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Abstract 

Cystic fibrosis (CF) is the commonest life-shortening autosomal recessive inherited disease. It 

is caused by mutations in the CF transmembrane conductance regulator gene (CFTR). This 

encodes the CFTR protein, which forms an ion channel mediating the secretion of chloride ions, 

sodium absorption and water transport across the cell membrane in epithelial cells. Loss of 

CFTR function leads to thickened fluid secretions particularly affecting the lungs and pancreas. 

Cystic fibrosis-related diabetes (CFRD) is a common non-pulmonary co-morbidity in CF 

affecting 2% of children increasing to 20% in adolescents and 50% in adults. Yet, the 

underlying pathogenesis is not fully understood.  

To understand how pancreatic changes during CF may impact on the islet compartment leading 

to CFRD development, this project aimed to investigate the morphological changes within CF 

pancreata as the disease progresses. Also, it explored whether a semi-quantitative scoring of 

histopathological changes in CF, including duct dilatation, fibrosis, and fat replacement could 

meaningfully elucidate the course of the disease. AI quantitative analysis (HALO) was 

employed to further quantify the changes in exocrine and endocrine compartments of CF 

pancreata. Following on, this thesis aimed to establish an in vitro primary human islet stellate 

cell (ISC) model, which could mimic the cell-mediated ‘stress’ environment which islets are 

exposed to in CF and or CFRD pancreata. Subsequently, transcriptomic analysis of CF 

pancreatic tissue and EndoC-βH1 cells following treatment with ISC secretome was conducted. 

A total number of 29 human pancreata biopsied at post-mortem from individuals with CF with 

age range 0–27-year-old were provided from Exeter Archival Diabetes Biobank (EADB) and 

a pathology bank collected by Prof. Günter Klöppel, Technical University of Munich, 

Germany. Fifty-eight control human pancreata were obtained from EADB and Quality in Organ 

Donation (QUOD) donors with age range of 0-29 year-old. Pancreatic tissue was stained with 

haematoxylin and eosin (H&E). In addition, a sub-cohort was stained with Sirius Red / Fast 

Green (SRFG), and immunohistochemistry staining for four endocrine hormones, 

chromogranin A, inflammatory cell markers CD45 and CD68, endothelial cell marker CD31 

and α-smooth muscle actin (α-SMA). 

CF pancreata were classified into: fibroatrophic pattern alone (CF Pattern 1); fibroatrophic and 

lipoatrophic pattern (CF Pattern 2); and lipoatrophic pattern alone (CF Pattern 3). Semi-

quantitative scoring revealed an increase in ductal dilation in later-stage CF in fibrotic regions, 

severe ductal loss in adipocyte-rich regions and an increase islet remodelling as the disease 
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progresses from Pattern 1 to Pattern 3. AI-driven image analysis revealed islets to be 

increasingly disorganised with disease progression with significantly decreased insulin+ area 

[%]. In CF, peri-islet fibrosis was significant in CF Pattern 2 with associated α-SMA+ stellate 

cells. NanoString nCounter analysis in CF and control post-mortem tissue confirmed an 

increase in fibrosis-related gene expression including TGF-β1 in CF. 

As a potential mediator of pancreatic fibrosis, it was hypothesised that pancreatic stellate cells 

may secrete cytokines driving β-cell dysfunction in CF. In vitro primary human ISC model was 

established, characterised and ISC-secretome was shown to decrease EndoC-βH1 insulin 

content and secretion in the presence of high glucose. Deeper molecular phenotyping with bulk 

RNA sequencing revealed downregulation of β-cell transcription factors including MafA, NKX 

6.1 and PDX1 in EndoC-βH1 treated with ISC secretome.  

Collectively, these studies offered meaningful insights on pancreatic pathology natural history 

in CF, supporting a role of pancreatic stellate cells as potential mediators of endocrine 

dysfunction. 
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Chapter 1: Introduction 

1.1 The human pancreas 

The pancreas is a complex organ that undertakes key roles within the digestive and the 

endocrine systems. In adults, the pancreas usually weighs around 100 g and is about 14-20 cm 

long (Longnecker, 2021). The pancreas is divided into three main parts: the head; which lies 

within the loop of the duodenum, the tail; which lies near the hilum of the spleen, and the body; 

which is the largest portion, lying behind the stomach (Figure 1.1) (Pandol, 2010; Longnecker, 

2021).  

 

Figure 1.1: The Pancreas.  

Anatomic relationships of the pancreas with respect to the surrounding organs. L: left, R: right, 

v: vein and a: artery. Adapted from Longnecker (2021).  

The pancreas consists of two morphologically and functionally distinct components: the 

exocrine and the endocrine pancreas (Figure 1.2) (The Endocrine Pancreas | Anatomy and 

Physiology II, 2021). The exocrine part of the pancreas constitutes approximately 84% of the 

total mass; while the endocrine part takes up approximately 2-5% of the organ; blood vessels 

comprise around 4% of the pancreas and the remaining 10% is composed of extracellular 

matrix (ECM) including collagen fibres, reticular fibres, and fibroblasts (Longnecker, 2021).  

The exocrine pancreas is composed of ductal and acinar cells, which produce a wide range of 

digestive enzymes, including lipases, proteinases, and amylases, that are secreted into the 

pancreatic duct and flow into the small intestine to break down fats, proteins, and carbohydrates 

for absorption (Zhou & Melton, 2018). The endocrine pancreas consists of islets of Langerhans, 

Body 
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which are clusters of vascularised micro-organs and are spread throughout the pancreas and 

contain five major types of islet cells (Zhou & Melton, 2018). Each islet cell type synthesises 

and secretes specific hormones playing key roles in regulating blood glucose homeostasis: α-

cells secrete glucagon, β-cells secrete insulin, δ-cells secrete somatostatin, PP-cells secrete 

pancreatic polypeptide and ε-cells secrete ghrelin (El Sayed & Mukherjee, 2023).  

 

Figure 1.2: Tissue structure of the pancreas. 

 

Illustration of the digestive and hormonal secretion by the exocrine and endocrine 

compartments of the pancreas. Adapted from The Endocrine Pancreas | Anatomy and 

Physiology II (2021). 

 

Changes in islet microenvironment along with extrinsic stress within the exocrine compartment 

are associated with pancreatic diseases including diabetes, pancreatitis, cystic fibrosis (CF) and 

CF-related diabetes (CFRD) (Rickels et al., 2020). Below, different pancreatic pathologies are 

reviewed and their impact on pancreas morphology and function is summarised.  

1.2 Diabetes mellitus 

Diabetes mellitus is a complex metabolic disorder encompassing various diseases adversely 

affecting the glucose status of the human body (Tsalamandris et al., 2019). The clinical 

diagnostic features are hyperglycaemia driven by absolute or relative insulin deficiency with 

or without insulin-resistance dependent on diabetes type (Tsalamandris et al., 2019). Since 

1980, the number of adults living with diabetes has almost quadrupled to 422 million adults 

and these figures are expected to rise to 552 million by 2030, according to the World Health 

Organisation (WHO) global report on diabetes that was published in 2016 (Whiting et al., 2011; 

WHO, 2016). These high figures highlight the critical importance of developing potential 

effective therapeutic approaches to enable the treatment and / or the prevention of diabetes and 

associated diabetes-related complications including atherosclerotic cardiovascular disease 



32 | P a g e  
 

(Booth et al., 2006; Beckman et al., 2013). The majority of diabetes cases mainly fall into two 

broad pathogenic categories: type 1 diabetes (T1D) and type 2 diabetes (T2D) (Tsalamandris 

et al., 2019). 

1.2.1 Type 1 diabetes mellitus 

Historically, T1D is said to be one of the most common chronic illnesses of childhood whereby 

incidences peak occurs at 5-7 years of age and at or near puberty (Gale, 2005; Harjutsalo et al., 

2008). However, over the past decade it has become clear that T1D can present at any age. 

(Leslie, 2010). Nevertheless, the age of onset plays a significant role in T1D heterogeneity 

along with other factors including the severity of autoimmune response (Bottazzo et al., 1974; 

Willcox et al., 2009; Atkinson et al., 2011). 

T1D is characterised by insulin deficiency resulting from a specific and selective autoimmune-

mediated destruction of insulin-producing β-cells in the islet of Langerhans, by self-reactive T 

cells and macrophages that infiltrate the islets without visible pathological alterations of other 

pancreatic endocrine cells (Atkinson et al., 2014). Moreover, both humoral and cellular 

immunity are reported to be involved in the pathogenesis of T1D (Bottazzo et al., 1974; 

Willcox et al., 2009; Atkinson et al., 2011). 

The triggers to the immune response in T1D remain unclear, but there are genetic and 

environmental factors that are involved and can influence this immune response. Genetically, 

there are approximately 40 loci that have been reported to impact on disease susceptibility and 

the majority of these loci are thought to be involved in the development of the autoimmune 

response in T1D (Concannon et al., 2009). Haplotypes DRB1*0401 and DQB1*0302 of the 

HLA class II genotype are associated with the greatest susceptibility to T1D (Concannon et al., 

2009). With that being said, T1D development is not dependent on a single gene (Haller et al., 

2005). Moreover, the risk of T1D is believed to be influenced by environmental factors 

including but not limited to diet, vitamin D deficiency, bacterial and viral infections  (Kukko 

et al., 2005; Daneman, 2006; Harjutsalo et al., 2008; Atkinson et al., 2014). The pathological 

and physiological responses to these environmental factors might also be influenced by the 

genetic susceptibility (Cooper et al., 2011; Winkler et al., 2011). Other factors such as 

geographical location, which influence the environmental factors, can further affect the 

incidence of T1D, however the underlying mechanisms are unknown (Atkinson et al., 2014; 

Xia et al., 2019). In addition, months or years before the onset of symptomatic T1D, it is 
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thought that seasonal synchronisation is apparent regarding the development of T1D-related 

autoimmunity evidenced by islet autoantibody formation (Kukko et al., 2005). 

