expression to 

endothelial /smooth muscle cells and fibroblasts. There is data that suggests that FGF2 

signalling inhibits FGF2-mediated fibroblast activation and fibrosis hence the interest in FGF2 

as a potential therapeutic target.  

 

The scRNA-seq data showed an interesting expression profile for GREM1 that was localised 

to the fibroblast cluster; inhibition of GREM1 signalling has been shown to reduce intestinal 

fibrosis through inhibition of fatty acid oxidation in fibroblasts (489). Most importantly, there 

is evidence of cross talk between the TGF-β and BMP signalling pathways, both pathways 

canonically signal through the same transducers proteins (SMADs). Inhibition of gremlin 1, an 

antagonist of the BMP pathway may cause alteration in downstream signalling of the TGF-β 

pathway. It was important to further understand the role of gremlin 1 in progression of intestinal 

fibrosis and the effects of inhibiting gremlin 1 to TGF-β/BMP signalling. In the next chapter, 
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protein expression studies will be performed using multispectral imaging technology to 

understand the location of fibroblasts in the proximal, stricture and distal segments and 

fibroblast expression pattern of biomarkers of interest including gremlin 1, FGF2 and HDAC1. 
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CHAPTER 4  
 

 

 

IDENTIFICATION OF FIBROBLAST MARKER EXPRESSION 

PATTERNS AND LOCALISATION OF FGF2, HDAC1 AND GREMLIN 

1 IN THE PROXIMAL, STRICTURE AND DISTAL SEGMENTS OF 

RESECTED GUT IN CROHNS DISEASE 

 
 

 

 

 

 

 

 

 

 

 

 

Overview of this chapter  

This chapter provides an insight into the localisation of intestinal fibroblasts and expression 

pattern of target biomarkers of interest, these include gremlin 1, HDAC 1 and FGF2 in the 

proximal, stricture and distal segments of patients with Crohn’s disease. Haematoxylin and 

Eosin staining was performed to determine tissue morphology. Immunohistochemistry (IHC) 

was used to determine localisation and distribution of markers of interest relative to expression 

of stromal cell markers.  
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4.1 Introduction 

Progress has been made in the development of anti-inflammatory therapies (490), despite the 

success of these therapies in mitigating inflammation, they have not been effective in restoring 

the detrimental effects on tissue function and architecture caused by chronic inflammation 

resulting in tissue fibrosis. This remains a major clinical unmet need in organ fibrosis in general 

including fibrostenosing CD, which is a major complication of CD (491). Data has shown that 

resolution of inflammation does not always prevent disease progression to fibrosis, this is 

because the fibrotic process is modulated by multiple cell types and various signalling 

pathways which complicate the process of identification of potential therapeutic targets. It may 

also be a result of inflammation independent mechanisms driven by interactions between 

activated stromal cells such as myofibroblasts and extracellular matrix proteins (ECM) 

(450,492). Suggested inflammation independent molecular mechanisms include ECM-cell 

interaction, creeping fat (CrF), gut microbiota and metabolic reprogramming (493).  

 

Bulk RNA-seq data presented in the previous chapter gave an insight into the transcriptome 

profile of the stricture, proximal and distal segments. The data showed a profibrotic gene 

expression profile in the stricture associated with an activated stromal cell phenotype which 

was less prominent in the proximal and distal segments. The upregulated genes associated with 

fibroblasts, myofibroblasts and pericytes included COL1A1, COL1A2, VIM, PDGFRA and 

PODN among others; Activated fibroblasts (myofibroblasts) have been reported as the main 

effector cells of the intestinal fibrotic microenvironment with profibrotic features including 

excess production of ECM proteins. Furthermore, the single cell RNA sequencing (scRNA-

seq) data showed the presence of a stromal cell phenotype with an upregulated expression of 

THY1, VIM, PDPN and ACTA2; well documented markers known to be expressed on stromal 

cells (363,494). In addition, studies have shown stromal cells as key cellular drivers of organ 

fibrosis, particularly myofibroblasts as the major effector cells and producers of ECM proteins 
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(495)(1,97, this presented a justification to further investigate the expression patterns of 

myofibroblasts in the stricture, proximal and distal segments of resected intestinal tissue. 

Molecular profiling data obtained through sequencing provide an in depth understanding of the 

transcriptome profile. However, these techniques require tissue dissociation which results in 

distortion of tissue morphology and loss of spatial information that maybe associated to a 

specific disease phenotype. On that basis, stromal cell localisation and expression patterns of 

biomarkers of interest including gremlin1, HDAC1 and FGF2 were investigated in the 

proximal, stricture and distal segments using imaging techniques that preserved morphology 

of the tissue.  

 

Figure 4.1A shows the layers of the intestine including the mucosa which is the inner most 

layer of the intestine consisting of a thin layer of epithelium and connective tissue made up of 

the lamina propria, villi and crypts.  The submucosa surrounds the mucosa; it is highly 

vascularised and has high frequencies of immune and stromal cells for example, fibroblasts 

and myofibroblasts. Intestinal fibroblasts are located in the apex of the villi, fibroblasts and 

myofibroblasts as seen in figure 4.1B. The muscularis propria consists of an inner and outer 

layer of smooth muscle that directs the coordinated wave-like propulsive movement referred 

to as peristalsis of the intestine. The serosa is the outer most layer of the intestinal wall that 

contains a significant amount of collagen fibres and plays a key protective role.  

 

Intestinal stromal cells are characterised by expression of phenotypic markers such as Thy1 

(CD90), PDGFR α and β and vimentin (496), they have a negative expression of CD45 

(immune cell marker), CD31(endothelial cell marker) and EpCAM (epithelial cell marker).  

Myofibroblasts which are the effector cells of fibrosis are located along the villi and crypt just 

beneath the sub epithelial layer, they are distinguished from other stromal cells such as 

fibroblasts and pericytes through their expression of alpha smooth muscle actin (α-SMA). 
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Our bulk RNA-seq data revealed differential gene expression of biomarkers implicated in 

fibrosis; gremlin 1 and FGF2 were upregulated at mRNA level in the stricture while expression 

of HDAC1 was downregulated in the stricture as compared to the proximal and distal segments. 

Studies in multiple organs such as the lung, kidney, liver and heart have shown the involvement 

of each of these biomarkers in the modulation of profibrotic mechanisms, prompting the 

interest to investigate the role of these biomarkers in the gut, how they drive the fibrotic 

phenotype in fibrostenosing CD and their potential as targets for anti-fibrotic therapy 

(465,497).   

 

 

To further understand the function of gremlin1, FGF2 and HDAC1, protein expression studies 

were carried out relative to the spatial distribution of stromal cells in the proximal, stricture 

and distal segments. Understanding protein expression patterns of these biomarkers relative to 

the location of stromal cells may give an insight on their modulatory mechanisms of the 

Figure 4.1: Schematic diagram showing layers of the GIT. A) The layered structure of the intestine 

with the mucosa as the inner most layer, submucosa is the next layer that surrounds the mucosa, 

muscularis propria surrounds the submucosa and made up of muscle tissue, the outer protective layer 

is the serosa.  . Subm. plx. = submucosal plexus; Myet. plx. = myenteric plexus. B) Cross section of 

the mucosa containing the lamina propria, with villi and the gut epithelium. Stromal cells such as 

fibroblasts, intestinal subepithelial myofibroblasts and interstitial Cajal cells are located in this region. 

It is highly vascularized. Images are adapted from Siri et al., 2020 and https://smart.servier.com/. 
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intestinal fibrotic microenvironment, and determine fibroblast cell fate in terms of activation, 

proliferation and differentiation into a more profibrotic phenotype likely responsible for the 

formation of strictures in CD.  

 

FGF2 has been reported as a potent mitogen that plays key roles in tissue repair, it regulates 

cellular differentiation and migration into the stromal microenvironment. Its cellular targets 

include endothelial cells during angiogenesis, a process that is important in formation of tissue 

vasculature (498). TGF-β has been shown to induce stromal cells such as fibroblasts to express 

growth factors including FGF-2 (499,500).  In the intestine, FGF2 is expressed intracellularly 

predominantly by stromal cells such as fibroblasts and myofibroblasts that are located in the 

intestinal submucosa, FGF2 has been shown to play an important role in cell proliferation, 

differentiation and repair of the epithelial barrier upon tissue in jury (501).  

 

HDAC enzymes play a role in regulation of gene transcription through DNA modification 

mechanisms in particular removal of acetyl groups from histone/DNA complexes hence 

silencing gene transcription. HDAC1 has been implicated in the pathogenesis of multiple 

fibrotic diseases including kidney, lung and heart (502,503). An in vitro study conducted in 

kidney fibroblasts in which cells were treated with an HDAC1 inhibitor showed suppression in 

fibroblast proliferation and activation, expression of α-SMA and fibronectin was significantly 

reduced in treated cells as compared to control cells (504). Another in vitro study in lung 

derived fibroblasts showed inhibition of TGF-β induced fibroblast to myofibroblast transition 

(505). These multiple studies have presented HDAC1 as an attractive antifibrotic therapeutic 

target. HDAC1 is expressed intracellularly on multiple cell types but predominantly on 

intestinal epithelial cells, it has been reported to regulate homeostasis and intestinal epithelial 

barrier (506).  
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The third target of interest is gremlin 1, an antagonist of the BMP signalling pathway; studies 

in organ fibrosis such as kidney, heart and lung have shown increased expression of gremlin 1 

which presents an unfavourable outcome in fibrotic diseases (489,507). A study by Duffy 

(2021) showed that increased expression of gremlin 1 was linked to increased fibroblast to 

myofibroblast transition, increased TGF-β expression and α-SMA levels. The modulatory 

mechanisms are not clearly understood; however, the literature suggests cross talks between 

TGF-β/BMP signalling axis involving the SMAD signalling proteins downstream both 

signalling pathways (509). Gremlin1 protein expression is not tissue specific however 

fibroblasts have been reported as the major expressers of gremlin 1, this is supported by the 

scRNA-seq data generated from this study shown in chapter 3 above. Cellular localisation 

appears cytoplasmic, it is also secreted into the cytosolic space and tends to attach to fibres 

within the ECM (510).   

 

For this section of the study, FFPE tissue sections from the proximal, stricture and distal of 

resected gut were used to perform H and E staining to understand the tissue structure and 

architecture. IHC was used to evaluate the presence or absence of the protein and further to 

study protein expression patterns in the tissue. Multispectral immunofluorescence was used to 

study co-expression of HDCA1 and FGF2 with fibroblast markers.  

 

4.2 Aims of this chapter 

The specific aims of this chapter were to; 

1. To identify the presence of fibroblasts in the proximal, stricture and distal segments by 

immunohistochemistry. 

2. To identify the presence and spatial distribution of gremlin 1, HDAC1 and FGF2 in the 

proximal, stricture and distal segments.  
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4.3 Results  

4.3.1 Structure and architecture of gut tissue   

The structure of normal gut tissue is arranged in distinct layers which include from the inside 

the lumen, mucosa, submucosa, muscularis and serosa. The mucosa contains the epithelium 

and lamina propria with crypts and villi located in this layer. The next layer is the submucosa 

which is mainly made of connective tissue and fibres that support the structure of the tissue, 

the muscularis is the next layer made up of dense muscle layers followed by the outer layer 

which is the serosa that plays a protective role (511). The mucosa layer contains different 

sections, the crypts in normal gut tissue are arranged in well-defined tube-like structures 

parallel to each other with villi protrusions into the lumen, indicative of an undisturbed 

epithelial gut barrier. Cells that line the epithelium around the mucosal layer (crypts and villi) 

can be seen, these include goblet, Paneth, enterocytes and epithelial cells. These cells are 

responsible in maintaining gut homeostasis. Just beneath the epithelial layer in the sub-

epithelium are resident fibroblasts, in an activated form, they proliferate and can be found even 

in the deeper layers of the gut (512). 

 

4.3.2 Histology of gut resected tissue 

Human resected gut tissue was obtained from patients undergoing resection surgery due to 

Crohn’s disease (CD) strictures. Tissue was collected from the fibrotic region (stricture), a 

matched segment was collected from a region distal to the stricture (colon) and another from a 

region proximal to the stricture (ileum). The segments obtained from each patient were referred 

to as proximal, stricture and distal segments for this study respectively. In addition, resected 

gut obtained from “non-tumour” colon in patients undergoing colectomy surgery was used as 

a “non-CD control”, as it exhibited characteristics of normal gut tissue as compared to CD 

tissue samples. The sections were stained by haematoxylin and eosin (H&E) to enable 

visualisation of tissue structure and architecture including cellular components such as the 
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cytoplasm and nucleus. Figure 4.2A shows non-CD control tissue in which the structure and 

architecture of the tissue was unaltered, the lamina propria of the control tissue contains a few 

immune cells. The intestinal layers were well defined to include the mucosa, submucosa and 

muscularis; figure 4.2 A shows a clear definition of the mucosa which is made up of the 

epithelium and the lamina propria which contains the crypts and villi. The next layers are the 

submucosa and muscularis which are made up of intestinal connective tissue.  

 

Figure 4.2 B-D shows multiple tissue structure alterations that occur in CD. The H and E 

images were taken from the distal segment (figure 4.2.B), stricture (figure 4.2.C) and proximal 

segment (figure 4.2.D) from the same patient respectively. Across the three segments, there 

was distortion of the gut layers and severe damage to the epithelium. The black arrows in the 

diseased tissues point to irregular and missing crypts and villi which leads to the disrupted 

tissue structure seen in these tissue sections. Another feature that is typical of CD is infiltration 

of inflammatory cells which clustered together to form structures referred to as granulomas, 

this was seen across segments, a representative structure of the granuloma is in a red circle 

(figure 4.2.D). H and E staining provides insight into the cellular and tissue structure, however, 

the information derived is not sufficient to define cellular phenotype and, hence the need to use 

more advanced imagine techniques to characterise cell types in the tissue and protein 

expression patterns.  
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4.3.3 Fibroblasts identified in the proximal, stricture and distal segments of resected gut  

Having identified a fibroblast population in the scRNA-seq data in both the proximal and 

stricture segments, the next step was to determine their presence and most importantly their 

location based on protein expression pattern. Identification of the fibroblast population in the 

scRNA-seq data was based on gene expression of well documented fibroblast markers such as 

Figure 4.2: Histological appearance and structure of tissue in resected CD gut sections. 

Haematoxylin and eosin (H&E) staining was performed on FFPE sections. A) non tumour resection 

was used as “control” and shows the different layers of the intestine including the mucosa, submucosa 

and Muscularis, undistorted structure of the gut with clearly defined crypts. B) Resected tissue 

collected from the distal segment shows disrupted crypts, granuloma formation and immune cell 

infiltration C) Resected tissue collected from the stricture segment shows disrupted crypts and 

immune cell infiltration. D) Resected tissue collected from the proximal segment shows the presence 

of granulomas clustered and circled. Black arrow shows disruption to the epithelium. Imaging was 

performed on the Axio slide scanner (Zeiss); scale bar 100 μm 
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VIM, THY1, PDPN and ACTA2. Fibroblasts are positive for vimentin, Thy1 (CD90), 

PDGFRβ and podoplanin. α-SMA is expressed by activated fibroblasts (myofibroblasts), 

pericytes express all the mentioned are a summary of these common markers is shown in table 

4.1.  

      

Table 4.1: Common markers for identification of mesenchymal stromal cells  

 

4.3.4 Expression of vimentin in the proximal, stricture and distal segments  

To get an insight into the location of intestinal stromal cells including fibroblasts, 

myofibroblast and smooth muscle cells in the proximal, stricture and distal segment, expression 

of a stromal cell marker was used for this purpose. Vimentin is a well-documented stromal cell 

marker; its expression can be used to locate stromal cells in the three segments. Therefore, 

formalin fixed paraffin embedded (FFPE) tissue sections were stained for vimentin by IHC 

(figure 4.3). IHC is a common technique used to detect expression of the protein of interest 

while ensuring that tissue structure, integrity and cellular characteristics are maintained.  

 

Figure 4.3 shows the presence of vimentin+ cells (brown colour) in all the three segments, but 

their distribution was varied. Figure 4.3A shows vimentin+ cells distribution in the stricture, 

positive cells are distributed across the mucosa and submucosa, the brown staining extends to 

the deeper layers of the gut including the submucosa and muscularis. In comparison, positive 

vimentin staining in the proximal (figure 4.3B) and distal (figure 4.3C) is localised to the 

mucosal regions around the villi and crypts regions. Brown staining is still seen in the 

submucosa and muscularis but much less in comparison to the stricture. Further image analysis 
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for example using ImageJ to quantify positive staining was not performed for these tissues as 

only representative sections were stained. Figure 4.3D shows the isotype control staining that 

was performed on resection tissue obtained from the stricture segment, the isotype control did 

not show any brown staining which validated the positive vimentin signal in the images. Figure 

4.3D was labelled to indicate the different intestinal layers including the mucosa, submucosa 

and muscularis.  
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4.3.5 Expression of α-SMA in the proximal, stricture and distal segments  

Expression of vimentin in section 4.3.1 showed the location of stromal cells within the sub 

mucosal layer. Fibroblasts, myofibroblasts, pericytes and smooth muscle cells express 

vimentin, alpha smooth muscle actin is used as a positive marker for pericytes, smooth muscle 

cells and activated fibroblasts (myofibroblasts) which have been reported to have increased 

expression of α-SMA (Shinde, Humeres and Frangogiannis, 2017). Sequential sections used 

for vimentin staining were stained for α-SMA to assess protein expression patterns. Figure 4.4 

shows α-SMA+ cells detected in the proximal (figure 4.4A), stricture (figure 4.4B) and distal 

(figure 4.4C) segments. α-SMA protein expression pattern in the stricture was distributed in all 

the layers of the tissue including the mucosa, submucosa and the muscularis, this was similar 

to the staining pattern for vimentin in the stricture. On the contrary, although α-SMA+ staining 

was seen in all the layers of the proximal and distal segments, there are certain α-SMA+ regions 

marked in a red arrow in both the proximal and distal segments with brown staining that are 

not seen in corresponding regions for vimentin staining. This raised the question, whether all 

Figure 4.3: Vimentin+ve cells identified in the proximal, stricture and distal segments.   