1.2.1.1 Inflammation and immune cell infiltration 

The predominant pathophysiology of T1D is the inflammation of pancreatic islets (insulitis) 

throughout the disease progression (Tsalamandris et al., 2019). A study demonstrated that the 

arrival of autoreactive T cells in the circulating blood of non-obese diabetic (NOD) mice is 

mediated by a failure in both central and peripheral immune tolerance (Anderson & Bluestone, 

2004). Peripheral immune tolerance regulators, T regulatory cells (Tregs), have also been 

demonstrated to be dysfunctional in T1D (Anderson & Bluestone, 2004). In addition, studies 

in animal models have demonstrated the participation of effector T cells (Teff) CD4+ and CD8+ 

in the development of T1D, where they target specific β-cells autoantigens and associated 

peptide epitopes (Miller et al., 1988; El-Sheikh et al., 1999; Phillips et al., 2009; Richardson et 

al., 2014). T-cell subtypes have been reported to have the ability to induce peri-islet 

inflammatory infiltrates and overt diabetes using adoptive T-cell transfer models of T1D 

(Healey et al., 1995; Katz et al., 1995). The presence of effector T cells has been further shown 

in post-mortem human pancreata from donors with recent-onset T1D (Willcox et al., 2009; Arif 

et al., 2014). 

Islet inflammation is influenced by macrophages which produce reactive oxygen species (ROS) 

and secrete cytokines including interleukin-1β (IL-1β) and tumour necrosis factor-α (TNF-α) 

(Willcox et al., 2009; Hutchings et al., 1990). Similarly, other immune cells such as 

lymphocytes and neutrophils have been demonstrated to be abundant in the exocrine tissue of 

T1D pancreata and these cells are suspected to play a role in the development of T1D (Valle et 

al., 2013; Rodriguez-Calvo et al., 2014). Other studies have shown the presence of dendritic 

cells, natural killer cells (NK) and NK T-cells (a subset of T cells that exhibits properties of 

both NK cells and T cells) in the islet infiltrate (Dotta et al., 2007; Lehuen et al., 2010). The 

interactions between this wide range of inflammatory cells mediate diabetes progression and 

the synergic effect of interferon- gamma (IFN-γ) and the innate inflammatory cytokines TNF-

α and IL-1β appears to drive β-cell inflammation (Dotta et al., 2007; Lehuen et al., 2010).  

1.2.1.2 Pathological and morphological changes in T1D pancreata 

Reported pathological and morphological observations in T1D include a reduction in overall 

pancreas weight, atrophy of dorsal region, exocrine atrophy, lobular loss of β-cells, alterations 

of insulin, somatostatin, glucagon and pancreatic polypeptide secretion as well as 
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heterogeneous lobular insulitis (Atkinson et al., 2014; Alexandre-Heymann et al., 2019). Other 

observations noted in islets in T1D include insulitis comprising immune cell presence of T-

cells, B-lymphocytes and macrophages located adjacent and/or within islets, overexpression of 

major histocompatibility complex (MHC) Class I, loss of β-cells which is reported to increase 

as the disease progresses. Beta-cell necrosis, apoptosis and diminished insulin content in 

remaining β-cells have all been postulated (Atkinson et al., 2014).  

1.2.2 Type 2 diabetes mellitus 

T2D is the most common form of diabetes accounting for 90-95% of all diabetes cases and 

prevalence is continuously increasing at a significant rate, with an associated rise in morbidity 

and mortality that increases the burden on health-care systems (American Diabetes Association, 

2018; Ying et al., 2020). Genetic and environmental factors both influence the epidemiology 

of T2D and generally the genetic factors appear to exert their effect after the exposure to an 

environmental ‘stress’ factor such as low physical activity and high-calorie intake (Galicia-

Garcia et al., 2020).  

Insulin-resistance is commonly believed to be the primary defect in T2D development whereas 

a relative insulin deficiency is considered as a secondary but necessary factor in the 

development of T2D (American Diabetes Association, 2018). During the initial state of insulin 

resistance, in individuals who are at a high risk of T2D, there is a hypersecretion of insulin in 

β-cells, however by the time these individuals are diagnosed with T2D their β-cells are no 

longer capable of secreting enough insulin to maintain normal glucose levels (Jallut et al., 

1990).  

1.2.2.1 Inflammation and immune cell infiltration 

Chronic activation of proinflammatory pathways in insulin target cells is believed to contribute 

to obesity, insulin-resistance and related metabolic disorders including T2D (Marques-Vidal et 

al., 2012). Mouse models and human studies have established that islet inflammation is present 

in patients with obesity and/or T2D raising the possibility of a contribution of islet 

inflammation to β-cell dysfunction in T2D (Ying et al., 2020). However, the detailed 

mechanisms leading to islet inflammation are not fully understood (Ying et al., 2020). CD68+ 

macrophages including both tissue-resident and infiltrating monocyte-derived macrophages are 

the dominant immune cell causing inflammation in islets in obese and/or T2D individuals 

(Böni-Schnetzler & Meier, 2019a; Ying et al., 2020). This is in contrast to T1D whereby 

adaptive in addition to innate immune cells are strongly involved. In T2D, local proliferation 
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of resident macrophages further enhances macrophage accumulation which increases signals 

potentially stimulating β-cell hyperplasia (Ying et al., 2020). Moreover, a phenotypic shift in 

predominantly anti-inflammatory M2-type macrophages switching to elevated proportions of 

pro-inflammatory classical M1-type macrophages in T2D, further supports their significant 

role in the initiation and amplification of islet inflammation (Sell et al., 2012). Therefore, it has 

been proposed that islet-resident macrophages underlie the inflammatory state in obesity and 

T2D leading to β-cell dysfunction (Böni-Schnetzler & Meier, 2019). 

In vitro experiments have reported that some inflammatory cytokines and chemokines 

including IL-6, IL-8, C-X-C motif chemokine ligand 1 (CXCL-1) and macrophage 

inflammatory protein-1α (MIP-1α) were released from islets isolated from T2D individuals, 

and the increase of these inflammatory cytokines was shown to have a correlation with the 

abundance of macrophages (Ehses et al., 2007). However, the cellular origin of these 

inflammatory cytokines and their impact on β-cell function is still undetermined (Böni-

Schnetzler & Meier, 2019). 

In obesity and T2D studies, increased numbers of intra-islet macrophages, increased β-cell 

proliferation, increased IL-β and TNF production, lowered expression of end-differentiated β-

cell-specific genes as well as suppressed glucose-stimulated insulin secretion were reported 

(Ying et al., 2020). Moreover, activated pancreatic stellate cells (PaSCs) in a rat model have 

been postulated to lead to islet fibrosis in T2D, however when PaSCs activation was reduced 

by pirfenidone, islet fibrosis was reduced, but there was no observed effect on glucose tolerance 

or on β-cell function, suggesting that PaSCs activation itself might not contribute significantly 

to progressive β-cell dysfunction in T2D (Lee et al., 2017).  

1.2.2.2 Pathological and morphological changes in T2D pancreata 

Ultrasound imaging studies in T2D pancreata reported a decrease in pancreas volume by 33% 

versus matched controls with normal glucose tolerance (Macauley et al., 2015). Morphological 

observations on T2D pancreata reported reduced islet numbers, loss of β-cell mass and the 

presence of fat infiltration in the exocrine parenchyma, which may be associated with insulin 

resistance and is implicated in islet lipotoxicity (Yagihashi, 2017; Atkinson et al., 2020). The 

detected elevated fat deposition has been suggested to contribute to an irregular border of the 

pancreas on imaging, which is thought to be a distinctive feature of diabetes in T2D individuals 

that is not observed in the pancreas of T1D individuals (Al-Mrabeh et al., 2016). The presence 
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of fibrotic tissue and islet amyloidosis (develops from the extracellular deposition of islet 

amyloid polypeptide) are observed in T2D pancreas (Yagihashi, 2017; Atkinson et al., 2020). 

1.2.3 Complications of T1D and T2D  

The onset and progression of macrovascular complications in T1D and T2D are determined by 

the combination of multiple risk factors such as high fat intake, obesity, smoking and low 

physical activity (Avogaro & Fadini, 2019). These complications include coronary heart 

complications, cerebro-vascular and peripheral vascular diseases (Avogaro & Fadini, 2019). 

Moreover, microvascular complications including nephropathy, neuropathy and retinopathy 

are mainly induced by hyperglycaemia through mechanisms including the production of 

advanced glycation end products (AGEs), the formation of a proinflammatory 

microenvironment and the induction of oxidative stress (Papatheodorou et al., 2016).  

1.2.4 Diabetes mellitus diagnosis clinical management 

T1D and T2D can be diagnosed by a fasting glucose concentration greater than 7.0 mmol/L 

(126 mg/dL) or a random blood glucose concentration higher than 11.1 mmol/L (200 mg/dL) 

with symptoms of hyperglycaemia (American Diabetes Association, 2018; Butler & 

Misselbrook, 2020). A 2 h plasma glucose value greater than 11.1 mmol/L (200 mg/dL) during 

an oral glucose tolerance test (OGTT) using a 75 g glucose load (Butler & Misselbrook, 2020) 

is also diagnostic.  A less sensitive criterion is elevated glycosylated haemoglobin (HbA1C, a 

form of haemoglobin non-enzymatically linked to glucose) above 48 mmol/mol (American 

Diabetes Association, 2018; Butler & Misselbrook, 2020). Being obese or having a higher body 

fat percentage, predominantly distributed in the abdominal area, are typical characteristics of 

patients with T2D, however, not all obese individuals develop T2D and not all people with 

T2D are overweight (Galicia-Garcia et al., 2020). 

1.2.5 Diabetes mellitus clinical management 

Up until now, there is no cure for T1D. The primary treatment is life-long exogenous 

administration of insulin (Atkinson et al., 2014). In addition to pharmacological therapies, both 

T1D and T2D patients have to estimate their carbohydrate, protein and fat intake as well as 

monitoring their blood glucose frequently and undertake sufficient physical activity 

(Tsalamandris et al., 2019).  

In addition to primary glucose-lowering action, some current therapies targeting T2D have 

potential anti-inflammatory characteristics as their main mode of action. These include 
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thiazolidinediones and metformin, which also has metabolic actions (Atkinson et al., 2014). 

Moreover, when oral agents cease to be sufficient in T2D, insulin therapy is required (Atkinson 

et al., 2014). Importantly, the use of inflammatory biomarkers can potentially help in defining 

optimal management for diabetes and related metabolic disorders (Goldfine et al., 2011; 

Kengne et al., 2012). 

Macrovascular complications of diabetes need to be addressed by altering patients’ lifestyle 

and incorporating healthy management factors such as low-fat diet, weight control, frequent 

physical activity, smoking cessation and maintaining normal blood pressure and lipid profile 

(Daneman, 2006). Microvascular complications are targeted by lowering glucose towards 

normal levels using insulin treatment in T1D and oral agents / insulin in T2D (D. M. Nathan 

& Group, 2014).  

1.2.6 Other forms of diabetes 

As many factors such as genetic, immunological or neuroendocrinological pathways together 

play a role in the cellular and molecular mechanisms involved in disease development, some 

diabetes cases do not fall into the common two classifications (Tsalamandris et al., 2019). For 

example, gestational diabetes where glucose intolerance is developed during pregnancy and 

usually resolves post-delivery; maturity-onset diabetes of young (MODY) where the 

development and maturation of β-cells are affected due to inherited genetic mutations 

presenting most commonly in young adults before the age of 25; and neonatal diabetes 

affecting new-borns under the age of 6 months (Alfadhli, 2015; Anik et al., 2015; Lemelman 

et al., 2018).  

1.3 Pancreatitis 

Pancreatitis is a disease continuum formed by acute pancreatitis, recurrent pancreatitis and 

eventually chronic pancreatitis (Mayerle et al., 2019). Pancreatitis is a multifactorial, 

proinflammatory condition and is the most common form of injury to the exocrine pancreas (Q. 

Zhou & Melton, 2018). It is distinguished by a painful inflammation triggered by genetic 

factors including genes predisposing to pancreas-targeting autoimmune reaction, cystic fibrosis 

or various environmental factors including injury, alcohol, smoking or high fat diet (Q. Zhou 

& Melton, 2018). Chronic pancreatitis is characterised by repetitive episodes of pancreatic 

inflammation that lead to severe loss of exocrine parenchyma that is extensively replaced by 

fibrotic tissue, resulting in irreversible tissue damage that results in chronic pain, exocrine and 
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endocrine pancreatic insufficiency as well as reduced life-quality and life expectancy (Beyer 

et al., 2020). 

Pancreatogenic diabetes is now termed type 3c diabetes mellitus (T3cD). It is characterised by 

pancreatic exocrine insufficiency (PEI) and accounts for up to 5-10% of the overall diabetes 

population (often being misdiagnosed as T2D) with 79% of cases arising from chronic 

pancreatitis (CP-DM) and 4% of cases arising from CF (Ewald et al., 2012).  

Imaging modalities used to diagnose pancreatitis include X-ray, ultrasound, computerised 

tomography (CT), and magnetic resonance imaging (MRI) (Beyer et al., 2020). Pancreatitis is 

treated with medications to ease the pain, artificial digestive enzymes are prescribed for 

individuals with PEI, and insulin administration is the primary treatment for patients who 

develop diabetes (Beyer et al., 2020). Endoscopy is used in cases to remove any blockages 

within the pancreatic ducts and relieve pain. Surgery is also a treatment option, especially for 

chronic pancreatitis, to remove part of the pancreas, unblock pancreatic ducts and to drain cysts, 

when medications are not effective in reducing the pain (Beyer et al., 2020). 

1.3.1 Inflammation and immune cell infiltration 

The early cellular events that take place after the initial onset of acute pancreatitis are 

independent activation of intra-acinar protease and nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-κB), which is resident normally in the cytoplasm, and its main function 

is to regulate the immune response (Baldwin, 1996; Gukovsky et al., 1998; Steinle et al., 1999). 

In addition, it has been reported that prolonged activation of NF-κB promoted progression of 

CP (Huang et al., 2013). NF-κB is a central mediator of the innate and adaptive mechanisms, 

and its activation can lead to a chronic infiltration of immune cells (Mayerle et al., 2019). 

However, an external stimulus such as injury is required for pancreatitis to develop, as the 

presence of immune cell infiltration in the pancreas is not sufficient to develop pancreatitis 

because these immune cells need to be activated to play a significant role in pancreatitis 

severity and its prognosis (Johnson & Abu-Hilal, 2004; Aleksic et al., 2007; Baumann et al., 

2007; Gukovsky et al., 2013; Sendler et al., 2013; Habtezion, 2015). 

The majority of immune cell infiltrate is made up of innate immune cells: neutrophil 

granulocytes, monocytes, and macrophages (Liu et al., 2017). In pancreatitis, NF-κB activation 

and cholecystokinin (CCK) stimulation induce acinar cells to release various cytokines and 

chemokines including IL-6, TNF-α, and/or monocyte chemoattractant protein 1 (MCP-1) 

(Gukovskaya et al., 1997; Sendler et al., 2018). Necrotic acinar cells also release damage-
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associated molecular patterns (DAMPs) including free DNA, histones, and free adenosine 

triphosphate that meditate the activation of immune cells (Gukovskaya et al., 1997; Hoque et 

al., 2011; Sendler et al., 2018; Zhao et al., 2018a). These cytokines and DAMPS lead to NFκB 

p65 and p50 translocation within the infiltrating immune cells, further enhancing tissue 

cytokine storm via the secretion of proinflammatory mediators, which further increases 

pancreatic damage and enhance systematic inflammation (Gukovskaya et al., 2002; Sendler et 

al., 2013, 2018). 

Pancreatitis inflammation markers include neutrophil granulocytes, which are considered a 

major source of ROS production and are able to induce oxidative damage in acinar cells and 

elevate trypsinogen activation, which can lead to autodigestion of the pancreatic gland 

(Gukovskaya et al., 2002). The biochemical marker for pathological granulocyte 

polymorphonuclear neutrophil-elastase also contributes to acinar cell dissociation and tissue 

damage (Mayerle et al., 2005). Neutrophils are believed to have a direct effect on pancreatitis 

severity, whereby studies investigated the effect of neutrophil depletion via antineutrophil 

serum and reported that, pancreatic tissue damage was reduced following neutrophil depletion 

protease activation (Gukovskaya et al., 2002; Sendler et al., 2013). Moreover, the formation of 

neutrophil extracellular traps (NETs) is critical in bile stone development and contributes 

significantly to ductal obstruction which further impacts on pancreatitis severity (Schauer et 

al., 2014; Leppkes et al., 2016).  

Other cellular markers include monocytes and macrophages. Classic activated M1 

macrophages are reported to be associated with multiorgan dysfunction syndrome and 

increased mortality (Johnson & Abu-Hilal, 2004). M1 macrophages exhibit proinflammatory 

characteristics whereby they secrete large amounts of TNF-α, IL-6, IL-12 and IL-1β, and 

express elevated levels of inducible nitric oxide synthase, which increases the release of nitric 

oxide that activates NFκB pathway (Gordon & Taylor, 2005). Additionally, TNF-α is reported 

to have a direct effect on pancreatic acinar cells whereby it mediates pancreatic damage and 

the activation of digestive proteases (Perides et al., 2011; Guo et al., 2012). Further, in vitro 

experiments demonstrated that NF-κB promoted the activation of PaSCs and the secretory 

response of M1 chronic pancreatitis-associated macrophages and fibrosis-related factors (Wu 

et al., 2021). 

Interestingly, pancreatic damage and necrosis correlate to a greater extent with macrophage 

infiltration rather than neutrophil infiltration as macrophages are needed for removing necrotic 
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cells (Sendler et al., 2018). In various models of acute and chronic pancreatitis phagocytosing 

macrophages were observed (Gukovskaya et al., 2002; Koh et al., 2010; Guo et al., 2012; 

Diakopoulos et al., 2015; Mareninova et al., 2015; Cobo et al., 2018; Sendler et al., 2013, 

2018). Moreover, activated M2 macrophages act as anti-inflammatory cells and promote organ 

regeneration but also fibrogenesis in chronic pancreatitis via the production of IL-10 and/or 

TGF-β (Criscimanna et al., 2014; Sendler et al., 2015; Xue et al., 2015). M2 fibrogenesis is 

reported to be dependent on IL-4 and IL-3 signalling and PaSCs are demonstrated to be a source 

of IL-4 and IL-3 (Xue et al., 2015).  

1.4 Cystic fibrosis 

CF is a monogenic chronic condition that is inherited in an autosomal recessive manner and is 

caused by loss-of-function mutations in the CFTR gene coding for the CF transmembrane 

conductance regulator (CFTR) (Riordan et al., 1989). The CFTR protein forms a chloride 

channel that mediates the secretion of chloride ions, sodium absorption and water transport 

across the cell membrane in epithelial cells, mainly in the lungs, pancreas (on the apical 

membrane of epithelial cells in the pancreatic ductal epithelium), gut and genital tract (Riordan 

et al., 1989; Stoltz et al., 2015; Norris et al., 2019). Mutations in the CFTR gene impair this 

critical role of CFTR leading to mucus hyper-concentration along with decreased muco-ciliary 

clearance, which is the primary innate defence mechanism of the respiratory system airways 

(Stoltz et al., 2015). 

CF cases have been reported from all ethnicities and nationalities whereby the estimated 

prevalence rate in Asians, native Hawaiians and pacific Islanders is 1:31,000 to 1:100,000; in 

African Americans is 1:15,100; in Hispanics is 1:3,500 and in white individuals is 1:2,500 

(Rubin, 2014). Globally, there are approximately 70,000 to 100,000 individuals with CF 

including about 10,600 people in the UK with an estimated 200-300 diagnosed new cases 

annually  (Taylor-Robinson et al., 2018; Kelsey et al., 2019). 