Representative images showing expression of vimentin in the three segments, black arrows are 

pointing to the brown positive staining A) Vimentin+ cells in the stricture B) Vimentin+ cells in the 

proximal C) Vimentin+ cells in the distal D) Representative image of the stricture segments stained 

with isotype control (mouse IgG1a), the image is labelled with the layers of the gut including the 

mucosa, submucosa and the muscularis. FFPE resected gut tissue sections cut at 5 μm were dewaxed 

and antigen retrieval performed at a pH of 9, peroxidase activity was blocked using BLOXALL 

reagent, sections were stained with unconjugated vimentin antibody at 0.78 μg/ml (Agilent, Dako) 

with the corresponding isotype control for 1 hour, visualisation of positive staining was performed 

using DAB while nuclei were stained with Mayers haematoxylin. Dehydration was performed and 

tissue was fixed with DPX for preservation. The arrows show vimentin positive staining as a brown 

colour while the cell nuclei appear blue. Imaging was performed using the Axio slide scanner (Zeiss) 

scale bars: 100 μm. 
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α-SMA+ cells were myofibroblasts or were also smooth muscle cells especially in the 

muscularis layers. To address this, desmin staining was performed next.   
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4.3.6 Expression of desmin in the proximal, stricture and distal segments  

Desmin is a muscle specific intermediate filament protein expressed by smooth muscle cells 

but not by fibroblasts and myofibroblasts. Therefore, it can be used to differentiate α-SMA 

positive myofibroblasts (desmin-negative) from smooth muscle cells expressing α-SMA 

(desmin-positive). Sequential tissue sections that were used for vimentin and α-SMA staining 

were also stained for desmin in matched tissues from the proximal, stricture and distal 

segments.  Expression of desmin in figure 4.5 can be seen within the smooth muscle fibres 

particularly in the muscularis layers in all the three segments, highlighting presence of smooth 

muscle as indicated by the black arrows.  Particularly, figure 4.5A shows a low expression of 

desmin within the stricture segment, there was no expression of desmin seen in the mucosa or 

submucosal layers however a low expression was seen in the muscularis as indicated by the 

black arrows. Figure 4.5B shows a localised expression of desmin within the submucosa in the 

proximal segment, brown staining in the mucosa is barely noticeable. On the contrary, there 

seems to be enhanced expression of desmin in the distal segment as compared to the stricture 

and proximal segments. Brown staining was distributed across the mucosa and submucosa as 

Figure 4.4: Expression of α-SMA spread across the deeper layers of the gut (submucosa and 

muscularis) in the stricture segment.  Representative images showing expression of α-SMA in the A) 

stricture, B) proximal and C) distal segments. D) Representative image of stricture segment stained with 

isotype control (mouse IgG2a). FFPE resected gut tissue sections cut at 5 μm were subjected to antigen 

retrieval at a pH of 9 after dewaxing, the activity of peroxidases was blocked, sections were stained with 

unconjugated α-SMA antibody at 0.71 μg/ml (Agilent, Dako) and corresponding isotype control for 1 

hour, visualisation of positive staining was performed using DAB while nuclei were stained with Mayers 

haematoxylin. Dehydration was performed and tissue was fixed to preserve in DPX. α-SMA expression 

appears as a brown colour as indicated with the black arrows, while the cell nuclei appear blue. The red 

arrows are positive brown staining regions seen for α-SMA staining which was negative for vimentin as 

seen in the previous image. Imaging was performed using the Axio slide scanner (Zeiss) scale bars; 100 

µm. 
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indicated by the black arrows. Overall, there is no specific marker designated to identify 

fibroblasts and myofibroblasts; this requires a combination of various stromal cell markers. In 

that regards, images of the stricture segments were compared for expression of vimentin (figure 

4.3), α-SMA (figure 4.4) and desmin (figure 4.5). Figure 4.6 shows enhanced expression of 

vimentin (figure 4.6A) and α-SMA (figure 4.6B) across all the segments in which most of these 

were desmin negative.  
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Figure 4.5: Expression of Desmin localised to the submucosa and muscularis layers in all 

the three segments.  Representative images showing expression of Desmin in the A) stricture, 

B) proximal and C) distal segments. D) Representative image of stricture segment stained with 

isotype control (mouse IgG1a). FFPE resected gut tissue sections cut at 5 μm were subjected to 

antigen retrieval at a pH of 9 after dewaxing, the activity of peroxidases was blocked, sections 

were stained with unconjugated α-SMA antibody at 1.11 μg/ml (Agilent, Dako) and 

corresponding isotype control for 1 hour, visualisation of positive staining was performed using 

DAB while nuclei were stained with Mayers haematoxylin. Dehydration was performed and 

tissue was fixed to preserve in DPX. Desmin expression appears as a brown colour as indicated 

with the black arrows, while the cell nuclei appear blue. Imaging was performed using the Axio 

slide scanner (Zeiss) scale bars; 100 µm.  
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Figure 4.6: Protein expression of stromal cell markers in the stricture segment. Representative 

images from stricture segments showing comparison of stromal cell markers in the stricture, figure 

4.6A) Vimentin, figure 4.6B) α-SMA and figure 4.6C) Desmin.  The region highlighted in red displays 

the muscularis region, regions highlighted in blue (X) and purple (Y) is a direct comparison of 

expression of vimentin and α-SMA within matching regions. Protein expression appears as a brown 

colour while the cell nuclei appear blue. Imaging was performed using the Axio slide scanner (Zeiss) 

scale bars; 100 µm.  
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Fibroblasts and myofibroblasts are vimentin positive but desmin negative, therefore the regions 

positive for vimentin and negative for desmin show where the fibroblasts, myofibroblast and 

pericyte populations are localised. Myofibroblasts and pericytes are differentiated from 

fibroblasts through their expression of α-SMA, comparing protein expression of matched 

regions X and Y, it shows regions that are vimentin+ve in figure 4.6A but α-SMA-ve in figure 

4.6B, this phenotype is characterised as fibroblasts. On the other hand, the regions also show 

cells that are positive for both markers which are characterised as myofibroblasts and pericytes. 

Characterisation of fibroblasts, myofibroblasts and pericytes requires the use of protein co-

expression, the limitation to using IHC is that tissue can only be co-stained for a maximum of 

2 markers hence the use of immunofluorescence as a better option.   

 

Co-expression of phenotypic markers identified stromal cells in intestinal segments     

To confirm the phenotype of stromal cells in intestinal segments, a combination of markers 

was used as there is no specific biomarker used for cellular profiling of fibroblasts, 

myofibroblasts or pericytes. IHC staining from the previous sections showed expression of 

vimentin and α-SMA that was seen in all intestinal layers including the mucosa, submucosa 

and muscularis. The single colour IHC staining provided an insight into the location of stromal 

cells, desmin was used as a biomarker to differentiate myofibroblasts and pericytes from 

smooth muscle cells. To further characterise fibroblast, myofibroblasts and pericytes, protein 

co-expression studies were ideal, this is a limitation when using IHC. In this section, an 

immunofluorescence (IF) panel containing CD90, α-SMA, podoplanin and a nucleus stain 

(DAPI) was designed to identify fibroblast populations in the proximal, stricture and distal 

segments.  
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These markers were chosen based on the scRNA-seq data previously shown in figure 3.16C in 

chapter 3 in which gene expression of THY1, PDPN and ACTA2 were upregulated specific to 

the stromal cell cluster. Figure 3.16C showed that VIM was ubiquitously expressed by all 

stromal cells including epithelial and endothelial cells. Vimentin was excluded from the 

immunofluorescence panel due to its ubiquitous expression. A section stained with the isotype 

controls (labelled IC in figure 4.7) for the respective antibodies used in the IF panel was 

included.  

 

Protein co-expression of CD90, podoplanin and α-SMA was performed in the proximal, 

stricture and distal segments, the images were taken from the regions around the intestinal 

crypts showing single and merged biomarker expression. As seen in figure 4.7, there is 

increased podoplanin expression in the distal as compared to the proximal and stricture 

segments. The green arrow in the merged image indicates cells that are co-expressing CD90, 

podoplanin and α-SMA. This phenotype is not clearly defined in the literature, α-SMA+CD90- 

cells were also identified in all the segments.  On the other hand, expression of CD90 and α-

SMA appears similar across all the three segments. As indicated by the red arrows, co-

expression of CD90 and α-SMA cells can be seen, based on the literature, these double positive 

cells could be classified as a mixture of myofibroblasts or pericytes. CD90+ α-SMA- cells are 

also seen in all the three segments, these would be classified as fibroblasts (Hsia et al., 2016).   
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4.3.7 Expression patterns of FGF2, HDAC1 and Gremlin1 

4.3.7.1 FGF2 protein expression in resected gut of CD patients  

FGF2 is a protein that is expressed by mesenchymal stromal cells located around the base of 

intestinal crypts and villi, it plays a key role in fibroblast proliferation and activation 

(Danopoulos et al., 2017b). To determine the expression of FGF2, IHC staining was performed 

on FFPE sections from the proximal, stricture and distal segments. An isotype control was 

included to establish a true positive signal. The black arrows in figure 4.8 show FGF2+ve 

staining which appears specific as seen in brown across all the 3 segments with very low 

background; stricture (figure 4.8A), proximal (figure 4.8B) and distal (figure 4.8C). The brown 

staining is localised to the lining of the sub epithelial layers of the villi within the intestinal 

mucosa, FGF2+ve staining also stretches out to the base of the crypts. FGF2+ve cells in this 

layer appear elongated like the shape of stromal cells. The staining pattern is similar to what 

has been shown in the previous section in which stromal cell markers were positive in similar 

Figure 4.7: Co-expression of fibroblast markers using immunofluorescence (IF) 

staining in the proximal, stricture and distal segments. Antigen retrieval was performed 

on dewaxed FFPE sections in a basic antigen retrieval solution (pH9), unspecific binding 

was blocked by addition of casein, a mix of the unconjugated primary antibodies and the 

corresponding isotype controls was added onto the sections, antibodies included CD90 

(rabbit), α-SMA (mouse IgG2a) and podoplanin (rat).  Detection was performed by 

addition of secondary antibodies Alexa Fluor (AF) AF488 to detect podoplanin on the 

FITC channel, AF555 to detect CD90 on the Cy3 channel and AF647 to detect α-SMA on 

the Cy5 channel. Row 1; Images shown are sections stained with all three antibodies 

CD90, α-SMA, podoplanin and the nucleus stain.  The images in each row are matched 

sections A) stricture   B) proximal and C) distal. Isotype controls for each marker was 

included and labelled as IC. Imaging was performed on the Axio Zeiss confocal 

microscope (Zeiss, Germany); scale bar 20 µm.  
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regions. In addition, expression of FGF2 appears to increase in the submucosal and muscularis 

layers where endothelial cells are predominantly located. Based on these images, it is not 

possible to identify major differences in FGF2 protein expression in the proximal, stricture and 

distal segments. However, the chromogenic staining provided an insight into the staining 

pattern of FGF2.  
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4.3.7.2 HDAC1 protein expression in resected gut tissue from CD patients  

HDAC1 belongs to a family of enzymes whose main function is deacetylation of histones in 

epigenetic modulatory mechanisms that regulate gene transcription. HDAC1 is ubiquitously 

expressed in most tissues in the body including the intestine and in multiple cell types. An 

experimental model of HDAC1-/- in intestinal epithelial cells resulted in disruption of the 

epithelial barrier therefore revealing a key role of HDAC1 in maintenance of tissue homeostasis 

(Turgeon et al., 2013). Studies have determined the role of HDAC1 in intestinal fibrosis 

however, the data is predominantly in animal models (Zimmermann et al., 2007). To determine 

the expression of HDAC1, IHC staining was performed on FFPE sections from the proximal, 

stricture and distal segments. An isotype control was included to establish background from 

true positive signal. Figure 4.9 shows the presence of HDAC1 across all layers of the gut 

including the mucosa, submucosa and the muscularis as indicated by the brown colour showing 

positive staining. The black arrows point to representative regions of positive HDAC1 staining. 

As per the protein atlas, HDAC1 expression is not specific to a particular cell or tissue type, 

this is confirmed in figure 4.9 in which most cells expressed HDAC1 including tissue 

infiltrating immune and mesenchymal stromal cells. However, there is a pattern of protein 

expression around the intestinal epithelium within the villi and the base of the crypts. 

Comparison between FGF2 (figure 4.8) and HDAC1 (figure 4.9) showed that HDAC1 was 

Figure 4.8: FGF2 protein expression in the proximal, stricture and distal segments of 

resected gut. FFPE were dewaxed and de-paraffinised, antigen retrieval was performed in basic 

(pH9) antigen retrieval solution.  The activity of peroxidases was blocked and then sections were 

stained for 1 hour with unconjugated primary antibody mouse IgG2a FGF2 (Santa Cruz, USA), 

visualisation of positive staining was performed using DAB while nuclei were stained with 

Mayers haematoxylin. Tissue was dehydrated and fixed in DPX for preservation. FGF2 positive 

staining appears as a brown colour as indicated by the black arrows while the cell nuclei appear 

blue.  Representative images shown include resected tissue collected from A) Stricture   B) 

Proximal, C) Distal and D) isotype control (mouse IgG2a).  Imaging was performed using the 

Axio slide scanner (Zeiss) scale bars: 100μm and 50μm respectively. 
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ubiquitously expressed as compared to the discrete staining observed for FGF2. The quality 

and specificity of the staining was determined based on the negative staining seen in the isotype 

control; HDAC1 negative cells can also be seen across the stained tissue, this affirms the 

specificity of the staining. From the images in figure 4.9, there are no major differences 

between the proximal, stricture and distal segments. However, the single chromogenic stain 

provides an understanding of HDAC1 protein expression pattern in human resected gut.  
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4.3.7.3 Gremlin 1 protein expression in resected gut of CD patients  

Bulk RNA seq data showed an upregulation of GREM1 at mRNA level in the stricture. In 

addition, the scRNA-seq data showed expression of GREM1 specific to the cluster of cells 

identified as stromal cells. However, not all cells in that cluster expressed GREM1, thus the 

assumption was that there could be a population of stromal cells that expressed GREM1 and 

others that did not express GREM1. The expression of gremlin 1 at protein level was therefore 

studied by IHC in the proximal, stricture and distal segments.  A few challenges were 

encountered during the optimisation process. First and foremost, there are very few antibodies 

designed to detect protein expression of gremlin 1 in tissue by IHC. The one that has been 

mostly used and validated is the anti-human/mouse gremlin 1 antibody (Cat#AF956 from R 

and D Systems). Even so, validation for this antibody has mainly been performed with mouse 

tissue and not in human. The second challenge was the absence of known positive control tissue 

that could be used during the IHC optimisation process. Gremlin 1 is secreted into extracellular 

matrix spaces, it therefore gets trapped in ECM fibres, thus it becomes quite difficult to 

ascertain the true positive staining from artefacts. The next section covers the steps taken to 

optimise conditions for detecting protein gremlin 1 by IHC staining. 

Figure 4.9: Expression of HDAC1 in the proximal, stricture and distal segments of resected 

gut. FFPE were dewaxed and de-paraffinised, antigen retrieval was performed in basic (pH9) 

antigen retrieval solution.  The activity of peroxidases was blocked and sections stained for 1 hour 

with unconjugated primary antibody mouse IgG1a HDAC1(Santa Cruz, USA), visualisation of 

positive staining was performed using DAB while nuclei were stained with Mayers haematoxylin. 

Tissue was dehydrated and fixed in DPX for preservation. HDAC1 positive staining appears as a 

brown colour indicated by the black arrows while the cell nuclei appear blue.  Representative images 

shown include resected tissue collected from A) Stricture   B) Proximal, C) Distal and D) isotype 

control. Imaging was performed using the Axio slide scanner (Zeiss) scale bars: 100 μm and 50 μm 

respectively.  
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4.3.8 Optimisation of gremlin 1 detection by IHC staining  

The literature suggests a high expression of gremlin 1 in mouse kidney (Church et al., 2017). 

Initial staining was performed on FFPE sections from resected gut alongside those from mouse 

kidney as a positive control. FFPE sections were dewaxed, deparaffinised and antigen retrieval 

performed at a basic pH (pH9). BLOXALL reagent was used to block activity of peroxidases.  

Tissue was stained at a concentration of 3µg/ml of the primary antibody (anti mouse/human 

gremlin 1) with the corresponding isotype control for 1 hour, protein expression was visualised 

using DAB staining. No positive staining was seen in either the resected gut or the mouse 

kidney.  Troubleshooting was performed in which the antibody concentration used may have 

been low to detect the antigen; the recommended concentration for use by the manufacturer 

was at 3-15 µg/ml. Therefore, the staining procedure was repeated in resected gut tissue with 

gremlin 1 antibody at a higher concentration of 10µg/ml and 15µg/ml, isotype control was 

included. The resulting staining for both concentrations showed a strong brown unspecific 

background. 

 

To resolve the high unspecific background staining, two peroxidase blocking solutions were 

tested; BLOXALL which is an already prepared solution for peroxidase blocking and 3% 

hydrogen peroxide (prepared in house) were compared (Gao, Wang and Han, 2008). Staining 

was performed at an antibody concentration of 8 µg/ml, peroxidase blocking was performed 

for 30 minutes as compared to the 15 mins from the previous conditions. Unspecific binding 

was blocked using casein. As seen in figure 4.10, the background was significantly reduced 

with BLOXALL as compared to using hydrogen peroxide. The black arrows show positive 

staining for gremlin 1 (figure 4.10B and 4.10D). Although some background is still seen in the 

sections stained with the isotype control (figure 4.10A and 4.10C), the pattern for gremlin 1 

positive stains was localised within the subepithelial layer around the crypts. This optimisation 
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informed the decision to use BLOXALL to reduce background for further gremlin 1 protein 

expression studies. Also, extra wash steps were included to get rid of unspecific binding. 

 

 

Figure 4.10: Comparison of two peroxidase blocking solutions for gremlin 1 IHC optimisation. 

FFPE sections were dewaxed and de-paraffinised, antigen retrieval was then performed in basic (pH 

9) antigen retrieval solution.  The activity of peroxidases was blocked with either BLOXALL or 3% 

hydrogen peroxide (H2O2); sections were stained for 1 hour with the unconjugated gremlin 1 and 

isotype control (8 μg/ml), visualisation of positive staining was performed using DAB while nuclei 

were stained with Mayers haematoxylin. Tissue was dehydrated and fixed to preserve in DPX. Gremlin 

1 positive staining appears as a brown colour while the cell nuclei appear blue.  A) Representative 

image showing isotype control where 3% H2O2 was used for blocking peroxidase activity. B) 

Representative image showing gremlin 1 stain where 3% H2O2 was used for blocking peroxidase 

activity. C) Representative image showing isotype control where BLOXALL was used for blocking 

peroxidase activity. D) Representative image showing gremlin 1 stain where BLOXALL was used for 

blocking peroxidase activity. Imaging was performed using the Axio slide scanner (Zeiss) scale bars: 

100 μm.  
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4.3.8.1 Gremlin 1 protein expression in resected gut of CD patients  

To understand the expression pattern of gremlin 1 in the proximal, stricture and distal segments, 

IHC was performed using the optimised protocol described in section 4.3.8 (use of BLOXALL 

as the peroxidase blocking solution with extra washes to limit unspecific binding. Figure 4.11 

shows expression of gremlin 1 in all three segments as highlighted in areas where the black 

arrows are pointing, gremlin 1 positive cells are seen within the mucosal and submucosal 

layers. The staining pattern appears cytoplasmic and takes up a longitudinal shape like that of 

fibroblasts, myofibroblasts or pericytes. Based on staining intensity showing both weak and 

strong brown staining, certain cells appear to express increased levels of gremlin 1 as compared 

to others but this is not segment specific, the brown staining appears to be specific and the 

isotype control does not show background staining.  

 

Figure 4.11A shows gremlin 1 protein expression in the stricture segment, brown staining is 

seen within the lining of the crypts and in the submucosal regions. There is very low protein 

expression in the proximal as seen in figure 4.11B in comparison to distal where more brown 

staining was seen. The protein expression by IHC is comparable to the scRNA-seq data shown 

in chapter 3 that revealed that GREM1 mRNA expression was specific to stromal cells, which 

agrees with published literature (Park, 2018). The low protein expression also suggested that 

not all stromal cells express gremlin 1, this data aligns with the sc-RNA seq data seen in chapter 

3. With the images shown, it was not possible to determine the differences in protein expression 

and tissue localisation. However, the single chromogenic stain provides an insight into gremlin 

1 protein expression levels in the resected gut.  
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4.4 Discussion: 

Myofibroblasts have widely been reported as the main effector cell type that drive tissue 

fibrosis (436). In chapter 3 of this thesis, bulk RNA-seq and scRNA- seq data was used to 

characterise cellular and molecular phenotypes in the proximal, stricture and distal segments 

of resected gut in CD samples. In general, there is a lack of an in depth understanding of specific 

cell types, biological functions and mechanisms through which strictures in CD are formed. 