1.4.1 Cystic fibrosis genotype/phenotype 

There are six predominant functional classes of CFTR mutations that give rise to multiple 

phenotypes (Figure 1.3) (Boyle & De Boeck, 2013). Mutations of classes I-III have partial or 

no CFTR function and are present in severe CF cases, whereas mutations of classes IV-VI are 

associated with mild CF cases; as they maintain some residual CFTR function and are reported 

to be more usually associated with pancreatic exocrine-sufficient CF (Lopes-Pacheco, 2016; 

Turcios, 2020). Class I mutations account for 12% of CFTR mutations and are caused by 
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nonsense and/or frame-shift mutations that result in a non-functional CFTR protein (Feldmann 

et al., 2003; Lopes-Pacheco, 2016; Turcios, 2020). Class II mutations, with the highest 

prevalence of all mutations at 87%, are caused by missense and/or amino acid deletion (e.g 

ΔF508) mutations leading to misfolding of the protein, whereby it gets trapped and degraded 

in the endoplasmic reticulum and fails to arrive at the cell surface (Turcios, 2020). The third 

class of mutations is classified by abnormal channel function with failure to open due to 

missense mutations (Turcios, 2020). Class IV mutations also have abnormal channel function 

but, in this case, there is a reduced ion conductance, whereas class V mutations are missense 

and/or splicing mutations that reduce CFTR synthesis (Feldmann et al., 2003; Lopes-Pacheco, 

2016; Turcios, 2020). Class VI missense mutations are rare with a shortened CFTR half-life 

decreasing its stability (Turcios, 2020).  

 

Figure 1.3: Functional classes of CFTR mutations.  

Adapted from (Lopes-Pacheco, 2016). 

1.4.2 Cystic fibrosis complications 

Some complications including gastrointestinal and nutritional pathology develop in early life 

(Turcios, 2020). Approximately 15% of new-borns with CF have ‘meconium ileus’ due to the 

intestines being blocked leading to rectal prolapse (Turcios, 2020). Other non-pulmonary 

clinical complications of CF caused by thick mucus secretion include chronic inflammation in 

different tissue including the pancreas (Collins, 2018; Turcios, 2020). Pancreatic pathology is 

CF is initiated by obstruction of pancreatic ducts leading to damage of exocrine tissue which 

can result in PEI as well as CFRD (Collins, 2018; Turcios, 2020). Approximately 85-90% of 
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people with CF have PEI (Kalnins et al., 2007; Baker et al., 2005; Hegyi et al., 2016). Mutations 

of classes I to IV lead to PEI due to substantial loss of acinar cells within the pancreas and as 

a result a decline in the production of digestive enzymes (Kerem et al., 2010). Lack of digestive 

enzyme activity leads to the clinical syndrome of PEI due to malabsorption of fat in addition 

to of fat-soluble vitamins and proteins (Collins, 2018; Turcios, 2020).  

The majority of males with CF develop infertility due to the absence of congenital bilateral and  

vas deferens, whereas females with CF develop infertility due to obstruction of the cervical 

opening which prevents sperm penetration into the uterus (Turcios, 2020). Blockage of the 

common bile duct can lead to gall stone formation and potentially biliary hepatic cirrhosis 

(Turcios, 2020).  

Respiratory failure is the dominant cause of mortality and morbidity in CF (Turcios, 2020). 

Individuals of the same CF genotype can manifest different phenotypes making it difficult to 

predict lung function over time for any given individual (Vanscoy et al., 2007). Defects in 

chloride ion and bicarbonate anion secretion, due to defects in CFTR function, lead to fluid 

hyperabsorption within the airway epithelium and increased osmotic pressure in the mucus 

layer compared to the periciliary layer, which in turn depletes the airway surface of fluid 

resulting in dehydrated mucus, mucus transport impairment, and the adhesion of mucus to 

airway surfaces (Boucher, 2019). Moreover, the formation of endobronchial mucus plaques 

and plugs narrows the airways, due to dehydrated mucus secretions, and become the site of 

chronic airway infection with persistent high-intensity inflammatory response, characterised 

by increased levels of neutrophil elastase (Rubin, 2014; Cantin et al., 2015; Chalmers et al., 

2017). This further enhances the development of severe bronchiectasis (abnormal widening 

and thickening of lung bronchi) by contributing to excess mucus adhesiveness and 

cohesiveness and ultimately resulting in pulmonary insufficiency and respiratory failure 

(Figure 1.4) (Rubin, 2014; Cantin et al., 2015; Chalmers et al., 2017).  
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Figure 1.4: CF-related lung pathology. 

The common characteristics of CF lung disease include air-flow obstruction and recurrent 

infections, which further result in inflammation response that damages the airways structural 

integrity and the development of bronchiectasis. Adapted from (Turcios, 2020). 

1.4.2.1 Inflammation and immune cell infiltration - CF lungs 

Airway inflammation in CF is characterised by the activation of innate immune cells including 

airway epithelial cells (AECs) and macrophages during the onset stages, then followed by 

neutrophils (Ralhan et al., 2016). The release of chemo-attractants such as soluble bacterial 

products (N-formyl-methionyl-leucyl-phenylalanine), fragments of the 5th component of the 

complement system (C5a and C5 adesArg), cellular proinflammatory cytokines (IL-8, IL-7 and 

leukotriene B4), and high-mobility group box 1 (HMGB1) together with proline-glycine-

proline (PGP) as well as N-acetyl PGP, recruits neutrophils into the CF airway (Rose, 2002; 

Castellani et al., 2018). During the inflammatory response, neutrophils in CF airways undergo 

necrosis further releasing high quantities of intracellular contents including actin and long-

stranded DNA fragments, which contribute to the viscosity of CF sputum (Sanders et al., 2009; 

Duncan et al., 2016;). Within the CF lung microenvironment, high levels of proinflammatory 

markers including IL-8, IL-6, IL-1β and TNF-α were present compared to healthy control, 

whereas IL-10 levels were reduced (Bruscia & Bonfield, 2016).  In CF lung pathophysiology, 

abnormal macrophage function can impact on the adaptive immune system, whereby 

macrophage MHC class II expression is reduced impacting on T-cell response to pathogens, 

with defective natural killer T-cell activity, elevated B-lymphocyte activity and dysregulated 
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cytokine production (Bruscia & Bonfield, 2016). These defects further contribute to the 

recurrent infection / inflammatory state in CF lungs.  

1.4.3 Diagnosis of CF 

The genetic screening test for the CFTR gene has been the definitive diagnostic test for CF for 

the past 30 years (Françoise & Héry-Arnaud, 2020). Measuring serum immunoreactive 

trypsinogen (a specific pancreatic enzyme) level is commonly used as a new-born screening 

diagnostic approach (Farrell et al., 2017). If an elevated positive screening result is reported 

and/or a family history of CF is present and/or any CF symptoms are observed, then a 

diagnostic sweat test should be carried out (Farrell et al., 2017). A clinical diagnosis of CF is 

established when the level of sweat chloride is higher than 60 mmol/L in children and adults 

and > 40 mmol/L in infants (Turcios, 2020). Genetic analysis is essential when sweat chloride 

level is within the intermediate range (30-59 mmol/L) (Turcios, 2020). Normal measurement 

(< 29 mmol/L) of sweat chloride indicates that a CF diagnosis is unlikely; however, this normal 

level can still be reported even in the presence of some CFTR mutations (Feldmann et al., 2003; 

Strong et al., 1991). 

Sometimes CF is mistaken for asthma in countries where neonatal screening is not provided 

and, as a result, appropriate management and treatment is delayed (Turcios, 2020). Some 

factors that influence the diagnosis of CF in non-screened individuals, include the age of onset, 

the possible development of partial or complete pancreatic insufficiency and the absence of 

established CF clinical complications (Sosnay et al., 2017). 

Early diagnosis, a better understanding of the disease mechanisms and improvement of 

therapeutic approaches have contributed to a marked increase in survival with CF, whereby in 

2015 the median predicted survival rate of CF individuals born in that year was 41.2 years 

compared to the following year where it increased to 47.7 years (Bethesda, 2017; Turcios, 

2020). Some of the main aspects involved in successfully managing CF include timely and 

effective treatment of pulmonary exacerbations along with anti-inflammatory and anti-

microbial therapy, enhanced mucociliary clearance as well as mucus drainage, controlled 

intense nutritional support, the availability of measures to control CF infections, as well as 

rapid diagnosis and treatment of any complications (Jaques et al., 2020). 

 

 



45 | P a g e  
 

1.4.4 Clinical management of CF 

CFTR modulators are orally administered drugs designed to improve the quality of life and 

health outcomes of people with CF (Taylor-Cousar et al., 2023). A CFTR modulator, Ivacaftor 

(IVA), was first introduced into clinical practice in 2012 and was approved by the National 

Institute for Health and Care Excellence (NICE) in 2013 (Taylor-Cousar et al., 2023; NICE, 

2024). CFTR modulators are categorized into five main groups depending on the effects on 

CFTR mutations: potentiators, correctors, stabilizers, read-through agents, and amplifiers 

(Lopes-Pacheco, 2019). Different combinations of CFTR modulators that can be used for CF 

individuals with specific CFTR mutations have been reported to improve patients’ clinical 

outcome and life-expectancy, and these combinations include IVA, lumacaftor (LUM), 

tezacaftor (TEZ) and elexacaftor (ELX) (Despotes & Donaldson, 2022; Lopes-Pacheco, 2019; 

Turcios, 2020). The triple combination therapy ELX/TEZ/IVA (kown as Kaftrio or ETI) was 

approved as a standard-of-care drug by NICE in 2020 (NICE, 2024). 

Conventional treatments and intensive management do not prevent but rather delay the 

progression of lung disease (Turcios, 2020). Bronchodilators (such as β-agonists) are 

prescribed to reduce viscoelasticity and to alleviate thick sticky mucus that builds up in the 

lungs in addition to dilating the airway. CF lung infections are mainly treated with antibiotics 

and non-steroidal anti-inflammatory drugs (NSAIDs) which can be used to control airway 

inflammation (Rafeeq & Murad, 2017). 