MSCs to which fibroblasts, myofibroblasts and pericytes are known to be a heterogenous 

population, one of the main challenges being faced in MSC studies is lack of specific cellular 

biomarkers for definition of phenotype. To date, a combination of surface markers is being 

used to define fibroblast populations, these include vimentin, CD90 (Thy-1), α-SMA and 

desmin to differentiate myofibroblasts and pericytes from smooth muscle cells.  

 

In this study, FFPE sections were stained with stromal cell markers that in combination can be 

used to identify stromal cells, vimentin+ve staining was seen in the proximal, stricture and distal 

segments, vimentin is ubiquitously expressed by cells of stromal origin and as seen from the 

Figure 4.11: Expression levels of gremlin 1 in the proximal, stricture and distal 

segments of resected gut. Formalin fixed paraffin embedded tissue sections (n=1) were 

dewaxed and de-paraffinised, antigen retrieval was then performed in basic (pH9) antigen 

retrieval solution.  The activity of peroxidases was blocked using BLOXALL for 30 minutes, 

sections were stained for 1 hour with unconjugated gremlin 1 primary antibody (8 μg/ml; R 

and D), visualisation of positive staining was performed using DAB while nuclei were 

stained with Mayers haematoxylin. Tissue was dehydrated and fixed in DPX for 

preservation. Gremlin 1 positive staining appears as a brown colour indicated by the black 

arrows while the cell nuclei appear blue. Representative images shown include resected 

tissue collected from A) stricture B) proximal, C) distal segments and D) Isotype control 

staining performed on distal segment. Imaging was performed using the Axio slide scanner 

(Zeiss) scale bars: 100 μm and 50 μm respectively.  
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IHC staining, was expressed across all layers of resected gut including the mucosa, submucosa 

and muscularis. α-SMA was used to identify myofibroblasts and pericytes as both cell types 

express this protein; α-SMA+ve staining can be seen across all the layers of the gut in the 

proximal, stricture and distal segments. Fibroblasts were defined by their expression of 

vimentin, myofibroblasts were defined by their expression of vimentin and α-SMA with 

negative expression of desmin. Desmin can be used to differentiate myofibroblasts (desmin-ve) 

from pericytes and smooth muscle cells (desmin+ve).  

 

Another focus of this section of the study was to investigate protein expression patterns of 

FGF2, HDAC1, and gremlin 1. Increased FGF2 expression in tissue fibrosis has been shown 

to have a protective role in repair of the epithelium. FGF2 signals through FGFRs1, 2, 3 and 4 

using the MAPK signalling cascade, the target genes activated downstream are important in 

wound healing and repair of the epithelium (513). Studies also show that FGF2 is an antagonist 

to TGF-β signalling in fibroblasts hence increased expression of FGF2 attenuates TGF-β 

induced fibroblast activation (514). A study conducted by Tiede (2009) in skin fibrosis showed 

the presence of FGF2 inhibits differentiation of stromal cells to myofibroblasts (515).  From 

the IHC data, positive FGF2 staining was seen in the proximal, stricture and distal segments.  

 

Epigenetic mechanisms have been reported as important in regulating gene transcription in 

fibrosis. HDACs are involved in epigenetic regulation through the removal of an acetyl group 

from the DNA histones. Differential HDAC1 expression was reported in both bulk and scRNA-

seq data from this study. Studies have shown that overexpression of HDACs increases secretion 

of pro-inflammatory and pro-fibrotic molecules such as IL-1β, TNF-α and IL-6 (502,516,517). 

HDAC1 has been shown to regulate pro-inflammatory mechanisms in epithelial and fibroblast-

like cells (447,518,519). In addition, data has shown overexpression of HDAC1 in fibrotic 

conditions such as IPF, protein expression has also been reported to be associated with the 
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pathogenesis of intestinal fibrosis. However, little is known about expression of HDAC1 in 

intestinal fibrosis, this was of interest to further explore the protein expression profile of 

HDAC1 in the proximal, stricture and distal segments.   

 

This study has revealed a strong link between GREM1 expression as seen in the RNA-seq data, 

overexpression of GREM1 was a strong indicator of patients developing fibrostenosing CD 

strictures. Our scRNA-seq data showed gremlin 1 as specifically expressed in the cell 

population identified as stromal cells, a study by Ren (2019) showed fibroblast specific 

expression of GREM1 RNA using in situ hybridization (ISH) (520). In this chapter, the aim 

was to further explore protein expression of gremlin 1. Immunohistochemistry staining 

revealed positive staining for human gremlin 1 which was enhanced in the distal and stricture 

as compared to the proximal. The IHC staining showed gremlin 1 expression mostly localised 

to the subepithelial layers of the crypts. The expression is quite weak across the three segments, 

this could be due to the quality of the antibody. Overall, there was no major differences in 

staining intensity or the pattern of staining across the three segments.  

 

Gremlin 1 as an antagonist of the BMP pathway, it inhibits signalling of this pathway 

downstream (521). There have been reports of cross talks between the BMP and TGF-β 

signalling pathways; the two pathways share SMAD4, a key co-factor and regulator in 

downstream signalling. Therefore, inhibiting the BMP pathway upregulates the activity of 

TGF-β signalling downstream. TGF-β/SMAD is well documented as a key pathway for fibrosis 

regulating mechanisms that are important in fibroblast differentiation, activation and 

proliferation hence exacerbating tissue inflammation and fibrosis (522). Despite the evidence 

that indicates the importance of gremlin 1 in fibrosis, there is still very little understanding of 

the mechanisms through which gremlin 1 regulates intestinal fibrosis. Hence the need to further 

study the role of gremlin 1 in intestinal fibrosis, this is covered in the next chapter.  
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CHAPTER 5  
 

 

DETERMING THE ROLE OF FIBROBLAST DERIVED GREMLIN 1 IN 

THE DEVELOPMENT OF INSTESTINAL FIBROSIS 

 

 

 

 

 

 

 

 

 

 

 

Overview of this chapter  

In the previous chapters I demonstrated expression of gremlin 1 by mesenchymal stromal cells  

at a transcript level with an upregulation in the stricture compared to the proximal and distal 

segments of intestinal resected gut.  This section of the study focused on the role of gremlin 1 

in regulation of pathways that contribute to a profibrotic microenvironment in intestinal 

fibrosis, it explores isolation of intestinal primary fibroblasts with the aim of studying the role 

of gremlin 1 in the development of intestinal fibrosis in vitro.  
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5.1 Introduction  

Several mechanisms drive the fibrotic process, these processes are either shared across different 

organs or are tissue specific (436,523). Fibroblasts are the main effector cells of intestinal 

fibrosis; they can acquire an activated myofibroblast phenotype in the presence of profibrotic 

stimuli, with increased contractility higher expression of ECM proteins (524). In an inflamed 

microenvironment, fibroblasts are activated by profibrotic factors which include cytokines, 

chemokines and growth factors. The common profibrotic growth factors include TGF-β1 

(TGF-β), FGF-2, PDGF-BB, IL-1β and TNF-α. These mediators in a profibrotic 

microenvironment regulate multiple pathways that lead to a highly activated and proliferating 

phenotype of myofibroblasts (436).  

 

Bulk RNA and scRNA-seq data shown in chapter 3 revealed upregulation of profibrotic genes 

in the stricture as compared to the proximal and distal segments. The bulk RNA-seq data also 

showed an upregulation of genes linked to stromal cells and ECM production in the stricture, 

these included COL1A1, COL1A2, FN1 and ACTA2. This pattern of gene expression in the 

stricture re-enforced what is already published in the literature on the important role stromal 

cells play in the pathogenesis of fibrotic diseases (436).  Among the profibrotic mediators that 

were upregulated in the stricture was GREM1 (Gremlin 1). In addition, scRNA-seq data from 

this study showed expression of GREM1 within a cluster of cells identified as stromal cells. 

The data showed a trend of increased expression of GREM1 in the stromal cell cluster within 

the stricture segment as compared to those within the proximal segment. These findings were 

not conclusive because statistical analysis was not performed due to the low cell numbers used 

for analysis in the scRNA-seq data. Gremlin 1 was of particular interest due to its expression 

pattern both in the bulk and scRNA-seq data, and due to its expression in various fibrotic 

diseases where it has been identified both as an important mediator of fibrosis and as a potential 
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target for antifibrotic therapy, this was a justification to further understand the mechanisms 

through which gremlin 1 modulates a profibrotic phenotype in stromal cells (489,507,525).  

 

Gremlin 1 is a highly conserved protein comprising 184 amino acids with a molecular weight 

of 20.7kDa (520), it acts as an antagonist of the bone morphogenetic protein (BMP) pathway. 

BMPs are a group of extracellular signalling proteins that belong to the TGF-β superfamily, 

these family of proteins play an important role in tissue homeostasis regulating cell growth and 

proliferation, wound healing, tissue remodelling and organ development (526,527). Gremlin 1 

binds ligands of the BMP pathway, predominantly BMP 2 and BMP 4 with weaker binding to 

BMP 7 (521). The cognate receptors for BMP signalling molecules are BMPRIA, BMPRIB 

and BMPRII, with BMPRIB being reported as having the lowest expression across various 

tissues. The receptors are expressed on multiple organs such as the heart, liver, kidney, intestine 

and lung (528). BMP receptors are also widely expressed in multiple cell types, with intestinal 

expression localised to sub-epithelial cells within intestinal crypts (529,530). 

 

TGF-β and BMP proteins are structurally related cell regulatory proteins that belong to the 

TGF-β superfamily of growth factors; these proteins modulate cellular function by signalling 

through TGF-β and BMP signalling pathways (460,531,532). TGF-β signalling is well 

documented as a promoter of profibrotic mechanisms in various organs such as the liver, 

kidney, heart and lung, whereas BMP signalling has been linked to antifibrogenic mechanisms 

(533–536). Studies were performed in a bleomycin-induced mose model of IPF comparing the 

wild type and Noggin +/LacZ (Nog +/LacZ) phenotype which is a known model of increased 

BMP signalling. The results from this study showed partial protection from bleomycin induced 

lung fibrosis and reduced collagen deposition in the Nog +/LacZ mice. The wild-type group 

showed increased activation of TGF-β signalling and repressed BMP signalling. The results 

from this study suggest cross talks between the two pathways, modulating balance between 
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TGF-β/BMP signalling, particularly increasing endogenous BMP signalling presents potential 

therapeutic targets for organ fibrosis (537).  

 

Figure 5.1A shows TGF-β and BMP signalling pathways being maintained in a balanced state, 

changes in the microenvironment may result in a dysregulated state between the two pathways 

as seen in figure 5.1B. Gremlin 1 has been suggested to cause dysregulation in the TGF-β/BMP 

signalling pathways; the proposed mechanisms involves increased levels of gremlin 1 in a 

fibrotic tissue microenvironment results in inhibition of BMP signalling through binding to 

BMP2 and BMP 4; these are ligands of the BMP signalling pathway. Inhibition of BMP 

signalling results in an increase in TGF-β signalling (figure 5.1D). Both pathways signal 

through SMAD4 as a co-factor, this may suggest why inhibition of the BMP pathway results 

in increased signalling of the TGF-β pathway (509). 

 

The signalling pattern for BMP and TGF-β pathways is illustrated in figure 5.1, in which the 

ligands bind to their cognate type II receptors forming complexes (figure 5.1C), leading to 

phosphorylation of type I receptors. Type I receptors then generate a transduction signal to 

activate the respective intracellular small mothers against decapentaplegic (SMAD) dependent 

signalling (figure 5.1D); SMAD 2/3 for the TGF-β pathway and SMAD 1/5/8 for BMP pathway 

with SMAD4 shared as a co-factor. SMAD proteins are phosphorylated and form a complex 

then translocate to the nucleus to activate expression of target genes. Upregulation of 

profibrotic genes such as COL1A1, ACTA2, FN1 and TIMP1 is seen downstream the TGF-β 

signalling pathway while antifibrotic genes such as Id1, Id2, Id3 and SMAD7 are upregulated 

following activation of the BMP signalling pathway (530). Gremlin 1 as an antagonist of BMP 

signalling is most likely to cause a dysregulation in TGF-β/BMP signalling axis. Therefore, 

upregulation of gremlin 1 as seen in our bulk RNA-seq data specifically in the stricture is a 

negative predictor for the development of fibrosis. In addition, the role of gremlin 1 in the 
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pathogenesis of intestinal fibrosis has not been fully elucidated. This section of the study was 

aimed at understanding the role of gremlin 1 in primary intestinal stromal cells and their role 

in the pathogenesis of intestinal fibrosis.  

 

5.2 Aims of this chapter 

The specific aims of this chapter were to; 

1. To isolate and characterise primary stromal cells from proximal, distal and stricture 

resected gut tissue obtained from CD patients.  

2. To study the role of gremlin 1 in the regulation of the TGF-β/BMP signalling pathways 

in primary fibroblasts  

3. To understand the mechanism through which gremlin 1 modulates the stromal cell  

phenotype and its role in the pathogenesis of intestinal fibrosis.  
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Figure 5.1: Schematic representation of regulation of the TGF-β/BMP signalling. A) Balanced 

signalling of TGF-β and BMP pathways in a physiological state with maintained tissue homeostasis B) 

Dysregulation in signalling between BMP/ TGF-β pathways; a decrease in BMP signalling due to 

inhibition by gremlin 1 results in increased TGF-β signalling and upregulation of target genes 

downstream the TGF-β pathway (dysregulation of the 2 pathways has been reported in fibrosis and 

cancer related diseases)  C) TGF-β signals through its cognate receptors TGF-βRI/II while BMP 

pathway signals through ligands 2 and 4 and their cognate receptors BMPRI/II. D)  Shows downstream 

mediators of signalling of the two pathways, where TGF-β signals through SMAD2/3 with SMAD 7 

acting as an inhibitory factor. BMP pathway signals through SMAD1/5/8 with SMAD6 as the inhibitory 

factor. Both pathways use SMAD4 as a cofactor. Gremlin 1 as an antagonist of BMP pathway binds 

BMP2, 4 and 7 inhibiting signalling at the BMP- axis. 
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5.3 Results  

5.3.1 Isolation of primary gut fibroblasts  

To study the role of gremlin 1 in the modulation of TGF-β/BMP signalling in intestinal 

fibroblasts, a protocol for isolation of intestinal fibroblasts was optimised as there was no 

protocol specific for isolation of intestinal fibroblasts that had been developed within the lab at 

the time. There was an established protocol for isolation of fibroblasts from explanted liver 

tissue. The established “explant liver” protocol was used as a starting point for the optimisation 

because of the easier access to explant liver as compared to resected gut.  

 

5.3.1.1 Isolation of primary gut fibroblasts using the “explant liver” protocol  

Diseased explant liver tissue was collected and sliced into 3 - 5 mm pieces, before being washed 

in cold PBS and digested in collagenase IV and 1A. The tissue digest was layered on Percoll 

gradient and centrifuged to sediment debris and erythrocytes. The buffy coat that contains 

mainly leukocytes and stromal cells was collected (figure 5.2B), washed and resuspended in 

antibiotics containing 16% FBS +DMEM culture media, cells were left in culture at 370C while 

changing media every 2-3 days. After 4-10 days depending on the sample, spindle shaped 

fibroblast like cells appeared (figure 5.2 C-E). This was an effective method for liver fibroblast 

isolation from explanted livers of different aetiologies such as primary sclerosing cholangitis 

(PSC), alcohol related liver disease (ALD) and donor explant livers as shown in figure 5.2 

below. The same protocol was applied on tissue from proximal, stricture and distal segments 

of gut resection samples where the starting material was approximately 0.5-1 gram from each 

segment. However, the use of this protocol was not successful in isolation of intestinal 

fibroblasts.  
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5.3.1.2 Isolation of primary fibroblasts from gut resected tissue using an organ culture 

protocol  

The isolation of primary gut fibroblasts using the “explant liver” protocol was unsuccessful, a 

literature search showed a published protocol by (538) on isolation of primary fibroblasts from 

small size tissue samples, biopsies collected from the eye were used to isolate primary 

fibroblasts (538). The same protocol was used by (539) to isolate gut resected fibroblasts. In 

this method, resected gut tissue from the proximal, stricture and distal segments was washed 

with ice cold PBS, cut into approximately 3-5 mm pieces with a surgical blade, pieces of tissue 

Figure 5.2: Isolation of primary fibroblasts from explanted liver tissue. A) Diseased explant was 

sliced into 3-5mm pieces and digested in serum free DMEM media containing collagenases IV (4,000 

U/mL) and 1A (100 µg/mL), the tissue digest was layered on Percoll gradient at 77% and 33% 

respectively and centrifuged at 800 x g for 20 mins. B) Cells from the buffy coat were collected, 

washed and cultured at 2.5X106cells per ml of media (16% FBS +DMEM) at 370C in CO2. Spindle 

shaped cells with a fibroblast like morphology appear from day 4-10. Primary fibroblasts isolated 

from explanted liver from multiple conditions; C) PSC liver at day 6. D) ALD liver at day 7. E) Donor 

liver at day 4. Images captured on an inverted Zeiss bright field microscope n=2  
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were cultured in 16% FBS+DMEM media enriched with 2 ng/ml of human Fibroblast Growth 

Factor (hFGF), with renewal of media every 3-4 days (figure 5.3). In the protocol set up, tissue 

was placed on the plate while ensuring that the tissue was stuck to the culture plate to allow 

fibroblast to migrate from the tissue onto the plate. This was achieved by adding culture media 

just about covering the tissue while ensuring that the tissue did not float. This was performed 

on two resected samples containing tissue from the stricture, proximal and distal segments. 

Tissue in culture highlighted within the red circle and labelled T was monitored over 10-20 

days for outgrowth of fibroblast from the tissue, however, it was a failed attempt to use the 

organ culture method for isolation of primary intestinal fibroblasts from resected gut.  

 

 

5.3.1.3 Isolation of primary fibroblasts from gut resected tissue using “tissue enzymatic 

digestion” protocol  

The unsuccess with the organ culture method prompted an urgent need to get a working 

protocol as access to resected samples was very rare. Samples were analysed by flow cytometry 

to assess the frequencies of stromal cells in single cells suspensions of stricture, proximal and 

Figure 5.3: Organ culture method for intestinal fibroblast isolation. Resected gut tissue from the 

proximal, stricture and distal segments was sliced into 3-5mm pieces and placed into a 24 well plate 

while ensuring attachment of tissue to the plate. (500µl of 16% FBS + DMEM). Media was changed 

every 3-4 days while monitoring any sign of cell growth over 10-20 days. Images captured on an 

inverted Zeiss bright field microscope n=6 (2X proximal, stricture and distal) 
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distal segments of resected gut tissue. Figure 5.4A-C show very high frequencies of epithelial 

cells (EpCAM labelling), as compared to endothelial cells in the proximal, stricture and distal 

segments. The next protocol was developed so as to strip the abundant epithelial cell layer in 

an effort to enrich the fibroblast population prior to subsequent cell culture.  

In this protocol, HBSS and HEPES was included in the wash buffers to maintain cell viability. 

Resected tissue was further incubated with stripping buffer that contained EDTA, HBSS and 

HEPES with the aim to strip the epithelial layer to reduce frequencies of epithelial cells and 

enrich fibroblasts. Tissue was digested in an enzymatic cocktail of collagenase and Dispase 

enzymes to ensure complete dissociation of any interlocking bonds in tissue extracellular 

matrix proteins and to achieve optimum cell yield (details provided in Chapter 2). The resulting 

cell suspension was filtered, washed and left in culture in 16% FBS+DMEM media enriched 

with 2 ng/ml of human Fibroblast Growth Factor (hFGF), and the media was being changed 

every 3-4 days (figure 5.5B) while monitoring for fibroblast growth. Two resected samples 

were processed using this protocol, but all attempts were unsuccessful, figure 5.4C shows dying 

cells in culture.   

 

The three protocols that had been tested for the isolation of primary gut fibroblasts including 

the explant liver protocol, the organ culture protocol and enzymatic digestion protocol were 

unsuccessful. The next step in the optimisation process was to use a protocol that minimised 

cell loss especially during multiple wash steps while preserving cell viability. This was referred 

to as a “hybrid” isolation protocol where mechanical and enzymatic digestion was combined.  
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5.3.1.4 Isolation of primary fibroblasts from gut resected tissue using a “hybrid” method 

of enzymatic and mechanical digestion 

The hybrid method combined mechanical and enzymatic digestion protocols. In this method, 

instead of using collagenases IV and 1A that had previously been used for the liver and 

enzymatic digestion protocol, Liberase (highly purified collagenase I and II) was used. 

Figure 5.4:  Isolation of intestinal fibroblasts using the tissue enzymatic digestion protocol. A-C) 

Plots showing flow cytometry performed on cells isolated from resection tissue (proximal, stricture 

and distal) segments. The gates show epithelial and endothelial cells respectively, EpCAM was used 

to identify epithelial cells while PECAM-1(CD31) was used to identify endothelial cells. D-E) 

Resected gut tissue from the proximal, stricture and distal segments was sliced into 3-5mm pieces and 

washed in calcium and magnesium free HBSS supplemented with HEPES. Tissue was then incubated 

with stripping buffer containing HBSS, EDTA (5mM), HEPES (15mM) and 10% FBS and then 

incubated at 370C for 15 mins to strip the epithelial layer; tissue was then digested with an enzymatic 

cocktail of Dispase and Collagenase IV at 370C for 30 minutes. The tissue digest was filtered through 

a 70 μm filter, cells were collected by centrifugation, an extra wash was performed using 2% 

FBS+PBS. Cells were then counted and cultured (370C CO2) at 1X106 cells/ml in 16% FBS + 2ng/ml 

hFGF + DMEM media using a 48 well plate. Cell growth was monitored over a period of 10-20 days 

n=6 (2X proximal, stricture and distal).   
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Liberase has been reported as a purified enzyme blend that is free of endotoxins, provides 

maximum tissue dissociation and preserves cell viability (540,541). Resected tissue from the 

proximal, stricture and distal segments was cut into 3-5mm pieces, tissue was transferred into 

a C MACS tube containing 2% FBS+DMEM media with Liberase enzyme blend. The C MACS 

tube with tissue in it was placed on the Miltenyi gentleMACs octo dissociator. This machine 

contains software that enables setting up a program that is best suited for disaggregation of the 

tissue type being digested based on tissue stiffness. An incubation protocol was set up on the 

octo dissociator that included gentle mechanical force to dissociate tissue while an inbuilt rotor 

that enabled constant mixing of the tissue sample.  The incubation protocol included heaters 

that were set to maintain the tissue at 370C during tissue digestion.    

  

Tissue was digested for 20-30 minutes depending on stiffness. The tissue digest was filtered 

through a 70 µm strainer, and the resulting cell suspension was washed and left in culture in 

hFGF enriched media (16% FBS + 2ng/ml hFGF + DMEM). The cell cultures were monitored 

for cell growth and media changed every 3-4 days. A brief illustration of the hybrid protocol is 

in figure 5.5. After isolation, primary intestinal fibroblasts were cultured for several days until 

they were confluent and transferred to a 6 well plate, then to a T25 flask to increase numbers. 

The cells had a morphological flat and spindle shape (figure 5.5 C-E) which was characteristic 

of fibroblasts. Once the cells reached 90% confluency, they were split at a ratio of 1:3 and 

cryopreserved in a 5% DMSO:95% FBS solution ready for future experiments. Using a 

combination of enzyme digestion and gentle mechanical dissociation (figure 5.5), the hybrid 

protocol resulted in a 54 % success rate in isolation of intestinal fibroblasts. Of the 11 isolations 

that were performed including tissue collected from the proximal, stricture and distal segments, 

primary fibroblasts were collected from 6 samples (3X stricture and 3X proximal). More 

isolations could have been performed; however, the limiting factor was limited access to 

resected tissue which was on average one sample per month. Table 5.1 shows a summary of 
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the samples that were used for the isolation process. Important to note that resected gut samples 

we collected from the proximal, stricture and distal regions, no healthy tissue was collected for 

the study.  

 

 

Figure 5.5: Isolation of intestinal fibroblasts from gut resected tissue using the hybrid protocol 

A) Specific sites from which each tissue segment is collected B) Tissue sections were sliced into 3-

5mm pieces and placed in C MACS tubes containing DMEM media +2% FBS+ Liberase (40µg/mL). 

The tissue was transferred onto the gentleMACs Octo dissociator with heaters set at 370C and a gentle 

mechanical dissociation was performed for 20-30 minutes. Cell digest was filtered and centrifuged. 

The pellet was resuspended in 2% FBS + PBS for an extra wash; cells were then counted and seeded 

at 2X106 cells/ml of DMEM + 16% FBS + 2ng/mL hFGF supplemented with antibiotics in a 24 well 

plate. The images were taken following a successful isolation of fibroblasts from a stricture sample, 

C) Representative image of primary fibroblast at day 2.  D) Representative image of primary fibroblast 

at day 5 E) Representative image of primary fibroblast at day 9. Images captured on the Zeiss inverted 

bright field microscope (n=11). 
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Table 5.1: FCD cohort samples, experiments performed  
(Some samples were used for scRNA-seq or IHC, therefore could not be used for isolation of fibroblasts) 

Sample 

ID 

Proximal 

(g) 

Stricture 

(g) 

Distal 

(g) 

Fibroblast 

Isolation 

performed 

Protocol used Fibroblasts 

isolated 

Thawed and 

recovered 

Experiments 

performed 

FCD001    Yes Liver explant 

protocol 

No   

FCD002    Yes Liver explant 

protocol 

No   

FCD003     Organ culture No   

FCD004     Organ culture No   

FCD005 2.26 2.76 1.43 Yes     

FCD006 1.969 No tissue 1.63 Yes     

FCD007 Only blood samples collected      

FCD008 3.1 3.186 3.949 Yes     

FCD009 1.438 1.391 2.149 Yes  Yes (stricture) Yes (stricture) Fibroblast 

characterisation 

FCD010 0.95 2.119 1.631 Yes  Yes (Proximal) No  

FCD011 Only blood samples collected      

FCD012 1.19 1.81 0.9 Yes  Yes (stricture) Yes (stricture) Fibroblast 

characterisation 

FCD013 0.668 1.39 1.68   RNA isolation RNA isolation RNA isolation 

FCD014 2.113 1.48 0.97   RNA isolation RNA isolation RNA isolation 

FCD015 1.668 1.389 1.484 Yes  Yes (stricture 

and proximal) 

Yes (stricture) Fibroblast 

characterisation 

FCD016 2.936 3.5 4.585 Yes  Yes (Proximal) No  

FCD017 1.56 1.4 0.8   RNA isolation RNA isolation RNA isolation 

FCD018 2.21 1.389 1.46   RNA isolation RNA isolation RNA isolation 
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FCD019 2.89 0.98 1.25   RNA isolation RNA isolation RNA isolation 

FCD020 1.668 1.389 1.484   RNA isolation RNA isolation RNA isolation 

FCD021 1.184 0.968 No tissue   RNA isolation RNA isolation RNA isolation 

FCD022 0.96 1.1 1.32     Single cell RNA 

sequencing 

FCD023 1.5 1.2 1.8     Single cell RNA 

sequencing 

FCD024 1.12 1 1.2     Single cell RNA 

sequencing 

FCD025 1.8 2.8 2.51   FFPE sections FFPE sections FFPE sections 
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5.3.2 Characterisation of fibroblasts and myofibroblasts  

The hybrid method was used to successfully isolate intestinal fibroblasts, these were frozen 

down for future experiments. The next step was to confirm cellular phenotype because 

fibroblasts have been shown to exhibit cellular plasticity. Isolated fibroblasts from the proximal 

(n=3) and stricture (n=3) that had been frozen down were thawed and cells left in culture re-

suspended in fibroblast media (16% FBS+1% Penicillin-Streptomycin+ DMEM). The aim was 

to check phenotype using expression of stromal cell markers such as CD34, vimentin, PDGFRα 

and β, podoplanin, Thy1.1 (CD90) and α-SMA. Frozen fibroblasts stored in liquid Nitrogen 

were thawed; however, a large proportion of cells died during the thawing process. It is not 

clear why this happened but a plausible explanation could have been the stress that was induced 

on the cells during the cryopreservation process. Of the 6 samples that were thawed (3X 

stricture, 3X proximal), three samples (fibroblasts from the stricture) were recovered in culture 

while the other three samples (fibroblasts from the proximal) were lost as a large proportion 

underwent cell death. The recovered fibroblasts were left in culture while changing media 

every 2-3 days. Unfortunately, the primary fibroblasts did not proliferate and expand any 

further.  

 

As published in the literature, fibroblasts are cells of mesenchymal origin, they express markers 

such as CD34 and vimentin. Fibroblasts also express surface and intracellular such as PDGFRα 

and β, podoplanin, Thy1.1 (CD90) in humans and Thy1.2 in mice. Fibroblasts, myofibroblasts 

and pericytes express similar markers; the three types can be distinguished from each other 

through their expression of FSP-1 as fibroblasts and myofibroblasts express FSP-1 while 

pericytes do not (542), unfortunately, FSP-1 was not included in the flow cytometry 

phenotyping panel. Myofibroblasts are distinguished from fibroblasts using α-SMA, 

myofibroblasts express high levels of α-SMA while fibroblasts do not.  Myofibroblasts are 

known as the pathogenic phenotype and the highest producers of ECM proteins (543) . 



 
 

209 
 

Epithelial and endothelial cells were characterised by their expression of EpCAM and 

PECAM-1 (CD31) respectively, these markers were included in the panel. Below is a 

schematic diagram that summarises some of the markers used in identification of mesenchymal 

cells. 

 

 

 

After testing multiple methods, I finally optimised a working protocol for the isolation of 

primary intestinal fibroblasts with success in 6 samples (3 stricture and 3 proximal). As 

mentioned above, isolated fibroblasts were cryopreserved and stored in liquid nitrogen for 

future experiments. The cells were thawed to perform further experiments; unfortunately, only 

3 of the 6 samples were recovered (cell from the stricture samples), the other three samples 

(cells from the proximal samples) were lost due to cell death during the thawing process. The 

recovered fibroblasts were left in culture while changing media every 2-3 days. The cells in 

culture did not proliferate and expand any further, hence it was not possible to phenotype these 

cells due to very low cell numbers. It is not clear why the cells did not recover after the thawing 

process but this may be attributed to the stress induced on the cells during cryopreservation. 

Figure 5.6: Schematic summary of 

mesenchymal stromal cell 

identification markers. Positive 

markers that are used to identify 

fibroblasts include; Surface proteins 

(Vimentin, CD90, PDGFRβ, CD34, 

podoplanin, FSP-1); Negative 

markers for fibroblasts: CD31, 

EpCAM, α-SMA, Desmin 

α-SMA identifies myofibroblasts and 

pericytes 

ECM proteins (collagens and 

fibronectins) expressed by MSCs. 
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Supply to resected tissue was limited, I was unable to perform any further fibroblast cell 

isolations. The next option was to characterise a cell line to confirm the similarity in phenotype 

to fibroblasts, and then use it as an in vitro cell culture model to perform gremlin 1 studies. Cell 

lines have been used as in vitro cell culture systems especially in situations where there is 

limited access to primary cells. The next section covers the characterisation of a gut derived 

cell line to be used as an in vitro cell culture model for further studies on gremlin 1.  

     

5.3.3 Culture and expansion of colon fibroblast cell lines 

Cell lines have long been used as in vitro experimental models to study gene expression profiles 

and pathway regulation in fibrosis. As mentioned in the previous section, there was limited and 

unreliable access to gut resection tissue hence inadequate primary fibroblasts for further 

experimental studies. The use of cell lines for further experimental studies was a good option.  

Two intestinal cell lines were obtained from the American Tissue Culture Collection (ATCC): 

Hs255T, a human gut derived fibroblast cell line from an adenocarcinoma donor, and CCD-

18Co, a human gut derived fibroblast cell line obtained from a normal donor. The two cell lines 

were chosen because they are both intestinal derived and morphology was described as 

fibroblasts by ATCC. The Hs255T cell line was aimed at representing the diseased fibroblast 

phenotype while CCD-18Co was aimed at representing the normal fibroblast phenotype.  

Figure 5.7 shows morphology of the two cell lines in culture, Hs255.T at passage 2 and CCD-

18Co at passage 6 respectively.  The Hs255.T was cultured under conditions recommended by 

the ATCC as detailed in the materials and methods chapter. However as seen in figure 5.8 A-

B, the cells did not proliferate and always looked stressed, the ATCC had recommended culture 

media using 10% FBS+1% PS (Pen-Strep) + EMEM (eagle's minimum essential medium). The 

cells in culture looked stressed under these conditions. Changes were made to the culture media 

replacing EMEM with DMEM, this did not rescue cells from their non-proliferative and 

stressed state. The Hs255T cell line was discontinued from further experiments. CCD-18Co 
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proliferated well in culture using culture conditions recommended by the ATCC. Figure 5.7 C-

D shows CCD-18Co cell morphology that is flat and elongated similar to that of primary 

fibroblasts.   

 

Figure 5.7: Human intestinal derived fibroblast cell lines in culture at 370C 5% CO2. A-B) shows 

Hs255.T fibroblast cell line from an adenocarcinoma donor at passage 2, cells were cultured in 

complete medium (10% FBS+DMEM+1% Penicillin-Streptomycin) C-D) shows CCD-18Co 

intestinal derived fibroblast cell line from a normal donor at passage 6, cells were cultured in complete 

medium (10% FBS+EMEM+1%Penicillin-Streptomycin). Images were taken at X20 magnification 

using a Zeiss Axio inverted microscope (bright field settings)   
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5.3.4 Characterisation of CCD-18Co 

5.3.4.1 CCD-18Co express surface markers of a fibroblast like phenotype  

To characterise CCD-18Co as an in vitro cell culture model to study the role of gremlin 1 in 

intestinal fibrosis. CCD-18Co cells in culture were stained for expression of biomarkers that 

identify cells of mesenchymal origin specifically fibroblasts (543). Using flow cytometry, 

CCD-18Co were detached into a single cell suspension and labelled with fluorochrome 

conjugated antibodies to identify expression of surface markers expressed by fibroblasts. These 

included CD34 as a marker of mesenchymal origin, CD90 (Thy1), PDGFR-β, and Podoplanin. 

These markers are predominantly expressed on the surface of fibroblasts and are used in 

combination for fibroblast phenotyping. The flow cytometry panel also included CD45 which 

is a marker specific to immune cells, EpCAM known to identify Epithelial cells and CD31 

which is a known endothelial cell marker. The panel included markers to validate CCD-18Co 

as a homogenous fibroblast cell population and not contaminated with other cell types.   

 

Using flow cytometry, CCD-18Co were found to be a homogenous population as shown in the 

plots in figure 5.8A. The absence of CD45, EpCAM and CD31 expression showed that CCD-

18Co did not express markers of immune cell, epithelial and endothelial cell lineages thus 

affirming the purity of the cell line. Despite published literature that show expression of HLA-

DR on primary fibroblasts (544), CCD-18Co did not express HLA-DR on their surface. CCD-

18Co also did not express the mesenchymal marker CD34. Most surprising was the lack of 

expression of PDGFRβ contrary to that routinely observed for fibroblasts. CCD-18Co cell 

population had a homogenous expression of CD90 and podoplanin (plots in figure 5.8B).   
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5.3.4.2 CCD-18Co express surface markers of a fibroblast like phenotype  

The flow cytometry graphs shown in figure 5.8 showed the expression of some fibroblast 

markers by CCD-18Co especially CD90 and podoplanin. To further verify the phenotype of 

CCD-18Co, cells were labelled with antibodies to identify expression of surface markers and 

intermediate filament proteins, these included vimentin (type III intermediate filament) 

expressed on stromal cells, α-SMA which is a marker of activated fibroblasts, CD90 and 

PDGFRβ, their expression pattern was studied by multiplex immunofluorescence imaging. 

Immunofluorescence was used to study the expression pattern, cellular distribution, and co-

Figure 5.8: Flow cytometry gating to show identification of fibroblast like phenotype in CCD-

18Co A) Side scatter area versus forward scatter area plot was used to select the cell population, live 

cells were selected based on Zombie Aqua (live/dead) dye uptake, then stromal cells defined as CD31-

ve EpCAM-ve cells respectively. B) CCD-18Co were gated for expression of fibroblast like markers, 

fibroblasts are defined as CD45-veCD90+veHLA-DR-veCD34-/+PDGFRβ-/+ PDPN+ve .  
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expression of the different stromal cell markers in CCD18Co. As seen in figure 5.9, vimentin 

which is an intermediate filament protein expressed on mesenchymal cells was expressed on 

CCD-18Co showing intracellular staining within the intermediate filaments. There was 

positive staining for both CD90 and PDGFRβ, with the protein expression pattern for CD90 

observed within the nucleoplasm and plasma membrane whereas PDGFRβ was cytoplasmic. 

CCD-18Co also showed expression of α-SMA which stained the actin filaments.  Overall, there 

was co-expression of vimentin, CD90, PDGFRβ and α-SMA on CCD-18Co. This protein 

expression pattern agrees with the flow cytometry data and confirms the identity of CCD-18Co 

as fibroblasts. As a control measure, isotype matched controls were included for all the 

antibodies that were used to determine the presence of non-specific binding and background 

effect.   
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Figure 5.9: CCD-18Co expressed α-SMA, PDGFRβ, CD90 and vimentin. CCD-18Co were plated in IBIDI slides and multiplex staining for fibroblast 

markers CD90 visualised on the Alexa Fluor(AF)555 channel (red), vimentin visualised on the AF647 channel (purple), PDGFRβ and α-SMA visualised on 

the AF488 channel (green), Nucleus visualised on the DAPI channel (blue). Row 1 contains nucleus (DAPI), α-SMA, CD90, vimentin and the overlay of the 

3 markers; Row 2 contains nucleus, PDGFRβ, CD90, vimentin and the overlay of the 3 markers; Row 3 contains isotype controls (Mouse IgG1a, Mouse 

IgG2a and Rabbit). Images were taken at a magnification of X25 on Zeiss LSM 780. 
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5.3.4.3 CCD-18Co respond to profibrotic factors and express ECM related genes  

To investigate the response of CCD-18Co to profibrotic stimuli in vitro, cells were stimulated 

with known profibrotic factors, these included TGF-β, IL-13 and IL-36 (545,546). CCD-18Co 

were stimulated at 1ng/mL, 10ng/mL and 100ng/mL for 24hrs. Stimulated cells were lysed and 

RT-qPCR was performed to measure mRNA levels of COL1A1, ACTA2, FN1 and TIMP1. 