1.5 Cystic fibrosis-related diabetes 

As life expectancy for people with CF has increased due to the incremental improvements in 

clinical care, so has the prevalence of CFRD, whereby it now affects approximately 50% of 

CF adult patients and 2% of CF children increasing to 20% in adolescence (Moran et al., 2009; 

Kelsey et al., 2019; Olesen et al., 2020). CF patients who develop CFRD have poor prognosis, 

a significantly higher risk of chronic lung infections leading to a more rapid decline in 

pulmonary function, and overall 6-fold increased morbidity and mortality compared to CF 

individuals without CFRD, regardless of the decreased morbidity due to improvements in 

diabetes management to date (Moran et al., 2009; Kelsey et al., 2019; Olesen et al., 2020). The 

connections that link CFRD and accelerated pulmonary function decline are not yet fully 

understood. Lung function is negatively impacted by chronic hyperglycaemia via impeding 

bacterial clearance and elevating oxidative stress leading to reduced pulmonary function and 

eventually pulmonary failure (Ntimbane et al., 2008; Moran et al., 2009; Hunt et al., 2014). 
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Clinical experimental medicine studies have concluded that CFRD is primarily caused by 

reduced β-cell function leading to insufficient insulin secretion, however the detailed 

pathophysiology is complex and not yet fully elucidated (Nathan et al., 2010; Street et al., 2012; 

Cano-Megías et al., 2015; Norris et al., 2019). There are different proposed hypotheses 

regarding the pathogenesis of impaired insulin secretion in CFRD:  

1) Cell intrinsic CFTR-dependent mechanisms of insulin secretion resulting in β-cell 

dysfunction (Edlund et al., 2014; J. Guo et al., 2014; Koivula et al., 2016).  

2) Oxidative stress and islet inflammatory-based remodelling during and after exocrine 

pancreas decline leading to β-cell dysfunction (Kelly & Moran, 2013; Barrio, 2015; Yi 

et al., 2016).  

3) Pancreas-extrinsic CFTR defects such as intestinal pathology leading to altered 

incretin responses resulting in β-cell dysfunction (Kelly & Moran, 2013; Barrio, 2015).  

Correspondingly, CFRD is currently viewed as a multifactorial condition resulting from 

multiple changes within the endocrine and exocrine CF pancreas.  

Interestingly, both T1D and T2D share a number of common complications with CFRD 

including (increasingly recognised) PEI, multi-organ dysfunction, malabsorption, malnutrition, 

chronic infection, insulin resistance of differing degrees as well as microvascular complications 

including retinopathy, nephropathy and neuropathy (Blackman et al., 2013; Couce et al., 1996; 

Kelly & Moran, 2013; Konrad et al., 2013; Moran et al., 2010; O’riordan et al., 2008). 

However, macrovascular complications in CFRD have to date rarely been present unlike T1D 

and T2D (Doan & Madison, 2020). However, due to the reversal from a catabolic state to 

potentially pathological weight gain in the era of CFTR modulator therapy, macrovascular 

complications are now predicted to increase significantly (Sandouk et al., 2021).  

1.5.1 Diagnosis of CFRD 

The American Diabetes Association has recommended screening CF patients annually from as 

young as 6-9 years of age and certainly over the age of 10 for impaired glucose tolerance with 

an OGTT (Mohan et al., 2008; Moran et al., 2009; Olesen et al., 2020). In 20% of CFRD cases, 

exclusively testing fasting glucose gives a false negative diagnosis for CFRD, as fasting 

hyperglycaemia may only ensue some years after an initial CFRD diagnosis is established  

(Mueller-Brandes et al., 2005). The usual tests such as fasting blood glucose test and HbA1c, 

that are used to diagnose diabetes mellitus, are thus unsuitable for diagnosing CFRD (Kayani 
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et al., 2018). Moreover, as early insulin deficiency in CF patients is present prior to the positive 

CFRD diagnosis by OGTT; continuous glucose monitoring (CGM) can be used to take frequent 

measures of glucose in order to establish a real-time glucose trend detecting early rise in 

glucose after eating which can normalise by the time of a formal OGTT time point. (Prentice 

et al., 2016; Cystic Fibrosis Trust UK, 2021). Recent studies have reported that the use of CGM 

by CF adults enabled the earlier identification of impaired glucose metabolism than the 2 h 

OGTT (Soliman et al., 2014). Yet, there is a need to develop new accurate methods for 

diagnosing CFRD including the development of novel biomarkers to enable early diagnosis 

(Rickels et al., 2020). 

1.5.2 Clinical management of CFRD 

CFRD is a life-long condition with no established cure, but it is a manageable disorder through 

insulin therapy (Moran et al., 2009). CF and CFRD mortalities have significantly been 

decreased with the implementation of annual diabetes screening and early admission of insulin 

therapy, which helped in reducing airway glucose and improving nutritional status (Moran et 

al., 2009; Kayani et al., 2018). CFRD patients report a decline in pulmonary and nutritional 

performance, therefore it is recommended that insulin therapy is administrated early for CFRD 

patients or even in individuals who are developing CFRD, as β-cell function and glucose 

tolerance inexorably decline in CFRD (Brennan & Beynon, 2015).  

The use of CFTR modulators IVA and a dual treatment of LUM/IVA has been proposed to 

improve glucose tolerance (Bellin et al., 2013a; Kelly et al., 2019; Misgault et al., 2020). 

However, other studies have contradicted these results (Colombo et al., 2021; Moheet et al., 

2021; Thomassen et al., 2018). Yet, treatments with a dual combination of first generation 

CFTR modulators TEZ/IVA exhibited no association with glucose tolerance nor insulin 

secretion in CF adults. However, CFTR modulators were suggested that they may still impact 

positively on insulin sensitivity (Ekblond et al., 2023). Additional studies to investigate the 

impact of different combinations of CFTR modulators on glucose tolerance and insulin 

sensitivity could be further conducted along with providing a better understanding of the 

disease development and progression, to provide a more effective CFRD treatment and 

management (Ekblond et al., 2023).    

1.5.3 CFTR expression 

In human pancreas, CFTR has been reported to be predominantly expressed in ductal cells 

(Figure 1.5) (Sun et al., 2017; Hart et al., 2018; White et al., 2020). Other studies have reported 
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that CFTR protein expression is hardly detected in human islets with no detectable levels of 

CFTR protein expression in human endocrine cells (Sun et al., 2017; Hart et al., 2018; White 

et al., 2020). However, contradicting studies have demonstrated that low levels of CFTR 

mRNA and protein expression were present in a small number of endocrine cells, single human 

β-cells and isolated islets (Edlund et al., 2014; Di-Fulvio et al., 2020). In addition, CFTR 

expression has previously been observed in endocrine cells in rodent models (Boom et al., 2007; 

Guo et al., 2014; Edlund et al., 2014, 2019; Ntimbane et al., 2016; Di-Fulvio et al., 2020;). 

In situ studies using ferret pancreas as well as in vitro studies using isolated human and ferret 

islets, using single-molecule fluorescent in situ hybridization reported the co-localization of 

CFTR mRNA with Keratin-7 (KRT7+) in ductal cells and not endocrine cells (Sun et al., 2017; 

White et al., 2020). These findings suggest that the impact of CFTR mutations on β-cell 

function in CFRD is mediated via paracrine mechanisms that involve proinflammatory signals 

secreted from islet-associated exocrine-derived cells (Sun et al., 2017).  

To fully understand the impact of CFTR and CFTR modulators on β-cell function and both 

endocrine and exocrine compartments of the pancreas, longer cohort studies with larger and 

more varied CF and CFRD cases need to be conducted (Bellin et al., 2013; Hayes et al., 2014; 

Tsabari et al., 2016; Thomassen et al., 2018; Kelly et al., 2019; Gaines et al., 2021). 

 

Figure 1.5. The expression of cftr in pancreatic cells. 

Normalised transcriptome data showing the average TPM (Transcript Per Million) values per sample 

scaled to a sum of 1 million TPM (pTPM) used to estimate cftr gene expression level, of all individual 

samples for each pancreatic cell type that is represented by a c-value (Cell type atlas - CFTR - The 

Human Protein Atlas, 2021). 
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1.5.4 Exocrine changes in CF and CFRD pancreata 

In the exocrine compartment of CF and CFRD pancreata, architectural remodelling and 

morphological changes have previously been observed and reported. Post-mortem pancreata 

from CF patients over the age of 5 years with reported relatively advanced pathology showed 

cystic dilatation with the absence or the presence in reduced quantity of exocrine acinar and 

duct cells, using qualitative histological analysis (Löhr et al., 1989). Further, there have been 

two distinct reported patterns of exocrine pancreas pathology during CF: a fibrotic pattern 

whereby fibrotic tissue predominantly replaced the exocrine tissue, and a lipofibrotic pattern 

where fatty tissue (adipocytes) predominantly replaced the exocrine tissue (Löhr et al., 1989; 

Rotti et al., 2018). In one study in young CFRD patients, total loss of exocrine pancreas and 

fat replacement of the exocrine parenchyma was observed (Iannucci et al., 1984). However, in 

young children of age less than 1 year with CF, the absence of exocrine lipofibrotic replacement 

but early pancreatic duct dilatation was reported, while CF children of 1-4 years-old displayed 

more severe exocrine changes (Bogdani et al., 2017).  