Results from 3 repeat experiments seen in figure 5.10 showed that while stimulation of CCD-

18Co with IL-13 had no effect on expression of FN1 and TIMP1, there was a significant 

upregulation in expression of ACTA2 (p=0.007**) at 10ng/ml and a downregulation effect in 

expression of COL1A1 (p=0.007**) at 1ng/ml. Stimulation with IL-36 on the other hand 

showed a different effect to IL-13, there was no significant effect in expression of FN1 and 

ACTA2, although there was a downregulation effect in expression of COL1A1 (p=0.008**)  

and TIMP1 (p=0.02*) respectively.   

 

As published in the literature, TGF-β is a potent profibrotic factor as seen in its effect on CCD-

18Co in figure 5.10. There was significant upregulation in expression of COL1A1, ACTA2, 

FN1 and TIMP1 at all concentrations except at the 10ng/ml concentration where although 

COL1A1 was increased compared to the unstimulated cells, it was not statistically significant 

(figure 5.10A). This data showed that CCD-18Co respond to stimulation by profibrotic factors 

but most especially to TGF-β which is well studied as a key profibrotic factor in various fibrotic 

diseases. The experiment showed TGF-β profibrotic effect on CCD-18Co at 24 hr timepoint 

with significant effect of profibrotic genes including COL1A1, FN1, TIMP1 and ACTA2. The 

next step was to assess effect at both 24 and 48 hrs to assess any increase in the assay window.  
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5.3.4.4 Increase in ECM related gene expression with TGF- β stimulation at 48 hours  

CCD-18Co response to stimulation by profibrotic factors was assessed and confirmed in the 

previous section. A subsequent experiment was performed to investigate changes in expression 

of COL1A1, ACTA2, FN1 and TIMP1 in CCD-18Co for a later time point.  The experimental 

set up was similar to the previous section. However, for this experiment, stimulation was 

performed using TGF-β only at a wide range of concentrations including (1ng/ml, 10ng/ml, 

50ng/ml, 100ng/ml and 200ng/ml) and gene expression measured at 24 and 48 hrs. As seen in 

figure 5.11, overall gene expression of COL1A1, ACTA2, FN1 and TIMP1 relative to the 

house keeping gene was upregulated at 48hr time point as compared to 24hr. Expression of 

COL1A1 by CCD-18Co was statistically significant at the 48hr time point for all 

concentrations with p values (1ng/ml; p value=0.03*), the higher concentrations showed a 

statistical significance with a p value <0.0001****.  There was an increase in expression of 

ACTA2 at the 48hr time point although it was not statistically significant.  Expression of FN1 

Figure 5.10: CCD-18Co respond to profibrotic mediator stimulation with increased mRNA 

expression of ECM related genes. CCD-18Co were cultured in a 24 well plate at 5x104 cells/ml 

up to 70% confluence in 10% FCS+EMEM (media). Cells were serum starved for 12hrs in 0.2% 

BSA+EMEM and stimulated with recombinant cytokines (TGF-β, IL-13 and IL-36) at 1ng/ml, 

10ng/ml, 100ng/ml and cultured for 24hrs at 370C and 5% CO2. RNA was extracted, cDNA was 

produced, and qPCR performed. Data are presented as relative gene expression to endogenous 

control SRSF4, 2-ΔCt of COL1A1, TIMP1, ACTA2 and FN1. A) Plot shows relative gene expression 

of COL1A1 in response to stimulation by IL-13, IL-36 and TGF-β at 1, 10, 100 ng/ml respectively 

B) Plot shows relative gene expression of ACTA2 in response to stimulation by IL-13, IL-36 and 

TGF-β at 1, 10, 100 ng/ml respectively C) Plot shows relative gene expression of FN1 in response 

to stimulation by IL-13, IL-36 and TGF-β at 1, 10, 100 ng/ml respectively D) Plot shows relative 

gene expression of TIMP1 in response to stimulation by IL-13, IL-36 and TGF-β at 1, 10, 100 ng/ml 

respectively. Gene expression in stimulated cells was compared relative to unstimulated cells; 

SRSF4 was used as the endogenous control. Data represented as median with 95% CI; statistics 

performed using 2way ANOVA multiple comparison (Tukey) performed. 
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by CCD-18Co was statistically significant at the 48hr time point at the 1ng/ml concentration 

(p value=0.004**) and at 10ng/ml (p value= <0.0001****). Expression of TIMP1 was 

increased significantly at the 48hr time point for all conditions with p values of 0.005** for the 

unstimulated CCD-18Co and <0.0001**** for stimulated cells.  This data showed an overall 

increase in gene expression at 48hr time point and a sustained ECM related gene expression 

and activated cellular state of the CCD-18Co cells, which is a similar gene expression pattern 

for activated fibroblasts. The TGF-β effect seen in this experiment in which mRNA levels of 

COL1A1, FN1 and TIMP1 are higher at 10ng/ml versus the top concentration of 200ng/ml 

shows a hermetic effect. Hormesis is biphasic dose-response that displays low concentration 

stimulation and a high concentration inhibitory effect. Within the hormetic zone, the biological 

response to low concentration exposure to TGF-β achieved the desired effect of upregulation 

of downstream target genes on the contrary, the top concentration of TGF-β at 200ng/ml 

showed an inhibitory effect that could be attributed to toxicity of the stimuli (547,548).  

 

Another point to note is that figure 5.11B shows no major changes to expression of ACTA2 

across all concentration in at 24 and 48 hrs respectively. It presents the argument if the 48 hr 

time point is enough to induce fibroblast to myofibroblast transition (FMT). A later timepoint 

of 72 hrs could have been tested to assess FMT as suggested by (549) in the literature but this 

was not tested, it is a limitation to the study. Overall, the ECM gene expression data obtained 

from the above experiments indicated an active phenotype of CCD-18Co upon stimulation with 

profibrotic mediators particularly TGF- β, the next step was to assess CCD-18Co proliferative 

capacity. 
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5.3.4.5 CCD-18Co proliferation increases upon stimulation with profibrotic factors   

Profibrotic factors in a fibrotic microenvironment modulate fibroblast proliferation, cellular 

proliferation is one of the key mechanisms through which fibroblasts drive pathogenesis and 

formation of strictures in CD (308). This assay was aimed at testing the effect of profibrotic 

factors on the proliferative capacity of CCD-18Co. Cells were seeded in 96 well plates at a low 

and high density of 6,250 and 25,000 cells per well respectively. CCD-18Co were stimulated 

with IL-1β, PDGF-BB and TGF-β at 100ng/ml for 20, 36 and 48 hrs in culture at 37°C/ 

5%CO2. A concentration of 100ng/ml concentration was chosen based on previous 

experiments where this concentration of TGF-β elicited the greatest effect on target gene 

expression. Cell proliferation was assessed using the MTT assay, in which metabolically active 

cells (thus proliferating cells) reduced tetrazolium salt (substrate) in the MTS reagent to form 

a dark coloured formazan dye.  

 

Figure 5.11: CCD-18Co have a higher expression of ECM related genes at 48hrs upon 

stimulation with TGF-β. CCD-18Co were cultured in a 24 well plate at 5x104 cells/ml up to 70% 

confluence in 10% FCS+EMEM (media). Cells were serum starved for 12hrs in 0.2% BSA+EMEM 

and stimulated with TGF-β at 1ng/ml, 10ng/ml, 50ng/ml 100ng/ml and 200ng/ml and cultured for 

24 and 48 hrs respectively at 370C and 5% CO2. RNA was extracted, cDNA was produced and 

qPCR was performed. Data are presented as relative gene expression to endogenous control SRSF4, 

2-ΔCt of COL1A1, TIMP1, ACTA2 and FN1. A) Plot shows relative gene expression of COL1A1 in 

response to stimulation by TGF-β at 1, 10, 50, 100, 200 ng/ml respectively B) Plot shows relative 

gene expression of ACTA2 in response to stimulation by TGF-β at 1, 10, 50, 100, 200 ng/ml 

respectively C) Plot shows relative gene expression of FN1 in response to stimulation by TGF-β at 

1, 10, 50, 100, 200 ng/ml respectively D) Plot shows relative gene expression of TIMP1 in response 

to stimulation by TGF-β at 1, 10, 50, 100, 200 ng/ml respectively. Gene expression at 24 hrs was 

compared to 48 hrs; SRSF4 was used as the endogenous control. Data represented as median with 

95% CI, n=3, 2way ANOVA multiple comparison (Sidak) performed. 
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Cell proliferation was measured after 4 hrs of adding the MTT reagent onto cells at the 20, 36 

and 48 hr time points respectively, by use of an ELISA plate reader, the absorbance was 

measured at an optical density of 490nm. Data analysis was performed using linear regression 

analysis in which case the R2 values were determined all of which were >0.97 meaning there 

was a correlation to the proliferative effect across the different stimulations. The data showed 

in figure 5.12 suggests increased proliferation of CCD-18Co upon stimulation with all the three 

profibrotic mediators (IL-1β, PDGF-BB and TGF-β). The proliferative effect seen on CCD-

18Co was time dependent with increase in proliferation most noticeable at 48hrs. The data 

aligned with what has already been published in the literature on the increase in proliferation 

of fibroblasts in a profibrotic microenvironment (425). It is therefore confirmation of a similar 

behavioural pattern between primary fibroblasts and CCD-18Co.    
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5.3.4.6 Primary liver fibroblasts proliferate upon stimulation with profibrotic factors  

To test the effect of profibrotic stimuli and to validate the proliferation assay, primary 

fibroblasts from explant primary sclerosing cholangitis (PSC) liver samples at passage 6 were 

stimulated with TGF-β and IL-1β at 100ng/ml in a 96 well plate. PSC primary fibroblasts were 

used due to the limited access to primary intestinal fibroblasts. Although it is different tissue 

types, fibroblast phenotypes are similar across tissue. Cells were cultured at 370C and CO2 

Figure 5.12: Increase in proliferation of CCD-18Co in the presence of profibrotic mediators 

A) Experimental set up of the proliferation assay, cells were seeded at different cell densities (0, 6250, 

25000 cells/200µl per well) and stimulated as; (unstim- no stimulant, CCD-18Co+IL-1β at 100ng/ml; 

CCD-18Co+ PDGF-BB at 100ng/ml; CCD-18Co+ TGF-β at 100ng/ml). Cells were then cultured at 

37°C/ 5%CO2 over 20hrs, 36hrs and 48hrs. MTS reagent was added for 4 hrs and absorbance read at 

OD 490nM using an ELISA plate reader. Graphs show CCD-18Co proliferation at the different time 

points. B) proliferation at 20 hrs C) proliferation at 36 hrs D) proliferation at 48 hr time points 

respectively. Measurement was performed using the MTS assay, each point represents a mean of 3 

replicates n=3. Three independent experiments performed in triplicate. Linear regression analysis was 

performed to determine the effect of profibrotic factors on CCD-18Co cell proliferation 
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over 20, 36 and 48 hrs respectively, the MTS reagent was added to determine the effect of 

profibrotic mediators on the proliferation of primary fibroblasts. Although statistical analysis 

was not performed on results from the proliferation assay as there were no repeat experiments 

done due to a limited access to primary fibroblasts, figure 5.13 shows a trend with increase in 

CCD-18Co proliferation at 48hrs. It also shows that stimulation of primary fibroblasts by 

profibrotic factors including IL-1β and TGFβ show an increase in proliferation of primary PSC 

fibroblasts. The trend seen in PSC primary fibroblasts give an insight on how profibrotic factors 

modulate proliferation, this could be translated to primary intestinal fibroblasts. 
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5.3.4.7 CCD-18Co show gene expression of BMP receptors in vitro  

The BMP pathway signals through BMPRIA, BMPRIB and BMPRII, and the associated signal 

transduction pathway is, in the most part, shared with other members of the TGF-β superfamily. 

To understand the dynamics in gremlin 1 regulation of the BMP/TGF-β signalling axis, it was 

important to establish expression levels of BMP receptors by CCD-18Co, dermal fibroblasts 

have been shown to express BMP receptors in a study performed by Fessing (2010). CCD-

Figure 5.13: Presence of profibrotic mediators increase proliferation in primary fibroblasts 

from PSC explant liver. A) Cells were seeded at different cell densities (0, 390, 1562, 6250, 25000 

cells/200µl per well) and stimulated as; (fibroblasts only- no stimulant, fibroblasts + TGF-β; 

fibroblasts + IL-1β) at 100ng/ml. Cells were cultured at 37°C/ 5% CO2 over 20hrs, 36hrs and 48hrs. 

MTS reagent was added for 4 hrs and absorbance read at OD 490nM using an ELISA plate reader. 

B-D) Graphs show fibroblast proliferation at the 20hr, 36hr and 48hr time points respectively 

measured by MTS assay, each point represents a mean of 3 replicates n=1. Statistical analysis was 

not performed due to few repeats limited by available samples  
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18Co were stimulated with TGF-β at 1, 10, 50, 100 and 200 ng/ml and left in culture over 24 

and 48 hrs respectively. The expression levels of BMPRIA, BMPRIB and BMPRII were 

analysed using RT-qPCR. Gene expression data shown in figure 5.14 indicated very low 

expression of the 3 receptors relative to the house keeping gene by CCD-18Co. There was no 

statistical significance in expression between stimulation at 24 and 48 hrs except for the 

10ng/ml concentration effect on expression of BMPRIA shown in figure 5.14A (p value= 

<0.008**).  

 

In summary, the data generated this for showed that CCD-18Co are phenotypically similar to 

primary fibroblasts. CCD-18Co are morphologically flat and spindle shaped which is a similar 

morphology to that of primary fibroblasts. CCD-18Co express CD90 (Thy1), PDGFRβ, 

vimentin and α-SMA, well documented stromal cell markers. The cells respond to profibrotic 

mediators with increased expression of profibrotic target genes upon stimulation with TGF-β 

predominantly at the 100 ng/ml concentration. CCD-18Co also showed expression of BMP 

receptors which are key molecules in BMP receptor signalling. These findings affirm the 

similarity in phenotype between CCD-18Co and primary fibroblasts, with challenges faced in 

obtaining gut primary fibroblasts, there was confidence in utilising CCD-18Co as an in vitro 

cell line model to study the role of gremlin 1 in regulating BMP/TGF-β signalling and how this 

contributes to formation of strictures in CD. 
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5.3.5 Gremlin 1 and its role in BMP/ TGF-β signalling 

Increased levels of gremlin 1 have been reported in multiple fibrotic conditions, the protein has 

been linked to mechanisms that promote fibroblast proliferation and migration (Yang et al., 

2021), the next section covers studies performed to understand the role of gremlin 1 in fibrosis 

while using CCD-18Co as an in vitro model.  

 

5.3.5.1 CCD-18 express GREM1 at transcript level at different time points    

To assess baseline expression of GREM1 mRNA, CCD-18Co at a dilution of 5x104 cells/ml 

were seeded in a 24 well plate and left in culture for 24 and 48 hrs respectively. Unstimulated 

cells were lysed, and RT-qPCR performed on cDNA to check for GREM1 mRNA expression. 

The data as represented in figure 5.15 shows that while CCD-18Co express GREM1 there was 

no significant difference in expression of GREM1 between cells left in culture for 24 or 48 hrs. 

There is no information in the literature to indicate mRNA expression levels at different time 

points.  

Figure 5.14: CCD-18Co have similar expression patterns of BMP receptors at 24 and 48 hrs.  

CCD-18Co were cultured in a 24 well plate at 5x104 cells/ml up to 70% confluence in 10% 

FCS+EMEM (media). Cells were serum starved for 12hrs in 0.2% BSA+EMEM and stimulated 

with TGF-β at 1ng/ml, 10ng/ml, 50ng/ml 100ng/ml and 200ng/ml and cultured for 24 and 48 hrs 

respectively at 370C and 5% CO2. RNA was extracted, cDNA was produced and RT-qPCR was 

performed. Data are presented as relative gene expression to endogenous control SRSF4, 2-ΔCt of 

BMPRIA, BMPRIB and BMPRII  A) Plot shows relative gene expression of BMPRIA in response to 

stimulation by TGF-β at 1, 10, 50, 100, 200 ng/ml respectively B) Plot shows relative gene 

expression of BMPRIB in response to stimulation by TGF-β at 1, 10, 50, 100, 200 ng/ml respectively 

C) Plot shows relative gene expression of BMPRII in response to stimulation by TGF-β at 1, 10, 

50, 100, 200 ng/ml respectively. Gene expression at 24 hrs was compared to 48 hrs; SRSF4 was 

used as the endogenous control Data represented as median with 95% CI, n=3, 2way ANOVA 

multiple comparison (Sidak) performed. 
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5.3.5.2 CCD-18 express GREM1 upon stimulation with TGF-β at transcript level  

Having established GREM1 expression at baseline, GREM1 expression was assessed following 

stimulation with TGF-β. Cells were seeded, then stimulated with TGF-β at 1, 10, 20, 50, 100 

and 200 ng/ml. Cells were left in culture for 24 and 48 hrs respectively, RNA was extracted 

and RT-qPCR performed on cDNA to check for GREM1 expression. Figure 5.16 shows the 

levels of GREM1 at 24 and 48 hr time points post TGF-β stimulation at different 

concentrations. The highest GREM1 expression is seen at 24 hrs with a 100 ng/ml TGF-β 

stimulation. The lowest expression level of gremlin 1 is seen at the highest concentration of 

200ng/ml, this could be explained by increased toxicity of TGF-β at the highest concentration. 

This could have been confirmed by performing a toxilight assay to assess toxicity; however, 

this was not performed at the time of the study. The TGF-β effect across the different 

concentrations is not significant due to the variability in the data as seen in the error bars. These 

Figure 5.15: Unstimulated CCD-18Co express GREM1 at transcript level. CCD-18Co were 

cultured in a 24 well plate at 5x104 cells/ml and cultured for 24 and 48 hrs respectively at 370C and 

5% CO2. RNA was extracted, cDNA was produced and RT-qPCR performed. Data are presented as 

relative gene expression to endogenous control SRSF4, 2-ΔCt of GREM1. Plot shows relative gene 

expression of GREM1 in unstimulation CCD-18Co. SRSF4 was used as the endogenous control. Data 

presented as median with 95% CI, n=3, t test (non- parametric tests) Mann-Whitney test was performed 
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data showed transcription of GREM1 in CCD-18Co both at baseline and upon stimulation with 

TGF-β. The next step was to assess translation by assessing protein levels of gremlin 1. One of 

the main challenges with detection of gremlin 1 at protein level is the lack of reliable 

commercially available antibodies that can be used for protein detection using techniques such 

as western blot. Gremlin 1 protein secretion levels were measured in supernatants collected 

from CCD-18Co cell cultures using ELISA. 

 

 

 

 

Figure 5.16: CCD-18Co express GREM1 in response to TGF-β stimulation at 24hrs.  CCD-18Co 

were cultured in a 24 well plate at 5x104 cells/ml up to 70% confluence in 10% FCS+EMEM (media). 

Cells were serum starved for 12hrs in 0.2% BSA+EMEM and stimulated with TGF-β1 at 1ng/ml, 

10ng/ml, 50ng/ml 100ng/ml and 200ng/ml and cultured for 24 and 48 hrs respectively at 370C and 5% 

CO2. RNA was extracted and RT-qPCR was performed. Data was presented as relative gene 

expression to endogenous control SRSF4, 2-ΔCt of GREM1. Plot shows relative gene expression of 

GREM1 in response to stimulation at 24 and 48 hr time course. Gene expression at 24 hrs was 

compared to 48 hrs; SRSF4 was used as the endogenous control. Data presented as median with 95% 

CI, n=3, 2-way ANOVA multiple comparison (Kruskal-Wallis test) performed 
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5.3.5.3 Increased levels of gremlin 1 protein secreted in supernatants of CCD-18Co with 

TGF-β stimulation at 72hrs       

To determine translation of GREM1 by CCD-18Co to protein and to check for extracellular 

gremlin 1 secretion, CCD-18Co were seeded and stimulated with profibrotic factors including 

TGF-β at 1ng/ml, 10ng/ml and 50ng/ml in parallel with Plasminogen activator inhibitor-1 

(PAI-1) and fibroblast growth factor (FGF2) at 50ng/ml.  TGF-β and PAI-1 were used as they 

have been well documented as potent profibrotic factor (551) while FGF2 is reported as an 

inhibitor of profibrotic mechanisms (552). CCD-18Co were cultured for 24, 48 and 72 hrs 

respectively, and supernatants were collected for gremlin 1 ELISA assay as summarised in the 

experimental setup (figure 5.17A).  

 

Data generated from the ELISA assay in figure 5.17B showed low levels of gremlin 1 in 

supernatants of unstimulated CCD-18Co, which was similar to the level of protein seen in 

CCD-18Co stimulated with 50ng/ml of FGF2, with a slight increase in protein levels between 

24 and 48 hrs but a decrease towards 72 hr time points. On the other hand, PAI-1 stimulated 

cells had a high expression of gremlin 1 at 24 hrs, however there was a gradual decrease in 

protein detected at 48 hrs and even further at 72 hrs. There was an overall increase in gremlin 

1 expression in TGF-β stimulated CCD-18Co, protein levels in supernatants increased at 48 

hrs and furthermore at 72 hrs for all concentrations. The highest increment in protein expression 

was seen in supernatant of cells stimulated with TGF-β at 50ng/ml. Statistical analysis was not 

performed as there were no repeats performed for this experiment due to a lack of supply of  

ELISA plates that was a direct consequence of the pandemic (COVID). This protein expression 

data is an added validation and confirmation of mRNA expression data in figure 5.16 above, it 

shows that CCD-18Co respond to potent profibrotic factors such as TGF-β to express GREM1 

at transcript level, can translate and secrete gremlin 1 into extracellular spaces. 
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The data presented in the sections above shows expression of gremlin 1 both at transcript and 

protein level by CCD-18Co. To explore the regulatory role of gremlin 1 further based on the 

observation that GREM1 expression was upregulated in the stricture in our bulk RNA-seq data, 

with expression deriving predominantly from stromal cells as seen in the scRNA-seq data 

(chapter 3). There have also been several studies that suggest that gremlin 1 plays a key role in 

organ fibrosis (489,553) . The underlying mechanisms however are not well understood 

especially in intestinal fibrosis and therefore the next section explores over expression of 

GREM1 in CCD-18Co in vitro and seeks to determine how this may interfere with signalling 

downstream the BMP/TGF-β axis.  

 

 

Figure 5.17: CCD-18Co secrete gremlin 1 upon stimulation with profibrotic mediators.  

A) Summary of the experimental set up, CCD-18Co were seeded at 5x104 cells/ml per well in 24 well 

plates until 70% confluence, cells were starved of serum by replacing with 0.2% BSA+ EMEM media. 

Cells were then stimulated with TGF-β (1ng/ml, 10ng/ml and 50ng/ml), PAI-1 at 50ng/ml and FGF2 

at 50ng/ml, unstimulated cells were included. Cells were left in culture at 370C; 5% CO2 and 

supernatants were collected at 24, 48 and 72 hrs. Gremlin 1 protein levels were determined through an 

ELISA assay. B) The graph displays gremlin 1 protein expression levels in supernatants collected from 

unstimulated and stimulated CCD-18Co at 24, 48 and 72 hr time points. Each condition was processed 

and analysed in triplicate n=1  
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5.3.6 Over expression of GREM1 in CCD-18Co using lentivirus 3-vector protocol  

To generate GREM1 over expressing CCD-18Co cell line, gene transduction was performed 

using a lentiviral approach. Cloning using lentivirus was an already established method in the 

lab (Weston group), and a member of the research team performed the cloning process. A brief 

outline of the cloning process and production of virus particles is outlined in figure 5.18. The 

GREM1 sequence was inserted into the pWPI-Puro plasmid by means of a Pmel restriction 

site. As the pWPI-Puro plasmid also encodes green fluorescent protein (GFP) from a separate 

promoter, we were able to monitor transduction efficiency of both GREM1 and the empty 

vector control by GFP fluorescence.  

 

In addition to the vector plasmids, two viral packaging plasmids were included as is the case 

with third generation manufacture of lentiviruses; one encodes for Rev element while the other 

encodes for gag and pol. These lentivirus packaging plasmids improved the efficiency of 

transduction and transgene expression; Rev element was important in export of RNA to the 

cytoplasm for virion packaging while the gag-pol element is important in virion assembly by 

mediating protein-protein interaction leading to formation of spherical particles, virus plasma 

membrane binding and recruitment of envelop proteins used for packaging genomic RNA 

(554,555). The three plasmids (vector plasmid and 2 packaging plasmids) were inoculated into 

E.Coli to allow viral assembly and formation of multiple clones, viral DNA was then collected, 

purified and sequenced to ensure that the transgene adequately integrated into the viral DNA. 

Once the viral sequence was confirmed, plasmid DNA was transfected into HEK293T cells to 

allow for expansion of the viral particles containing GREM1 transgene and control. 

Transfected HEK293T cells were lysed and the virion particles purified and stores at -800C 

ready for used in downstream experiments involving overexpression of GREM1. 
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5.3.6.1 Efficiency of lentiviral mediated GREM1 overexpression in CCD-18Co  

To check transduction efficiency of lentivirus plasmids containing the inserted GREM1 

transgene in CCD-18Co, infected cells (either GFP vector alone or GFP vector transduced with 

GREM1 encoding vector) in culture at 5 days post transduction were imaged under a 

fluorescent microscope for green fluorescent protein (GFP) expression which acts as a reporter 

Figure 5.18:  Preparation of GREM1-GFP tagged and control lentiviral particles. 

Step 1: construction of expression vector, Pmel restriction enzyme cleaves the Pmel restriction site 

when the GREM1 transgene or control anneal into the empty transfer plasmid, the single stranded 

DNA molecule with the new transgene (GREM1 or control) underwent a process of hybridization and 

ligation to form a stable double stranded DNA molecule in the vector plasmid. Step 2: Vector plasmid 

and viral packaging plasmids were inserted into E.coli for viral assembly and manufacture of clones. 

Step 3: E.coli is lysed and plasmid DNA was collected, purified and sequenced to ensure the correct 

insertion of GREM1 Step 4: plasmid DNA with the correct target sequence of GREM1 was then 

transfected into HEK293T cells to generate more copies of virion particles for both over expression 

and control. 
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gene and an indicator of successful transduction. Green fluorescence was seen in both CCD-

18Co-GFP-control (figure 5.19B) and CCD-18Co-GFP-GREM1 over expressors (figure 

5.19C). To check for the quantity of GREM1 transcript product between CCD-18Co-GFP-

GREM1 over expressors and control, semi-quantitative PCR was performed. Amplification 

was carried out at 20 and 30 cycles respectively. The PCR products were loaded onto a 2% 

agarose gel alongside a DNA ladder. As seen in figure 5.19D, the band size for the expected 

PCR product which was 567 base pairs was detected using the Chemidoc imaging system. The 

band intensity in DNA from GREM1 over expressing CCD-18Co appeared stronger than the 

control. The absolute intensity values obtained from ImageJ as seen in figure 5.19E further 

confirm the successful transduction and over expression of GREM1 in CCD-18Co. 

 

In addition, GREM1 mRNA levels were determined by RT-qPCR, figure 5.19F shows relative 

expression level of GREM1 in CCD-18Co GREM1 over expressers, the data shows a 2-fold 

change increase in expression as compared to control cells. No major changes in expression 

for both GREM1 and GFP was seen in control cells, there is still expression of GREM1 most 

likely associated to endogenous GREM1.There was a noticeable upregulation in GREM1 

expression in CCD-18Co cells transduced with GREM1 plasmid. 
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5.3.6.2 Sorting of GFP+ transduced CCD-18Co to improve purity  

To improve purity and enrich GREM1 transduced CCD-18Co, fluorescence activated cell 

sorting (FACS) was performed on transduced cells based on their expression of GFP. 

Transduced cells in culture were trypsinised, washed in 2% FBS+PBS and resuspended into 

single cell suspensions in preparation for cell sorting. As seen in figure 5.20, gates were set up 

based on side scatter and forward scatter, this was performed on the Flow sorter (BD 

FACSAria), doublets were excluded based on forward scatter height and area parameters, GFP 

positive cells were then selected. CCD-18Co cells that were not transduced with GFP were 

used to set gates in order to select GFP positive cells (figure 5.20 Row A). Of the cells that 

were selected, 12% were GFP positive from the CCD-18Co- control samples (figure 5.20 Row 

B) while 9.3% were positive for the CCD-18Co-GREM1 sample (figure 5.20 Row C). The 

GFP positive sorted cells were washed and re-plated back in culture. Transduced cells adhered 

onto the plate; however, the cells did not proliferate any further when left in culture at 370C 

Figure 5.19: Transduction efficiency of GREM1 lentivirus particles into CCD-18Co. A) CCD-

18Co were seeded at 4X105 cells per well for 12 hrs; lentivirus with transgene insert (GREM1 and 

an empty plasmid (control) both tagged with GFP were added into the respective wells (5µl per 

well), cells were left in culture at 370C 5%CO2. Media containing the lentivirus was replaced after 

48 hrs. B) Transduced CCD-18Co-GFP-control cells were imaged under a Zeiss inverted 

fluorescent microscope to assess transduction efficiency C) Transduced CCD-18Co-GFP-GREM1 

cells were imaged under a Zeiss inverted fluorescent microscope to assess transduction efficiency 

D) Representative 2% agarose gel image showing GREM1 DNA amplified using semi-quantitative 

PCR at 20 and 30 cycles respectively, the bands appearing correspond to the expected PCR product 

of 567 base pairs for the GREM1 sequence, imaging was performed on the Chemidoc imaging 

system E) Graph showing band intensities at 20 cycles for both the control and GREM1 over 

expressing CCD-18Co F) Graphs shows relative expression as a fold change value in expression of 

both GFP and GREM1 in over expressing cells and control; SYBR green fluorescent dye used for 

qPCR.  
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CO2. The loss in proliferative capacity may be attributed to mechanical cell stress cellular 

stress as a result of cell sorter induced cell stress (SICS) given how large in cell size CCD-

18Co are (556). The cell stress may have induced cellular senescence hence losing cell 

proliferative capacity. The loss in cell proliferative capacity meant there were insufficient 

numbers to perform any further experiments on the sorted GFP positive cells.  

 

 

Figure 5.20: Gating strategy for sorting of CCD-GFP positive cells. Transduced CCD-18Co were 

detached using trypsin and washed ready for sorting using the BD FACSAria cell sorter. Row 1 shows 

non transduced CCD-18Co that were used as background to determine the positive GFP signal. Row 2 

shows transduced CCD-18Co-GFP-control cells that were selected based on side and forward scatter, 

singlets were selected based on forward scatter height and area, GFP+ve labelled cells were selected 

based on FITC positive signal and the gate as determined by unlabelled cells. Row 3 shows transduced 

CCD-18Co-GFP-GREM1 cells that were selected, doublets excluded based on side and forward scatter, 

GFP+ve labelled cells were selected based on green fluorescence (FITC) positive signal, the negative 

gate was set up using un-transduced CCD-18Co. 
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5.3.7 Optimisation of siRNA transfection to knock down GREM1 in CCD-18Co 

From previous experiments, I had shown expression of endogenous gremlin 1 at transcript and 

protein level. However, due to the loss in proliferative capacity of the GREM1 overexpressed 

CCD-18Co, an alternative approach was tested in which endogenous GREM1 knock down 

model was generated to study effects on downstream signalling of the TGF-β signalling 

pathway. In this section, optimisation was carried out to knock down GREM1 expression in 

CCD-18Co, using four synthetic small interfering RNA (siRNAs). The four siRNAs are 

designed each with a unique sequence to specifically target different regions of GREM1.  

 

5.3.7.1 Small interfering RNA (siRNA) knockdown model I: use of Lipofectamine 

transfection reagent did not knock down GREM1 

First optimisation experiment involved seeding CCD-18Co in a 24 well plate at 50,000 cells 

per well. Transfection with the respective GREM1 siRNAs (1-4) at a concentration of 10 nM 

and 20 nM was performed. The transfection reagent used was Lipofectamine 3000 (30µl/well) 

and the corresponding P3000 reagent (10µl/well) in Opti-MEM media (Low serum). Cells were 

left in culture at 370C for 48hrs; lysed and GREM1 expression assessed using RT-qPCR, 

GREM1 gene expression was analysed. The knock down effect of GREM1 gene expression 

relative to control siRNA is shown in figure 5.21A (siRNA1), figure 5.21B (siRNA2), figure 

5.21C (siRNA3) and figure 5.21D (siRNA4). Overall, the graphs show minimal efficiency in 

knocking down GREM1 in CCD-18Co. Figure 5.21A shows a slight knock down effect at a 

0.6 ratio with the use of siRNA1 at 20nM relative to control siRNA. Figure 5.21B shows a 

reverse effect in which there is an upregulation of GREM1 at both concentrations of siRNA2 

relative to the non-transfected CCD-18Co. Figures 5.21C and figure 5.21D did not show a 
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knock down effect when siRNA3 and siRNA4 were used. Overall, the experiment did not show 

a significant knock down effect of GREM1.  

  

 

 

Figure 5.21: Assessing the knock down effect of siRNAs to suppress GREM1 expression when 

using lipofectamine as a transfection reagent. CCD-18Co were seeded at 5X104/cells per well for 

12 hrs to adhere. Cells were transfected with siRNAs (1-4) including control siRNA and non-

transfected cells (NT), lipofectamine reagent was added in Opti-MEM media (low serum). Cells were 

left in culture for 48hrs. Cells were lysed, RNA extracted, and RT-qPCR was performed on cDNA to 

check GREM1 expression. Graphs show effect of using GREM1 siRNA1 (A), siRNA2 (B), siRNA3 

(C) and siRNA4 (D) at 10nM and 20nM on GREM1 gene expression compared to control siRNA and 

non-transfected cells n=1 
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5.3.7.2 Small interfering RNA (siRNA) knockdown model II: use of Qiagen transfection 

reagent showed a GREM1 knock down effect 

From the previous experiment, the expected knock down effect was not achieved. I suspected 

the low success right may be attributed to incompatibility between the siRNA and the 

transfection reagent hence reducing the cellular uptake of siRNA to achieve effective knock 

down effects. In this experiment set up, the transfection reagent was changed to the HiPerFect 

reagent from Qiagen. It was easier to trouble shoot with this because the same supplier provided 

both siRNA and transfection reagent. The experimental set up was similar to that described 

above with CCD-18Co seeded in a 24 well plate at 50,000 cells per well before being 

transfected with the respective GREM1 siRNAs (1-4) at a concentration of 10 nM and 20 nM 

respectively, non-targeting siRNA at 20 nM was added as a control. HiPerFect transfection 

reagent (4.5µl/well) was added into the respective wells as per the manufacturers’ 

recommendation. Cells were left in culture at 370C for 48hrs; Cells were lysed and by RT-

qPCR, GREM1 gene expression was analysed. Despite changes to the transfection reagent in 

this experiment, figure 5.22 shows low efficiency in knock down of GREM1 expression in 

CCD-18Co with the use of siRNA2 (figure 5.22B), siRNA3 (figure 5.22C) and siRNA4 (figure 

5.22D) at the 48hr time point. There was a trend that showed a 0.4 (60%) knock down ratio 

with the use of siRNA1 (20nM) at 48 hrs post transfection with siRNA1 as seen in figure 5.22A. 

With this trend, further experiments testing out different conditions were tested to optimise the 

knock down efficiency.   
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Figure 5.22: Assessing different siRNAs efficiency to suppress GREM1 expression when using 

HiPerFect as a transfection reagent. CCD-18Co were seeded at 5X104/cells per well for 12 hrs to 

adhere. Cells were then transfected with siRNAs (1-4) including control siRNA and non-transfected 

cells (NT), HiPerFect transfection reagent (Qiagen) at 4.5µl was added with EMEM without serum. 

Cells were left in culture for 48hrs. Cells were then lysed, RNA extracted and RT-qPCR was performed 

on cDNA to check GREM1 expression. Graphs show effect of using GREM1 siRNA1 (A), siRNA2 

(B), siRNA3 (C) and siRNA4 (D) at 10nM and 20nM on GREM1 gene expression compared to control 

siRNA and non-transfected cells n=1.  
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5.3.7.3 Further optimisation of GREM1 siRNA1 at a higher concentration of 60nM  

The data shown in figures 5.21 and 5.22 showed a trend in which the highest knock down effect 

of GREM1 expression was seen in CCD-18Co transfected with 20nM of siRNA1 at 48hrs post 

transfection. To improve knock down efficiency and increase the assay window, siRNA1 was 

used at 20nM and 60nM respectively while maintaining the volume of HiPerFect transfection 

reagent used at 4.5µl for 48 hrs. Figure 5.23A showed a 0.7 ratio relative to the non-transfected 

cells with siRNA1 used at 20nM for 48 hrs. This was a 30% knock down effect compared to 

the 60% knockdown that was shown in the previous experiment. Using siRNA1 at 60nM 

showed a 0.6 (40%) knock down ratio at 48 hrs post transfection with siRNA1 as seen in figure 

5.23B. The results were not consistent in this experiment and the previous one. However, there 

was a trend that showed a slight increase in knockdown effect at a higher concentration of 

60nM as compared to 20nM. The next experiment was set up to improve knock down efficiency 

by altering volume of the transfection reagents at different time points.  
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5.3.7.4 Increase in GREM1 knock down using siRNA1 at a later time point of 72 hours   

To improve knockdown efficiency of siRNA1, further optimisation experiments to increase the 

efficiency of GREM1 siRNA1 were performed by addition of varying volumes of transfection 

reagent and comparing knock down at 3 different time points. CCD-18Co were stimulated with 

siRNA1 at 60nM with variation in the amount of transfection reagent added (1.5µL, 3µL and 

4.5µL) in each well, cells were left in culture at 24, 48 and 72 hrs respectively. The results of 

GREM1 mRNA expression are shown in figure 5.24 where GREM1 expression was reduced 

at 60nM of siRNA1. There was a decreased GREM1 expression across all conditions with p 

values of <0.0001, however, the highest knockdown was seen at 72 hrs where knockdown was 

up to 70% relative to control siRNA. Multiple comparison analysis using 2way ANOVA was 

performed to check if siRNA affects the results (control siRNA versus GREM1 target siRNA) 

Figure 5.23: Assessing siRNA1 efficiency at 20nM vs 60nM to suppress GREM1 expression. 