As there is limited human tissue availability and only cross-sectional studies are possible, it 

has been difficult to systematically elucidate the progression of early CF-related pancreatic 

pathologies. CF and non-CF ferret models of different clinical age groups have been used, 

however, for this purpose (Rotti et al., 2018). A CF ferret model that shares several 

characteristics with clinical CF pancreatic pathology has been genetically engineered. Initially, 

an adeno-associated virus (AAV) mediated gene targeting technique was used to introduce 

CFTR gene mutation, then somatic cell nuclear transfer (SCNT) was used to create embryos 

that were implanted into surrogate maternal ferrets resulting in the birth of ferret clones with 

mutated CFTR gene (Sun et al., 2008). Neonatal CF ferrets have been reported to exhibit mild 

pancreas pathology with little sign of inflammation and fibrosis (Yi et al., 2016; Olivier et al., 

2012; Rotti et al., 2018). In new-born CF ferrets there was increased apoptosis of acinar and 

pancreatic duct cells illustrating early exocrine parenchyma destruction, which has been 

proposed to lead to reduction in islet mass in neonatal CF, together with an impact on endocrine 

pancreas morphological structure (Olivier et al., 2012a). Histological pancreatic analysis was 

reported as showing mild inflammatory cell infiltration with acinar lumen ectasia (dilatation) 

graded mild to moderate in CF ferrets ages 3-4 weeks (Rotti et al., 2018). As age increases, a 

significant reduction in pancreatic exocrine tissue with a dilatated ductal cross-sectional area 

and increased replacement of exocrine parenchyma with fibrotic and fatty tissues were 

observed in CF ferrets compared to wild-type ferrets (Sun et al., 2014; Rotti et al., 2018). In 2-
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3 month-old CF ferrets, which seems comparable to 1-2-year-old CF children, there was a 

significant increase in inflammatory cell infiltration and proinflammatory factors, as well as 

observed fibrosis within the exocrine parenchyma, in parallel with a marked disorganisation 

and restructuring of islets in the endocrine pancreas (Olivier et al., 2012; Yi et al., 2016). The 

significant increase of fat tissue within the exocrine parenchyma during the inflammatory 

response due to exocrine injury has been proposed to initiate an adipogenic programme (Rotti 

et al., 2018). 

CFRD also shares some histological and imaging features with diabetes secondary to chronic 

pancreatitis including acinar loss, pancreatic duct dilatation with plugs, infiltration of fibrotic 

tissue as well as fatty tissue, overall islet anatomical preservation and the progression to 

pancreatic atrophy (Rickels et al., 2020a). However, clinically, chronic pancreatitis presents 

differently with significant pancreas-related pain which is not reported in CFRD (Rickels et al., 

2020a).  

1.5.5 Endocrine changes in CF and CFRD pancreata 

Exocrine damage, collagen deposition and frank fibrosis in the islet microenvironment of the 

CF pancreas have been reported to impact on islet morphology and number (Couce et al., 1996; 

Bogdani et al., 2017). Islets in CF pancreata have been reported to be highly fragmented with 

the presence of intra-islet fibrosis as well as perisinusoidal sclerosis (presence of fibrous tissue 

around small blood vessels) (Löhr et al., 1989; Hull et al., 2018). 

Using primary mouse islets, and β-cell lines, CFTR expression has been shown to impact on 

insulin secretion and electrophysiological responses (Boom et al., 2007; Edlund et al., 2014, 

2019; Guo et al., 2014; Ntimbane et al., 2016; Di Fulvio et al., 2020). In a rodent β-cell line 

study, an increase in oxidative stress and impaired glucose-stimulated insulin secretion were 

observed due to loss of CFTR function (Ntimbane et al., 2016). Further, CFTR inhibition 

studies in human and mouse isolated islets demonstrated that priming and exocytosis of insulin 

granules was impaired when CFTR was inhibited (Edlund et al., 2014). In addition, a study 

used a mouse model where CFTR phenylalanine 508 (F508) was deleted mimicking this 

clinical genotype leading to defective CFTR function, reported a possible defect in proinsulin 

cleavage and the secretion of immature insulin, whereby there was a reduction in exocytosis 

and the number of insulin-containing granules ‘docked’ at the cell membrane (Edlund et al., 

2019). The study also reported an increase in glucagon secretion (Edlund et al., 2019).  
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Mouse CFTR inhibitor studies demonstrated that impairing CFTR function for a short period 

of time can impact on islet size with no observed impact on insulin secretion and/or glucose 

tolerance; suggesting that to impact on β-cell function, reduced CFTR function needs to last 

for a longer period of time (Khan et al., 2019). Studying insulin secretion in response to glucose 

levels, research studies have used CFTR knock-out animal models and conducted in vivo and 

in vitro investigations (Olivier et al., 2012; Yi et al., 2016; Sun et al., 2017). In ferrets during 

CF development, changes in β-cell mass correlated with changes in blood glucose levels (Yi et 

al., 2016b). In meal tolerance tests, it was demonstrated that first-phase insulin response was 

impaired whereby insulin secretion was reduced (Olivier et al., 2012; Yi et al., 2016).  

An in vitro study using isolated islets from five human CF pancreata and control samples, it 

was reported that there were comparable insulin and glucagon secretions between the isolated 

islets of both groups  (Hart et al., 2018). This study also conducted whole-islet RNA sequencing 

to investigate key transcripts in islet cell identity, maintenance and hormone secretion, whereby 

results reported that both islets isolated from CF pancreata, and islets of healthy pancreata had 

comparable gene expression suggesting that islets’ genetic identity was preserved despite CF 

(Hart et al., 2018). However, due to the small sample size used as well as other factors such as 

islet isolation procedure which might have impacted islet gene expression and function, the 

true effect of CF in vivo may have been masked / missed (Hart et al., 2018). 

Compared to intact normal islets, endocrine cells located in ductal and acinar epithelium of CF 

pancreata have been shown to have more variable hormone composition including an elevated 

occurrence of PP+ cells in young CF individuals (Iannucci et al., 1984). Furthermore, in some 

CF human fibrotic pancreata, endocrine cells were observed budding off from ductal 

epithelium, which has also been observed in pancreata of CF ferrets with some of the cells 

displaying markers for neogenesis (Löhr et al., 1989; Hull et al., 2018). These findings further 

support previous studies suggesting the possibility of neogenesis in pancreata of adult and 

diseased individuals, which may have the potential to enhance β-cell functional mass in CFRD 

pancreata (Wang et al., 1995; Bonner-Weir et al., 2008). In addition, in 38-69% of CFRD 

pancreata, amyloid deposition within islets (only in individuals with known CFRD) along with 

simultaneous islets apoptosis and β-cell loss have been reported (Couce et al., 1996; Bogdani 

et al., 2017; Hull et al., 2018). Increased β-cell apoptosis and reduced β-cell area have been 

reported to be influenced by abnormal amyloid deposition in islets of T2D – a potential further 

contributor to β-cell dysfunction in CFRD (Jurgens et al., 2011) 
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1.5.6 Key non-endocrine cellular players in CF and CFRD pancreata  

1.5.6.1 Immune cell infiltration  

In young human CF tissue, there was an observed islet immune cell infiltration of leukocytes, 

whereas this islet immune infiltration was less in adult CF and CFRD tissue samples (Bogdani 

et al., 2017; Hart et al., 2018). In young CF donors, islet immune infiltrate was mainly made 

up of T-cells and macrophages, which appeared to be absent in islets of adult CF donors 

(Bogdani et al., 2017).  Independent of CF donor age, leukocytes, T-cells and macrophages 

were observed in the exocrine compartment (Bogdani et al., 2017; Hart et al., 2018). Some 

studies reported that the fibrotic exocrine compartment exhibited more immune cells compared 

to the lipoatrophic pattern (Löhr et al., 1989; Bogdani et al., 2017). Considering these findings, 

it is suggested that the presence of peri-islet and intra-islet immune infiltration in CF impacts 

on β-cell dysfunction via immune mechanisms similar to those of T1D and T2D (Lehuen et al., 

2010; Marchetti, 2016). Additionally, impaired CFTR function along with the changes within 

the islet microenvironment and the persistent presence of the immune infiltration within islets 

and around the islets in the exocrine compartment may present a continuous state of stress 

impacting on islet function and remodelling and further exacerbating islet dysfunction 

(Bogdani et al., 2017; Hart et al., 2018). 

1.5.6.2 Proinflammatory markers 

In CF ferret pancreas, there is a detected increase in inflammatory markers including IL-8, IL-

6 and CXCL-10, during glycaemic crisis (a metabolic imbalance in growing ferret kits 

associated with marked insulin deficiency) and these inflammatory markers have been reported 

to be associated with acute pancreatitis (Frossard et al., 2001; Granger & Remick, 2005; Ness-

Otunnu & Hack, 2013; Yi et al., 2016). CFTR-expressing exocrine-derived cells have been 

demonstrated to impact β-cell function via the secretion of pro-inflammatory markers such as 

IL-6, in a study that used CFTR inhibitors and islets from CF ferret model (Sun et al., 2017). 

In addition, when compared to wild-type islets, IL-6 level was shown to increase in CF ferrets 

which was associated with a decrease in total insulin content and an increase in insulin content 

percentage that was secreted at basal (rather than high) glucose levels (Sun et al., 2017).  

Hart et al. (2018) study demonstrated the characterisation of the adaptive immune infiltrate by 

sorting T cells isolated from CF islets and reported that adaptive immune infiltration of CF 

islets mediated  the production of inflammatory cytokines including INF-γ and TNF-α, which 

have been reported to impair in vivo β-cell function (Wang et al., 2010; Hart et al., 2018). Also, 
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chemokines and cytokines including IL-6, IL-1β, TNF-α, IFN-γ, and CXCL-10 have been 

reported to be secreted from stimulated T-cells that were isolated from CF islets, suggesting 

that the removal of CF islets from this inflammatory environment may limit the effect on β-

cell function enabling more normal secretion of insulin and glucagon in vitro (Hart et al., 2018). 

Moreover, IL-1β has been shown to be present in islets of CF children of less than 10-year-old, 

CF adolescents and adults with CFRD (Hull et al., 2018). Several studies have reported that β-

cell function can be impaired due to chronic inflammation, whereby β-cell can undergo 

apoptosis or dedifferentiate in the presence of the previously mentioned pro-inflammatory 

cytokines such as IL-1β (Cnop et al., 2005; Donath et al., 2010; Wang et al., 2010; Lopes et al., 

2014; Collier et al., 2017; Nordmann et al., 2017; Hart et al., 2018). Interestingly, β-cells are 

capable of secreting chemokines that enhance immune cell recruitment and the overall 

cytokine-mediated signalling within and around the islets. This is thought to play a significant 

role in regulating β-cell function in conditions including T2D, obesity and metabolic syndrome 

(Haugen et al., 2001; Asensio et al., 2004; Maedler et al., 2004; Xu et al., 2005; Haider et al., 

2006; Janet et al., 2007; LaPensee et al., 2008; Carnegie et al., 2010; Wang et al., 2010; Collier 

et al., 2017; Sun et al., 2017).  