CCD-18Co were seeded at 5X104/cells per well for 12 hrs to adhere. Cells were then transfected with 

siRNA1 (20nM and 60nM respectively), control siRNA (60nM) and non-transfected cells (NT), 

HiPerFect transfection reagent (Qiagen) at 4.5µl was added with EMEM without serum. Cells were 

left in culture for 48hrs. Cells were then lysed, RNA extracted, and RT-qPCR was performed on 

cDNA to check GREM1 expression. A) Graph shows effect of using GREM1 siRNA1 at 20nM at 48 

hrs B) Graph shows effect of using GREM1 siRNA1 at 60nM at 48 hrs. Control siRNA was used at 

the higher concentration at 60nM. Data presented as median with 95% CI, statistics was performed 

using one-way ANOVA and multiple comparisons were performed using the Kruskal-Wallis test 

(*P<0.05) n=3 
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and if time has an effect on knock down. The statistical test comparison showed the effect of 

siRNA comparison as extremely significant with a p value of <0.0001. The data shows a knock 

down effect at all time points, however, the highest knock down effect is seen at 72 hrs with 

transfection reagent used at 4.5µL, the knock down effect was at a ratio of 0.3 (70% knock 

down effect) relative to control siRNA. This was the highest knock down effect seen 

throughout the whole optimisation process and was used for further experiments.  
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5.3.7.5 GREM1 knock down effect maintained at 48hrs post transfection  

Gene knockdown effect has been shown to last up to 5 days post transfection, studies show that 

24–96 hrs is the ideal time periods for accessing gene knockdown and investigating functional 

effects of siRNA knockdown in cell culture (557). To confirm if the knock down effect is 

maintained during the time frame of the assay window, cells were transfected with siRNA1 at 

60nM and transfection reagent of 4.5µL for 72 hrs. After which, media containing the 

siRNA/transfection reagent complex was removed and replaced with the normal cell culture 

media. Cells were left in culture for an additional 24 and 48 hrs. Cells were collected at the end 

of the time points and lysed ready for RNA extraction, and RT-qPCR for GREM1 expression. 

The data shown in figure 5.25 confirms that the knock down effect was maintained 48 hrs post 

transfection with comparisons between control and siRNA transfected cells showing 

statistically significant differences in expression both at 24 hrs (p value=0.0352*) and 48 hrs 

(p value=0.0002***) post transfection. Interestingly, expression of GREM1 seemed to recover 

at 48 hrs with a slight increase in expression as compared to 24 hrs with a p value of 0.055, this 

Figure 5.24: GREM1 mRNA expression was reduced in CCD-18Co at 72 hrs following 

transfection of 60 nM siRNA. CCD-18Co were seeded at 5X104/cells per well for 12 hrs to adhere. 

Cells were then transfected with siRNA1 and control siRNA at 60nM, non-transfected cells (NT) 

were included. HiPerFect transfection reagent (Qiagen) was added at varying volumes 1.5µl, 3µl 

and 4.5µl made up in EMEM without serum. Cells were left in culture for 24, 48 and 72 hrs 

respectively. Cells were then lysed, RNA extracted, and RT-qPCR was performed on cDNA to 

check for GREM1 expression. A) Table showing conditions in which cells were transfected. 

GREM1 mRNA expression shown in comparison to non-transfected cells and control siRNA over 

24, 48 and 72 hrs at varying dilutions of transfection reagent (1.5µl, 3µl and 4.5µl).  B-D) 

Knockdown of GREM1 expression when using 1.5µl (B), 3.0 µl (C) or 4.5 µl (D) of transfection. 

Data presented as median with 95% CI, statistics was performed using a two-way ANOVA and 

multiple comparisons were performed using the Kruskal-Wallis test (*P<0.05, **P<0.005, 

***P<0.0005, ****P<0.0001) n=3. 
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showed a trend towards loss of the knock down effect. This was a factor to consider when 

conducting further mechanistic experiments with longer time points.  

 

 

5.3.7.6 TGF-β inhibits GREM1 expression in siRNA transfected CCD-18Co 48 hrs post 

transfection.  

TGF-β is known to regulate fibrosis through TGF-β/SMAD signalling axis, the literature 

suggests cross talks between TGF-β and BMP pathways. To assess the effect of recombinant 

TGF-β on expression of GREM1 in CCD-18Co, cells were transfected with siRNA1 and 

control at 60nM concentration with transfection reagent of 4.5µl for 72 hrs. Cells were  

Figure 5.25: GREM1 mRNA expression maintained 48 hrs post transfection. CCD-18Co were 

seeded at 5X104/cells per well for 12 hrs to adhere. Cells were then transfected with siRNA1 and 

control siRNA at 60nM, non-transfected cells (NT) were included, HiPerFect transfection reagent 

(Qiagen) was added at 4.5µl made up in EMEM without serum. Cells were left in culture for 72 hrs. 

Media containing siRNA was then replaced by complete media (10% FBS+EMEM), and cells were 

maintained in culture and collected at 24 and 48 hrs post. Cells were lysed, RNA extracted and RT-

qPCR was performed on cDNA to check for GREM1 expression. Graph shows expression of GREM1 

relative to SRSF4 that was used as the endogenous control. Data presented as median with 95% CI, 

statistical significance on gene expression with time was determined by performing a one-way 

ANOVA and multiple comparisons were performed using tukey (*P<0.05, **P<0.005, ***P<0.0005, 

****P<0.0001) n=3 
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stimulated with TGF-β at 50ng/ml and 100 ng/ml respectively. Cells were collected at the 24 

hr and 48 hr time points and lysed ready for RNA extraction for RT-qPCR. The data shown in 

figure 5.26 shows the presence of TGF-β at both concentrations inhibits expression of GREM1 

48 hrs post stimulation, no effect on GREM1 expression is seen at 24 hrs. Comparison between 

unstimulated and stimulated transfected cells (GREM1 knock down) indicate an inhibitory 

effect that TGF-β stimulation exerts on CCD-18Co expression of GREM1 at 48 hrs with a 

statistical significance; p value at 50ng/mL (p value 0.014) and 100ng/mL (p value 0.024) 

respectively. This suggests that TGF-β stimulation does not rescue expression of GREM1 in 

siRNA transfected CCD-18Co. No effect of TGF-β stimulation was seen at 24 hrs.  

 

 

Figure 5.26: TGF-β stimulation does not rescue GREM1 expression in transfected CCD-18Co 

48hrs post knockdown. CCD-18Co were cultured and transfected with GREM1 siRNA or control 

and left in culture for 72hrs at 370C and 5% CO2. Cells were then stimulated with TG-Fβ1 at 50ng/ml 

and 100ng/ml respectively for 48hrs. Cells were harvested and processed for qPCR to ensure GREM1 

gene expression levels were maintained post transfection. Relative gene expression is expressed as 2-

ΔCt. Data presented as median with 95% CI, n=3, statistics performed using 2-way ANOVA with 

multiple comparisons performed. 



 
 

250 
 

5.3.7.7 TGF-β inhibits ACTA2 expression in siRNA transfected CCD-18Co 48 hrs post 

transfection.  

To study the effect of TGF-β stimulation on siRNA transfected CCD-18Co, CCD-18Co were 

transfected with either control siRNA or GREM1 siRNA at 60nM concentration with 4.5µL 

per well of transfection reagent and cells left in culture for 72 hrs, cells were stimulated with 

TGF-β at 50ng/ml and 100 ng/ml respectively, unstimulated cells were included as controls. 

Cells were collected at the 24 hr and 48 hr time points and lysed ready for RNA extraction and 

RT-qPCR. The readout for this experiment was ECM genes including COL1A, ACTA2, 

TIMP1 and FN1. The data shown in figure 5.27 shows similar trends in target gene expressions 

at the 24 and 48 hr time points suggesting that overall, time does not significantly affect gene 

expression.  

 

However, stimulation with TGF-β has a significant effect on overall gene expression. The data 

shows that knocking down GREM1 has a significant (p value 0.013) inhibitory effect in 

expression of ACTA2, a known profibrotic gene as seen in unstimulated cells in figure 5.27B. 

In addition, stimulation with TGF-β does not reverse the inhibitory effect of GREM1 knock 

down. On the contrary, knocking down GREM1 slightly increases expression of COL1A1, 

TIMP1 and FN1 at 24 and 48 hrs respectively. Stimulation of transfected CCD-18Co with 

TGF-β enhanced the level of expression of COL1A (figure 5.27A), TIMP1(figure 5.27C) and 

FN1(figure 5.27D). This effect was seen specifically in CCD-18Co in which GREM1 had been 

knocked down. It suggests a rescue response either due to increased TGF-β signalling or 

alternative mechanisms that may have been activated due to the knock down effect.  
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5.3.7.8 Gremlin 1 promotes proliferation of CCD-18Co in vitro.  

To investigate the biological effect of gremlin 1 on proliferation, CCD-18Co were transfected 

with either control siRNA or GREM1 siRNA at 60nM concentration with 4.5µL per well of 

transfection reagent and cells left in culture for 72 hrs, cells were stimulated with TGF-β at 

50ng/ml and 100 ng/ml respectively, unstimulated cells were included as controls. Cells were 

collected at the 24 hr and 48 hr time points and lysed ready for RNA extraction and RT-qPCR. 

The readout for this experiment was MKI67 as a known marker for cellular proliferation. Figure 

5.28 showed that GREM1 knockdown resulted in a significant reduction in proliferation of 

CCD-18Co as seen by reduced expression of MKI67 (p value <0.0001) at 24 hrs. A similar 

trend was seen at 48 hrs however, this was not statistically significant. Stimulation with TGF-

β did not have an effect on CCD-18Co at both time points. The data suggest a role for GREM1 

in proliferation of CCD-18Co.  

 

Figure 5.27: GREM1 siRNA knockdown decreases ACTA2 expression in both 

unstimulated and TGF-β stimulated cells. CCD-18Co were seeded at 5X104/cells per well for 

12 hrs to adhere. Cells were then transfected with siRNA1 and control siRNA at 60nM, non-

transfected cells (NT) were included, HiPerFect transfection reagent (Qiagen) was added at 4.5µl 

made up in EMEM without serum. Cells were left in culture for 72 hrs respectively. Media 

containing siRNA was replaced by complete media (10% FBS+EMEM), cells were maintained 

in culture and collected at 24 and 48 hrs post. Cells were lysed, RNA extracted and RT-qPCR 

was performed on cDNA to check for ECM related genes A) COL1A1 B) ACTA2 C) TIMP1 and 

D) FN1 expression. Graph show expression of ECM genes relative to SRSF4 that was used as 

the endogenous control. Data presented as median with 95% CI, statistical significance on gene 

expression with time was determined by performing a one-way ANOVA and multiple 

comparisons were performed using tukey (*P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001) 

n=3.  
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5.4 Discussion  

Fibroblasts have been reported as the main effector phenotype in organ fibrosis (436). The aim 

of this section of the study was to understand the role of gremlin 1 in primary intestinal 

fibroblasts isolated from the proximal, stricture and distal segments of resected gut. These were 

to be used for in vitro cell cultures to study the role of gremlin 1 in the pathogenesis of stricture 

formation in CD. From this study, isolation of primary fibroblasts was successfully performed, 

however, the protocol optimisation process was not straight forward. Multiple protocols were 

tested including the “explant liver protocol” which is a well-established protocol for isolation 

Figure 5.28: GREM1 siRNA knockdown decreases proliferation in CCD-18Co. CCD-18Co were 

seeded at 5X104/cells per well for 12 hrs to adhere. Cells were then transfected with siRNA1 and 

control siRNA at 60nM, non-transfected cells (NT) were included, HiPerFect transfection reagent 

(Qiagen) was added at 4.5µl made up in EMEM without serum. Cells were left in culture for 72 hrs 

respectively. Media containing siRNA was replaced by complete media (10% FBS+EMEM), cells 

were maintained in culture and collected at 24 and 48 hrs post. Cells were lysed, RNA extracted and 

RT-qPCR was performed on cDNA to check for MKI67 proliferation gene. Graph shows expression 

of MKI67 relative to SRSF4 that was used as the endogenous control. Data presented as median with 

95% CI, statistical significance on gene expression with time was determined by performing a one-

way ANOVA and multiple comparisons were performed using tukey (*P<0.05, **P<0.005, 

***P<0.0005, ****P<0.0001) n=3 
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of primary fibroblasts from explant liver at the CLGR, Birmingham. The unsuccess with this 

protocol when used to process resection samples for fibroblast isolation was associated to 

sample size as explant liver used for the procedure was usually approximately 20-30g while 

resected tissue was limited to 1-2g as starting material; the protocol involved multiple wash 

steps that may have led to loss of fibroblast population which is generally a small population 

in tissue. Other tested protocols included the “organ culture protocol” which involved 

outgrowth of fibroblasts from tissue left in culture. This was successfully used by (558). 

However, in this study, the protocol was tested with no success, its not clear why the protocol 

in the literature could not be reproduced. The reason may be attributed to the tissue not being 

cut finely enough to expose fibroblasts to easily migrate out of the tissue and adhere to the 

culture plate, or that the abundance of fibroblasts was very low which may have been coupled 

with low cell viability leading to loss in the target cell population.  

 

The next protocol tested was based on flow cytometry data generated for this study that 

indicated that the frequency of epithelial cells was high within the stromal cell population. The 

“tissue enzymatic digestion protocol” involved depletion of epithelial cells from the tissue 

followed by tissue dissociation and digestion, the use of this protocol was also an unsuccessful 

attempt to isolate primary fibroblasts from resected tissue. Overall, the protocols used up to 

this point involved multiple wash steps. Fibroblasts are a small population in the tissue that are 

easily lost during multiple wash steps. The thought was to minimise multiple washes, while 

ensuring total tissue digestion and maintaining cellular viability with reduced processing time; 

hence the use of the “hybrid technique”.  This technique combined mechanical and enzymatic 

digestion and proved successful in isolation of primary intestinal fibroblasts.  

 

In general, the challenges faced during optimisation of the various protocols was limited access 

to tissue samples and low frequencies of tissue fibroblasts that are easily lost during the 
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isolation steps. To resolve this, explant liver tissue was used for optimisation, however, due to 

the differences in tissue type in the form of size and texture, it was not possible to directly 

replicate the same protocol to be used for isolation of fibroblasts from resected gut. The hybrid 

protocol that combined enzymatic and mechanical digestion was successfully used to isolate a 

total of 6 samples, 3 samples from the proximal and 3 samples from the stricture. Isolated 

fibroblasts were sub-cultured to a passage of 3, the cells seen in culture were spindle-shaped, a 

similar morphology to that of fibroblasts. The cells were cryopreserved at a low passage of 3 

in 5% DMSO:95% FCS for further downstream experiments. Fibroblasts have been shown to 

change phenotype with higher passages hence the need to keep the passage as low as possible 

(559). During the thawing process to perform characterisation and confirmation of phenotype, 

a large proportion of cell death was seen, the remaining fibroblasts in culture did not proliferate 

any further. The loss in proliferation capacity may be attributed to the cellular stress during the 

freezing down process resulting in induction of cellular senescence. The failure in cells to 

proliferate resulted in insufficient cell numbers for characterisation, phenotyping, and 

experimental assays to study the role of gremlin 1 in stricture formation in CD.  

 

As an alternative, the use of CCD-18Co was proposed for further downstream experiments. 

CCD-18Co is a normal human gut derived fibroblast cell line. For this study, CCD-18Co was 

used as an in vitro model to study mechanisms of stricture formation in intestinal fibrosis. The 

cell line was characterised to determine if it had a similar phenotype to that of primary 

fibroblasts. Fibroblasts are a heterogenous cell population, this makes cellular identification 

and characterisation challenging. In the past decade, multiple single cell studies have identified 

markers that can be used to identify and characterise fibroblasts. They have been shown to 

express CD90 (Thy1), PDGFRα, PDGFRβ, and podoplanin and α-SMA (560,561). A single 

cell study by (375) showed that GREM1 expression was localised to a cell population identified 

as fibroblasts, this was similar to findings from our sc-RNA-seq data in which GREM1 
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expression was localised to the stromal cell cluster. To validate the use of CCD-18Co as an in 

vitro model to study fibrotic mechanisms, characterisation was performed for expression of 

fibroblast markers. By flow cytometry, CCD-18Co showed a negative expression for CD45 

which is an immune cell marker, the cells were also negative for CD31 and EpCAM which are 

markers expressed on endothelial and epithelial cells respectively. Interestingly, CCD-18Co 

were negative for CD34 which is a mesenchymal cell marker and has been shown as expressed 

by fibroblasts (562). This may be attributed to the quality of the antibody that was used to 

perform the staining. In hindsight, antibody titration was not performed for this antibody which 

should have been done at the time. CCD-18Co were also negative for PDGFRβ by flow 

cytometry but positive by immunofluorescence, a technique in which permeabilisation for 

intracellular staining was performed.  

 

PDGFRβ belongs to a family of type III receptor tyrosine kinases (RTK), they are composed 

of an extracellular ligand binding domain, a transmembrane segment and an intracellular part 

containing a split tyrosine kinase domain. Ligand-induced dimerization of these receptors leads 

to activation of intrinsic kinase activity and subsequent autophosphorylation of tyrosine 

residues in the intracellular part. The flow cytometry staining performed to characterise CCD-

18Co was surface based, no permeabilisation was done to access receptor expression 

intracellularly. This may have limited access to the intracellular tyrosine kinase domain part of 

PDGFRβ which could be predominant in CCD-18Co. This argument can be supported by the 

positive staining for PDGFRβ seen in figure 5.9 in which intracellular staining was performed 

using immunofluorescence. Another reason for the negative staining for PDGFRβ on CCD-

18Co by flow cytometry may be linked to the antibody used for flow cytometry, as the staining 

protocol was optimised to detect target proteins expressed on the surface and not intracellularly. 

Overall, CCD-18Co were shown to express vimentin, podoplanin, CD90, PDGFRβ and α-SMA 

using flow cytometry and immunofluorescence. The phenotype of CCD-18Co based on protein 
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expression of fibroblast like markers was similar to what has been published in the literature 

as markers that identify fibroblasts and myofibroblasts (549). This validated the use of CCD-

18Co as an in vitro cell line to study mechanisms through which gremlin 1 could modulate 

stricture formation. 

 

CCD-18Co were stimulated with profibrotic mediators including TGF-β, IL-13 and IL-36, 

results from this study showed increase in expression of COL1A1, ACTA2, FN1 and TIMP1 

by CCD-18Co upon stimulation with TGF-β at 24 hrs. However, there was no dose dependent 

effect seen with increase in concentration. A two time point experiment was further performed 

comparing gene expression at 24 and 48 hrs respectively, gene expression was increased at the 

48hr time point. These findings are consistent with published data for multiple fibrotic 

conditions that suggests that development of fibrosis involves ECM driven mechanisms. A 

study performed by (Truffi et al., 2018)  showed that inhibiting fibroblast activation protein 

resulted in reduced expression of type I collagen and TIMP-1 in ex vivo tissue from CD 

patients. Restoring the balance between MMPs and TIMPs is an important mechanism to target 

in anti-fibrotic therapy.  

 

Increased proliferation of fibroblasts is one of the key mechanisms that drive organ fibrosis, 

studies have shown that in the presence of profibrotic mediators, fibroblasts are activated and 

there is increase in fibroblast proliferation. For example, mouse fibroblasts were stimulated 

with TGF-β resulting in their increased activation and proliferation  (563). In this study, CCD-

18Co were stimulated with IL-1β, PDGF-BB and TGF-β, the effects of these mediators on 

proliferation of CCD-18Co was monitored. The data showed increase in proliferation of CCD-

18Co stimulated with IL-1β, TGF-β and PDGF-BB compared to unstimulated cells at the 48 

hr time point. Further validation was performed by stimulating primary fibroblasts from explant 

PSC liver, PSC primary fibroblasts were stimulated with IL-1β and TGF-β, these showed a 
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clear increase in proliferation at 48 hrs with both profibrotic factors but more so with the IL-

1β stimulation. The data is in agreement with what has been published on TGF-β driven 

increase in proliferation of dermal and lung derived primary fibroblasts (564).    

 

Having shown CCD-18Co as a cell line that can be used as an in in vitro model to study 

intestinal fibrosis. Further studies were performed to determine the role of gremlin 1 in 

intestinal fibrosis. Gremlin 1 was detected in CCD-18Co both at mRNA and in supernatant by 

ELISA. With the use of the lentiviral vector transduction, GREM1 was overexpressed in CCD-

18Co using lentivirus vector plasmids, however the transduced cells did not survive sorting by 

flow cytometry which precluded any further study. Experiments were performed on cells that 

were transduced but not sorted, gene read outs of COL1A1, ACTA2, FN1 and TIMP1 showed 

no differences between the unstimulated and TGF-β stimulated cells. 

 

CCD-18Co were also transfected with siRNA to knock down GREM1 expression; 4 synthetic 

siRNAs were tested for the optimisation. The optimisation involved testing varying 

concentrations of siRNA, testing two transfection reagents at different time points. A 70% 

GREM1 siRNA knockdown was achieved at 60nM of siRNA1 using Hi-PerFect transfection 

reagent at 4.5µl per well at the 72hr time point. Further studies were carried out to investigate 

the effect of GREM1 knock down on ECM gene expression and proliferation. The study 

demonstrated that GREM1-targeting siRNA transfected cells stimulated with or without TGF-

β showed an increase in expression of COL1A1, TIMP1 and FN1. On the other hand, there was 

a reduction of ACTA2 in GREM1-targeting siRNA transfected cells. This was an interesting 

finding and it did fit with the hypothesis, knocking down GREM1 led to increased BMP 

signalling which in turn regulated TGF-β downstream signalling hence restoring the balance 

between the two pathways. This translates to a reduction in ECM related gene expression. This 

is all occurring at a transcript level, however, there is need to establish if this could be translated 
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to protein. It was also interesting to note that stimulation of CCD-18Co with TGF-β did not 

cause increase in expression of GREM1. Most of the data presented from the gremlin 1 studies 

were measured at transcript level because it is challenging to obtain commercially available 

antibodies for detection of gremlin 1 at a protein level.   

 

It cannot be ruled out that TGF-β might be regulating gremlin 1 expression at a post 

transcription level. The data generated seems to disagree with our general hypothesis that 

knocking down gremlin 1 results in increased signalling of BMP signalling pathway as BMP2 

and 4 bind their cognate receptors. The two pathways share SMAD4 as a co-factor, with the 

BMP pathway signalling with no inhibition by gremlin 1, our hypothesis suggests a reduction 

in expression downstream the TGF-β pathway which is in agreement with lowered expression 

of ACTA2. The hypothesis does not agree with increased expression of other ECM proteins 

including COL1A1, TIMP1 and FN1. From the data, it was also very clear that gremlin 1 has a 

major role in proliferation. The expression of MKI67 was reduced in CCD-18Co transfected 

cells, this has been shown in cancer associated fibroblasts (565,566). 

 

Overall, the challenges in the study were significant especially access to tissue samples for the 

isolation of primary fibroblasts for further downstream experiments. The use of CCD-18Co 

was useful in generation of useful data, although it is not clear if the data generated would be 

reproduced in primary fibroblasts. The data indicate that gremlin 1 plays a role in intestinal 

fibrosis with measurable differences in fibrotic gene expression following knockdown of 

GREM1 expression. The involvement of gremlin 1 in the proliferation of CCD-18Co provides 

a hint of the role of gremlin 1 in the development of organ fibrosis. Further studies will need 

to be performed in primary cells and in vivo to understand the mechanisms through which 

gremlin 1 contributes to the pathogenesis of intestinal strictures in CD.  
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CHAPTER 6  
 

GENERAL DISCUSSION AND CONCLUDING REMARKS 
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6.1 Overview 

Intestinal fibrosis is a multifactorial process that is influenced by various cellular and molecular 

mediators. Progress has been made in research to develop effective anti-inflammatory 

therapies, however, approximately  50% of patients still develop strictures in CD within 10 

years of diagnosis (567), suggesting inflammation independent pathways that drive fibrosis. 

Our understanding of the fibrotic microenvironment has greatly improved, however, there is 

still a knowledge gap in the specific mechanisms that drive disease pathogenesis in stricture 

formation in CD. In this study, sequencing was used to understand the molecular and cellular 

drivers of fibrosis in resected tissue from CD patients. The study provides a novel approach of 

using matched tissue from each patient consisting of the fibrotic and non-fibrotic regions, this 

makes it possible to identify mechanisms that are dysregulated in the stricture as compared to 

the non-stricture segments.  

 

6.2 A unique profibrotic signature in the stricture segment of CD resected samples 

To identify transcriptome alterations in the stricture compared to the non-stricture segments, 

bulk and single cell RNA-seq was performed on resected tissue samples collected from the 

proximal, stricture and distal segments. The three segments collected were matched from the 

same patient. Although a small sample size of 25 patients was used for the study and the 

variation of clinical and demographic characteristics may constrain the power of our analysis, 

the variations observed in the different segments were considered as derived due to disease 

biology. This was due to the quality assurance performed during the analysis process and the 

additional validation assay that were performed by RT-qPCR to confirm findings from the bulk 

RNA-seq data.  

 

Results from this study showed a distinct gene expression profile between the stricture and 

non-stricture segments. A summary of genetic biomarkers compiled by Rieder (2014) showed 
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a group of genes that can be used as early predictors of intestinal fibrosis. Some of these genes 

including NOD2, IL23R, COL1A1 were identified in our sequencing data. Using unsupervised 

and supervised PCA on 501 DEGs, the samples from the stricture clustered together from the 

non-stricture based on gene expression. This suggests a unique gene expression signature in 

the stricture segment. Gene enrichment analysis was performed on DEGs, figure 3.6 provides 

a list of genes that were specifically downregulated in the stricture and their corresponding 

pathways that are important in inflammation and fibrosis. These include; desmoplakin (DSP) 

and Keratin 20 (KRT20) are important in wound healing and epithelial barrier function, 

chromogranin A (CHGA) and Kruppel-like factor 5 (KLF5) are important genes in cell 

differentiation and tissue remodelling. Their downregulation in the stricture suggests impaired 

function. On the contrary, a list of genes was shown as upregulated in the stricture compared 

to the proximal, these were important genes in driving the process of inflammation and fibrosis. 

These included Hypoxia-inducible factor 1 (HIF1) which modulates the HIF-1 signalling 

pathway that regulates hypoxia, CCL2 which plays a major role in recruitment of monocytes 

to the inflamed site, endothelin receptor type B (EDNRB) which signals through endothelin 1 

and 2 to promote proinflammatory and profibrotic mechanisms (569).  Other important genes 

include SEPINE1, PECAM1, LY96 and CTSK, these modulate processes such as adipogenesis, 

cellular metabolism and inflammation. Other upregulated genes in the stricture were linked to 

EMT, they include COL1A1, COL4A1, COL4A2, COL9A1 and FN1. We also identified 

biomarkers of interest including GREM1, HDAC1 and FGF2, these were upregulated in the 

stricture and align with what is published in the literature as these have been implicated in the 

pathogenesis of other fibrotic diseases disease (447,499,507,525). 

 

Single cell RNA seq data was analysed to identify a diverse population of cells to a total of 14 

populations consisting of both immune and stromal cells in the proximal and stricture 

segments. Previous studies have suggested that both T cells, B cells and cells of the innate 
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immune system including dendritic cells, macrophages, neutrophils are associated with 

development of strictures (570). The throughput of scRNAseq studies limits sample sizes; 

therefore, a total of 3 samples matched from the proximal and stricture were processed for sc-

RNA-seq. Furthermore, GREM1 expression was localised to the stromal cell cluster, this 

further validated the findings seen in the bulk RNA-Seq.  In the literature, fibroblasts have been 

proposed as the main cell phenotype that drive the fibrotic milieu through fibroblast to 

myofibroblast transition (571). GREM1 has been shown as upregulated in fibroblasts in other 

fibrotic conditions (520,553). It was therefore of interest to us to explore the role of GREM1 in 

fibroblasts and intestinal strictures.  

 

A key limiting factor for the sc-RNA seq data is that a total of 6,106 cells were used for the 

analysis as many cells were lost during quality control checks. This impacted further analysis 

to study sub populations which could have provided in depth information on cellular 

phenotypes in the stricture and proximal segments.  

 

6.3 Localisation of stromal cells within the proximal, stricture and distal segments  

IHC has long been used for identification of cells by protein expression, the use of FFPE 

sections to study protein expression provides an accurate representation of cellular location as 

the tissue architecture is preserved when fixed with formalin. The aim was to localise 

fibroblasts and myofibroblasts, being the main effector cells for tissue fibrosis and the highest 

producers of ECM proteins. At present, identification of fibroblasts is often based on positive 

staining with vimentin followed by elimination of other non-fibroblast mesenchymal cells 

(572). I used vimentin to identify stromal cells, and α-SMA staining to distinguish fibroblasts 

from myofibroblasts. I used desmin to distinguish myofibroblasts and smooth muscle cells. I 

was able to identify the location of intestinal stromal cells using markers such as vimentin, 

desmin and α-SMA. These cells were predominantly located within the lamina propria region 
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of the mucosa as seen in figures 4.3, 4.3 and 4.5. In addition, I used IHC to assess expression 

patterns for HDAC1, gremlin 1 and FGF2 in the proximal, stricture and distal segments. HDAC 

1 staining was ubiquitous and expressed in multiple cells all over the tissue. This matched the 

expression pattern that was seen in the sc-RNA seq data. FGF2 staining was more specific to 

areas containing smooth muscle and around endothelial vessels. Gremlin 1 staining was very 

low and specific, mostly around the mucosal region. Overall, no conclusions can be drawn 

from these protein expression studies as no quantification was done. However, the data 

provided understanding into the expression patterns. In general, IHC is a great technique for 

use when studying a single marker but not effective for co-localisation studies which would 

require multiplex staining techniques.  

 

6.4 Role of Gremlin 1 in stricture formation 

Gremlin 1 has previously been found as elevated in various fibrotic tissue such as the liver, 

lung, eye and kidney (573,574). A study by Yang (2021) showed that GREM1 levels were 

greatly increased in both human and murine fibrosed colon. Functional experiments revealed 

that GREM1 promoted intestinal fibroblast cell proliferation (489). Our bulk RNA-seq showed 

an upregulation in GREM1 gene expression in the stricture, these findings were validated using 

additional samples run by RT-PCR. In addition, sc-RNA seq data showed a localised 

expression of gremlin 1 in a cell population identified as stromal cells.  Building upon these 

findings, I sought to examine the role of gremlin 1 in modulating fibroblast TGF-β signalling 

as a key pathway in intestinal fibrosis. Multiple protocols were tested for the isolation of 

primary fibroblasts, a hybrid protocol in which mechanical and enzymatic digestion was finally 

optimised for the isolation of fibroblasts. However due to limited cell numbers and limited 

access to primary tissue, an in vitro cell line CCD-18Co which is a gut derived fibroblast cell 

line was used to study the role of gremlin 1 in the activation of fibroblasts. 
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CCD-18Co were characterised by showing expression of stromal cell markers including 

vimentin, CD90, podoplanin, PDGFRβ and ACTA2 by flow cytometry and 

immunofluorescence.  CCD-18Co were also tested for their response to pro-fibrotic factors 

such as IL-13, IL-33 and TGF-β, the data showed a response to TGF-β with increased 

expression of COL1A1, ACTA2, FN1 and TIMP1. In addition, I showed increase in 

proliferation of CCD-18Co in the presence of TGF-β. These experiments provided validation 

in the use of CCD-18Co as an in vitro model due to the similarity in phenotype with primary 

fibroblasts as well characterised in the literature  (575,576). Through the use of a GREM1 

siRNA knockdown model, I optimised the knock down effect of GREM1 in CCD-18Co to 

70%. In this model, I demonstrated a reduction in expression of ACTA2 in the siRNA treated 

cells, however, this effect was counteracted in the presence of recombinant TGF-β as seen in 

figure 5.27C. I also demonstrated that gremlin 1 promotes proliferation as seen in figure 5.28 

in which proliferation was reduced in siRNA treated CCD-18Co.  

 

 

6.5 Conclusions  

Data generated from this study suggests a role of gremlin 1 in fibrostenosing CD both at mRNA 

and protein level, it has been shown to influence fibroblast proliferation and activation. In 

addition, expression of gremlin 1 has been shown in stromal cells, particularly fibroblasts as 

seen in other tissues. Fibroblasts are also known as the main phenotype that drives tissue 

fibrosis; this makes fibroblasts an attractive cellular target. Based on these findings, I 

hypothesise that upregulated levels of gremlin 1 bind BMP2 and BMP4, hence inhibiting the 

BMP signalling pathway as seen in figure 6.1B, this causes an imbalance between TGF-β/BMP 

pathways that share a co-factor SMAD4. Therefore, inhibiting BMP signalling results in 

upregulation of TGF-β resulting in increased expression of profibrotic target genes. Inhibiting 

gremlin 1 restores that imbalance, this presents an attractive therapeutic target because; 
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1. It is an indirect means of modulating TGF-β as previous attempts to target TGF-β 

directly have resulted in off target effects.  

2. Expression of gremlin 1 seems to be localised to fibroblasts.  

Despite the promising findings from the study, I did not have adequate time to carry out further 

mechanistic studies, these are addressed in section 6.7. There is need for future studies to 

understand the mechanisms through which gremlin 1 modulates and drives a profibrotic 

phenotype especially in the TGF-β signalling pathway.  
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Figure 6.1: Regulation of TGF-β/BMP signalling pathways. A) TGF-β and BMP pathways signal through ligands TGF-β1 (TGF-β) and BMP2, BMP4 

respectively through their cognate receptors. They share a co-factor SMAD4. Gremlin 1 binds BMP2 and BMP4, inhibiting BMP signalling and upregulating 

TGF-β signalling with increased availability of SMAD4 and transcription of profibrotic target genes such as COL1A1, ACTA2, FN1 and TIMP1. Upregulation 

of gremlin 1 results in an imbalance between the two pathways B) Inhibition of gremlin 1 restores the balance between TGF-β and BMP pathways to regular 

transcription of target genes. Image obtained from Biorender and modified.  
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6.6 Limitations of the study 

A total of 25 patient were recruited for the study, the study sample size was small, and this 

affected the robustness of the dataset that was generated. That was shown by the power 

calculations that were performed to determine the sample size required for a specific effect 

size. In addition, the 25 samples that were collected were distributed to perform various assays 

including optimisation for fibroblasts isolation, bulk and sc-RNA-seq, storage of tissue for RT-

qPCR studies and formalin fixed paraffin embedded tissue sections (FFPE) for 

immunohistochemistry and immunofluorescence staining. As seen in the results, the data from 

patients’ samples was variable, this may have been attributed to the method of sample 

collection. Tissue supplied to the lab was matched from each patient and supplied as three 

segments including proximal, stricture and distal; tissue classification was entirely dependent 

on the judgement of the pathologist based on physical examination at the time of tissue 

processing post-operative. There is a possibility that the non-fibrotic tissue might have been at 

an early stage of developing strictures which might be missed from a physical examination 

hence mis-classified. This may explain the variation seen across the different segments.  

 

Another limitation to the study is the absence of a true healthy control, the proximal and distal 

segments were used as controls. However, these segments were still obtained from diseased 

gut and could have been undergoing inflammation or early onset of stricture formation which 

alters their phenotype similar to that seen in the stricture segment. Another limitation to the 

study was the lack of commercially available antibodies and reagents for the detection of 

gremlin 1. In this study, most assays assessed expression of gremlin 1 at a transcript level, 

assays that studied the translation to protein were limited and this limited in depth studies to be 

performed on the biomarker. Characterisation of stromal cells was also challenging, fibroblasts 

were the cell type of interest. However, their phenotype is very similar to that of other stromal 

cells such as pericytes. The stromal cell phenotyping panel that I used did not include a 
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definitive marker to distinguish the two cell types. In hindsight, markers such as FSP1-1 

expressed on fibroblasts and myofibroblasts and RGS5 expressed on pericytes would have been 

ideal to include into the stromal cell phenotyping panel.  

 

In chapter 4 of the results section, the IHC studies were qualitative, I was not able to quantify 

expression of the different markers that I stained for including vimentin, desmin and α-SMA. 

This was due to limited access to enough FFPE tissue sections due to low sample availability, 

this was one of the negative effects of the pandemic. In hindsight, the experimental plan for 

some of the assays carried out needed a lot more input, for example, more robust read out to 

assess the effects of GREM1 siRNA knock down could have been included such as the use of 

expression of markers within BMP signalling (BMP2, BMP4, BMPRI, BMPRII, ID1, ID2).  

 

I also underwent a transition with my supervision during the third year of my PhD, Prof. 

Subrata Ghosh who was my primary supervisor retired from the University of Birmingham and 

Dr. Christopher Weston had to step in to guide me through the third year of my PhD which 

also happened to be during the pandemic with limited access to the lab. There were quite a few 

changes to the direction of the project with the guidance from Dr Weston to ensure that I 

generated data that was robust and novel enough. Therefore, I had a lot of time constraint and 

challenges to get all of this data in time. 

 

6.7 Future work 

The challenges of undertaking this PhD during the pandemic limited the time spent in the lab 

and also impacted the access to resected tissue samples. I would have like to investigate the 

mechanisms through which gremlin 1 drives fibrosis, the additional work would shed more 

light on if gremlin can be used as a potential diagnostic marker or could it be a potential target 

for anti-fibrotic therapy in intestinal fibrosis. Further studies include;  
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• GREM1 over expression; we overexpressed GREM1 in CCD-18Co using the 

Lentivirus, however, the cells did not proliferate post cell sorting which may have been 

attributed to stress during the cells sorting process and driven them to early senescence. 

I would have like to optimise this procedure further to obtain a GREM1 overexpressing 

phenotype as this would provide a phenotype to understand the effects of gremlin 1 

overexpression in tipping the balance between TGFβ/BMP signalling pathways and 

how that drives a profibrotic phenotype.  

• Utilise the GREM1 siRNA knock down model for further mechanistic studies; Despite 

optimising the siRNA knockdown in which GREM1 was knocked down by 70%, 

further mechanistic studies were not studied comprehensively. I would have liked to;  

o Study the effect on proliferation using other proliferation markers in 

addition to Ki-67such as proliferating cell nuclear antigen (PCNA) at 

both mRNA and protein level. 

o Using the scratch assay to assess cell migration  

o Downstream effect on expression of TGFβ/BMP signalling using a more 

comprehensive readout such as TGFβRI, TGFβRII, BMPRI, BMPRII, 

IDI1 and IDI2, SMAD4 (co-factor for both pathways) 

• In situ hybridisation (RNA Scope); one of the main challenges in this study was to 

detect expression of gremlin 1 in tissue due to the poor quality of antibodies in the 

market. The use of in situ hybridisation would have been a good option of determining 

rna expression in tissue to understand the cell phenotypes expressing GREM1.   

• Multiplex immunofluorescence (mIF) and multispectral imaging; this application can 

be used on FFPE sections with a panel of at least 6 markers in which colocalization 

studies between target cells and biomarkers of interest are performed.  

• Generation of a conditional Grem1 KO mouse model for in vivo studies  
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