A recent study reported that miRNA-29 / TNF Receptor Associated Factor 3 (TRAF3) / 

CXCL10 pathways in β-cells facilitate the recruitment of monocytes and macrophages when 

metabolic stress promotes islet inflammation, which further suggests a possible pathway for 

islet dysfunction in CF pancreata with elevated levels of β-cell microRNA-29 having been 

associated with the development of T2D in elderly (Sun et al., 2021). 

1.5.6.2 Pancreatic stellate cells 

PaSCs are cells that are found in endocrine and exocrine pancreatic tissue and represent 7% of 

parenchymal pancreatic cells (Erkan et al., 2019). PaSCs in their quiescent state lay down the 

basement membrane in order to support the formation of epithelial cell structure and 

parenchymal function (Means, 2013). However, in their pathological state, PaSCs become 

activated, lose their stored fat droplets, and transdifferentiate into proliferating myofibroblasts, 

which play a significant role in pathological pancreatic fibrosis associated with pancreatic 

diseases such as pancreatic cancer, where these myofibroblasts are proposed to contribute to 

tumour progression and β-cell dysfunction (Omary et al., 2007; Phillips, 2012). Activated 

PaSCs in CF ferrets express α-smooth muscle actin (α-SMA) and desmin evidencing their 

proinflammatory active state compared to quiescent state in wild-type CF ferrets (Sun et al., 

2017). Various studies have established that activated PaSCs synthesise and secrete different 
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extracellular matrix (ECM) proteins such as fibronectin, collagen type I and III, pro-

inflammatory cytokines and growth factors (Apte et al., 1998, 1999; Elsässerm et al., 1989; 

Kuroda et al., 1998; Gabbiani, 2003). In addition to this, during injury and/or inflammation, 

acinar cells, platelets, inflammatory cells, and endothelial cells can produce cytokines as well 

as growth factors that can induce the activation of PaSCs (Masamune & Shimosegawa, 2009). 

Further, during pancreatic injury or inflammation, in vitro studies have demonstrated that 

cytokines and growth factors produced by acinar cells, inflammatory cells, platelets and 

endothelial cells including TGF-β, IL-1, IL-6, TNF-α, activin A, oxidative stress, ethanol and 

its metabolites, could activate PaSCs (Omary et al., 2007; Vonlaufen et al., 2008; Masamune 

et al., 2009; Masamune & Shimosegawa, 2009; Erkan et al., 2012).  

Moreover, it has been reported that in CF ferrets of 1-4 months age range, activated PaSCs 

were observed around ductal epithelium, and this observation was not seen in wild-type ferrets, 

suggesting PaSCs to be the source of myofibroblasts during CF pancreatic remodelling (Rotti 

et al., 2018). In addition, it was proposed that myofibroblasts in fibrotic regions of ferret 

pancreata may be a possible source of adipocytes in CF, which was further supported by mouse 

lineage-trancing studies where it was demonstrated that myofibroblasts could transdifferentiate 

into adipocytes (Plikus et al., 2017; Rotti et al., 2018).  

Alongside the presence of pro-inflammatory environment in islet cultures from CF ferrets, gene 

expression analysis reported elevated expression of activated PaSC, fibrosis, inflammation and 

remodelling markers such as cxcl10, acta1, acta2, and tgf-β1. (Sun et al., 2017). These findings 

were postulated to contribute to islet dysfunction in CF (Sun et al., 2017). 

1.6 Aims 

Diabetes is manifested as a secondary complication of a range of pancreatic diseases, where 

pancreatic ducts and the exocrine compartment are affected and damaged. Although islets do 

survive such environments in a dysfunctional state, their function eventually is impaired, and 

endocrine insufficiency ensues. The physiological, molecular, and cellular mechanisms that 

play the most significant roles in exocrine-endocrine communication leading to β-cell 

dysfunction are not yet fully understood, mainly due to limited access to human CF and CFRD 

pancreatic tissue.  

Therefore, to understand how pancreatic changes during CF influence islet impairment leading 

to CFRD development, this thesis aimed to investigate the morphological changes within 

human CF pancreata as the disease progresses, and its relation to donor age. Also, it addressed 
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whether a semi-quantitative scoring of histopathological changes in CF, including duct 

dilatation, fibrosis, and fat replacement could elucidate the natural history of the disease. 

Robust AI quantitative analysis (HALO) was employed to further characterise the changes in 

exocrine and endocrine compartments of CF pancreata and shed light on the following 

questions:  

1) Is there evidence for a decrease in islet number/density and β-cell number/density in CF?  

2) Do islets undergo fibrotic changes? 

3) Are cellular constitution changes including the presence of activated PaSCs associated with 

the changes within islets and islet niche? 

Moreover, as the activation on PaSCs and transdifferentiation into proliferating myofibroblasts 

is reported to mediate pancreatic fibrosis and could eventually be associated with β-cell 

malfunction, I hypothesised that establishing an in vitro primary human islet stellate cell (ISC) 

model could mimic the cell-mediated ‘stress’ environment which islets are exposed to in CF 

and or CFRD pancreata. This model could enable the assessment of β-cell function under the 

impact of proinflammatory components produced due to the activation of ISCs.  

Subsequently, the previous questions were explored by undertaking a transcriptome analyses 

of CF pancreatic tissue with different patterns of CF disease and a human β-cell line after 

treatment with conditioned media from the established ISC model. This could uncover the 

possible associated pathways involved in exocrine-endocrine cell-mediated cross-talk, further 

enhancing understanding of CFRD pathophysiology.  

To address these questions, the following aims and objectives were proposed:  

Aim 1: To analyse pancreatic histopathological changes in human post-mortem CF tissue and 

identify associated cell phenotypes with potential aetiological roles in CFRD to answer three 

main questions: 

1) What is the natural history of CF pancreatic pathology within the exocrine compartment?  

2) How are exocrine compartment changes associated with changes in the endocrine 

compartment? 

3) Is there any spatial relationship between fibrosis and stellate cells around the islets in CF? 



56 | P a g e  
 

• Objective 1.1: Evaluate the histopathological changes in the exocrine parenchyma and 

categorise the CF pancreatic tissue blocks into patterns based on the morphological 

changes observed. 

• Objective 1.2: Use H&E-stained pancreatic tissue sections to assess the changes in CF 

pancreata over the course of the disease and potential associations with donor age at 

post-mortem. 

• Objective 1.3: Establish a semi-quantitative scoring system to investigate the changes 

in the exocrine and endocrine compartments based on the established morphological 

patterns. 

• Objective 1.4: Assess proportion of specific endocrine cell phenotypes, fibrosis and 

activated PaSCs in diseased and control pancreata and quantify these changes using 

immunohistochemistry staining and AI deep learning. 

Aim 2: To establish an in vitro primary human islet-derived stellate cell (ISC) model and 

examine the impact of its secretome on β-cell line viability and function.  

• Objective 2.1: Confirm the establishment of activated ISCs in culture: 

1) Undertaking immunofluorescent staining for activated stellate cells markers 

2) Performing real-time quantitative reverse transcription-polymerase chain 

reaction (rtq-RT PCR) for genes associated with stellate cell activation.  

• Objective 2.2: Examine ISC secretome for the presence of proinflammatory molecules, 

by performing a multiplex immunoassay to quantify proteins, Meso Scale Discovery 

(MSD) and COL1A1 ELISA. 

• Objective 2.3: Investigate the impact of ISC secretome on (rat) INS-1E cell viability, 

insulin transcription and genes associated with stimulus-secretion coupling.  

• Objective 2.4: Investigate the impact of ISC secretome on (human) EndoC-βH1 cell 

function assessed by glucose-stimulated insulin secretion assay and insulin / pro-insulin 

content. 
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Aim 3: To conduct transcriptomic phenotyping of CF pancreatic tissue and EndoC-βH1 cells 

following treatment with ISC secretome. 

• Objective 1: Investigate the differentially expressed genes and identify possible 

signalling pathways associated with the morphological and cellular changes across CF 

pancreatic tissue of different morphological patterns, by performing a NanoString 

nCounter analysis. 

• Objective 2: Investigate the impact of ISC secretome on EndoC-βH1 cell transcriptome 

by performing bulk-RNA sequencing and exploring possible upregulated and 

downregulated gene expression pathways.  
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Chapter 2: Materials and methods 

All chemicals and tissue culture consumables were purchased from Sigma-Aldrich (Missouri, 

USA) and Thermo Fisher Scientific (Waltham, USA), unless otherwise stated. 

2.1 Human Cohort Studies 

2.1.1 Human cohort 

A total number of 58 control human pancreata were obtained from Exeter Archival Diabetes 

Biobank (EADB) and Quality in Organ Donation (QUOD) donors with an age range of 0-29 

years-old (Table 2.1). Twenty-nine human pancreata biopsied at post-mortem from individuals 

with CF with an age range of 0-27 years-old were obtained from EADB and a pathology bank 

collected by Professor. Günter Klöppel, Technical University of Munich, Germany (Table 2.2).  

Deceased donor organs for the QUOD Expand Whole Pancreas Biobank were taken after 

written donor-relative consent in compliance with the UK Human Tissue Act of 2004 under 

specific ethical approvals by the UK Human Research Authority (05/MRE09/48 and 

16NE0230). Donors from the EADB were used with full ethical permission from the West of 

Scotland Research Ethics Committee (ref: 20/WS/0074; IRAS project ID: 

28362015/WS/0258). An ethical approval established by local ethic committee of the 

University Hospital 'rechts der Isar', Munich, Germany (document number: 281/19 s) was 

issued to approve all studies on archival material.  

 

 

 

 

 

 

 

 

 

 

 

 

 



59 | P a g e  
 

Table 2.1: Control cohort donor details including case number, biobank, age and sex if known.  

Case number Biobank  Age  Sex 

1 EADB Premature  NA 

2 EADB 7 days NA 

3 EADB 7 days NA 

4 EADB 7 days NA 

5 EADB 7 days NA 

6 EADB 13 days NA 

7 EADB 3 weeks NA 

8 EADB 3 weeks NA 

9 EADB 3 weeks NA 

10 EADB 3 weeks NA 

11 EADB 6.2 weeks NA 

12 EADB 4 months NA 

13 EADB 8 months NA 

14 EADB 1 year NA 

15 EADB 2 years NA 

16 EADB 2 years NA 

17 EADB 2 years NA 

18 EADB 2 years NA 

19 EADB 2 years NA 

20 EADB 2 years NA 

21 EADB 2 years NA 

22 EADB 2.5 years NA 

23 EADB 3 years NA 

24 EADB 3 years NA 

25 EADB 3 years NA 

26 EADB 4 years NA 

27 EADB 4 years NA 

28 EADB 5 years NA 

29 EADB 5 years NA 

30 EADB 5 years NA 
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31 QUOD 6 years Female 

32 EADB 6 years NA 

33 EADB 6 years NA 

34 EADB 6 years NA 

35 EADB 6 years NA 

36 EADB 7 years NA 

37 EADB 7 years NA 

38 EADB 7 years NA 

39 EADB 7 years NA 

40 EADB 8 years NA 

41 EADB 8 years NA 

42 EADB 9 years NA 

43 EADB 9 years NA 

44 EADB 10 years NA 

45 EADB 10 years NA 

46 EADB 10 years NA 

47 EADB 10 years NA 

48 EADB 12 years NA 

49 EADB 12 years NA 

50 QUOD 13 years Male 

51 QUOD 18 years Female 

52 QUOD 18 years Female 

53 QUOD 19 years Male 

54 QUOD 24 years Male 

55 QUOD 27 years Male 

56 QUOD 27 years Male 

57 QUOD 27 years Male 

58 QUOD 29 years Male 

  Mean age: 7.1 years 

Standard deviation: 7.7 years 

 

EADB cohort: Exeter Archival Diabetes Biobank. QUOD: Quality in Organ Donation. NA: 

Not available 
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Table 2.2: Donor details of CF cohort: case number, biobank, age, sex if known and the number of 

blocks provided.  

Cases 

number 

Biobank Age 

 

Sex Number 

of 

blocks 

CF Pattern 

1 Klöppel  0 Female 1 Pattern 1 

2 Klöppel  0 Female 3 Pattern 1 

3 Klöppel  2 days Male 1 Pattern 1 

4 EADB 3 days NA 1 Pattern 1 

5 EADB 10 days NA 1 Pattern 1 

6 EADB 3 months NA 1 Pattern 1 

7 EADB 3 months NA 1 Pattern 1 

8 EADB 4 months NA 1 Pattern 1 

9 Klöppel 4 months Male 2 Pattern 1 

10 EADB 6 months NA 1 Pattern 1 

11 EADB 2 years NA 1 Pattern 1 

12 EADB 2 years NA 1 Pattern 1 

13 EADB 3 years NA 1 Pattern 1 

14 EADB 3 years NA 1 Pattern 2 

15 EADB 4 years NA 1 Pattern 1 

16 EADB 4 years NA 1 Pattern 1 

17 EADB 4 years NA 1 Pattern 2 

18 EADB 7 years NA 1 Pattern 2 

19 EADB 7 years NA 1 Pattern 3 

20 Klöppel 7 years Male 1 Pattern 2 

21 EADB 12 years NA 1 Pattern 3 

22 Klöppel 13 years Female 7 Predominant 

Pattern 3* 

23 EADB 14 years NA 1 Pattern 2 

24 EADB 14 years NA 1 Pattern 2 

25 Klöppel 14 years Female 1 Pattern 1 

26 EADB 19 years NA 1 Pattern 3 

27 Klöppel  19 years Male 2 Pattern 2 
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28 Klöppel  27 years Male 3 Pattern 3 

29 Klöppel  27 years Male  6 Predominant 

Pattern 2**  

  Mean age: 7 years 

Standard deviation: 8.2 years 

   

Pattern 1= Fibroatrophic, Pattern 2= Fibroatrophic and lipoatrophic, Pattern 3= 

Lipoatrophic. * This case has 2 blocks with pattern 2. ** This case has 2 blocks with pattern 

3. NA: Not available. EADB cohort: Exeter Archival Diabetes Biobank 

2.1.2 Haematoxylin and Eosin (H&E) and immunohistochemistry (IHC) staining 

All staining was carried out by NovoPath Newcastle Laboratories, Royal Victoria Infirmary, 

Newcastle upon Tyne, UK. To evaluate tissue morphology and fibrosis, 4 μm of tissue sections 

were stained manually for H&E and picro-sirius red fast green (SRFG). Immunohistochemistry 

(IHC) staining was carried out using the Discovery Ultra Auto-Stainer (Roche Diagnostic, 

Indianapolis, USA) for various antibodies at the specific dilutions (Table 2.3). Pancreatic 

stained sections were scanned either using an Akoya Biosciences Vectra® Polaris™ 

Automated Quantitative Pathology Imaging System using a Brightfield x 40 scanning protocol 

or Leica DMR microscopy with the Leica DFC310 FX 1.4-megapixel digital colour camera 

(Leica Microsystems, Wetzlar, Germany). Images of stained scanned sections were captured 

using ImageScope (v12.4.6.5003) (Leica Biosystems, Illinois, USA).  

Table 2.3: Details of antibodies used for IHC staining. 

Antibody Dilution LOT No. Company 

Insulin  1:1000 BSH-2010-100 Nordic Biosite, Täby, Sweden 

Glucagon 1:1500 EP74 Cell Marque, California, USA 

Pancreatic 

polypeptide 

1:2000 ab113694 Abcam, Cambridge, UK 

Somatostatin 1:300 EP130 Cell Marque, California, USA 

Chromogranin A 1:5000 ab254557 Abcam, Cambridge, UK 

CD45 1:250 2B11+PD7/26 Dako, Agilent Technologies, Santa Clara, 

USA 

CD31 1:2000 ab182981 Abcam, Cambridge, UK 

α-SMA 1:200 ab150301 Abcam, Cambridge, UK 

CD68 1:200 M0876 Dako, Agilent Technologies, Santa Clara, 

USA 
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2.1.3 Artificial intelligence (AI) quantification 

AI quantification was performed by Prof. Sarah Richardson and her team at the University of 

Exeter, UK. Prior to section analysis using HALO V3.0 image analysis software (Indica Labs, 

Albuquerque, USA), quality control on sections was performed and the following areas were 

excluded: sections of spleen, intestinal cell wall, lymph nodes, blurred regions, mucus within 

large ducts and any tears and regions of nonspecific staining. Individual DenseNet V2 

classifiers (Version 3.2.1851.354) were made for the H&E and the SRFG stained sections. The 

H&E classifier included six annotations: ‘Background’, ‘Fibrosis’, ‘Acinar’, ‘Ducts’, ‘Islets’ 

and ‘Fat’ (Figure 2.1).  

 

In control donors, the hierarchy of tissue types was as above, because occasionally fat was 

visible within the islets. However, in the CF donors, especially those with a lipoatrophic disease 

pattern, islets were often located within a large amount of fat (Figure 2.1 C and D). Therefore, 

for CF donors, the hierarchy ‘Background’, ‘Fibrosis’, ‘Acinar’, ‘Ducts’, ‘Fat’ and then 

‘Endocrine’ was used. The classifiers were trained on donors with a range of CF pathology, 

relatively ‘normal’ pancreas, a fibrotic disease pattern and a lipoatrophic disease pattern. In 

control donors, three donors encompassing a range of ages were used for training: < 1 week 

old, 6 months and 3-year-old. Every example of the different tissue phenotype was drawn 

around to ensure accurate training. The classifier was based on tissue colour, shape, and texture 

differences. Each classifier, once made, was trained to 50,000 iterations and until cross-entropy 

(a mathematical tool to measure the difference between predicted probabilities and true class 

labels in classification tasks) fluctuated between 0.2 and 0.6.  Only islets with an area > 1000 

μm2 (typically > 8-10 cells) were included.  

 

The peri-islet AI pipeline using SRFG staining was established following the study of fibrosis 

in a separate 52-year-old QUOD donor pancreata (Figure 2.2). The largest distance from the 

islet basement membrane to the outer edge of peri-islet fibrosis across 25 randomly selected 

islets was assessed. The peri-islet ring, used to assess SRFG+ area in this region, was defined 

as a 33.1 μm ring around the islet (Figure 2.2). After running the DenseNet V2 classifier in 

HALO, the islet annotation was manually expanded by this amount and further analysis was 

run within this annotation layer. The area quantification module (Version 3.2.1851.354) was 

used to collect the area of specific stains. This was performed on either the whole section or in 

specific annotation layers generated by the DenseNet V2 classifier to calculate the area of each 
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stain. The same settings for the area quantification module were used on every sample to ensure 

consistency and reproducibility. Other pipelines were developed and classifiers were trained to 

calculate chromogranin A+ (CGA+),  CD31+ area (Figure 2.3) and α-SMA+ areas (Figure 2.4). 

 

Figure 2.1: AI classifier illustration of H&E area quantification of a 27-year-old male QUOD control 

(Case number:29) (A and B) and a 27-year-old male CF donor (C and D). 

Tissue classifier colours: islets (cyan); ducts (blue); fat (pink); acinar (yellow); background 

(red); fibrosis (green). 
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Figure 2.2: AI classifier illustration of SRFG+ area (yellow/orange labelling) quantified in different 

compartments of a 52- year-old male QUOD control. 

(A) Tissue with classifier: fat (blue); islet (pink); peri-islet/ islet (cyan); duct and other (green). 

(B) Tissue classifier – higher magnification. (C) SRFG+ area quantification within acinar layer. 

(D) SRFG+ area quantification within islet. (E) SRFG+ area quantification within peri-islet/ 

islet. Peri-islet SRFG+ area was calculated by subtracting islet area (pink) from peri-islet/islet 

area (cyan). (F) SRFG+ area quantification within duct and other (blood vessels). 

 

 

Figure 2.3: AI classifier illustration of CD31+ area quantification (yellow/ orange labelling) in a 27-

year-old male QUOD control (Case number: 56). 

(A) Tissue with classifier: fat (blue) and islet (cyan). (B) CD31+ area quantification within islet 

layer (yellow). (C) CD31+ area quantification within acinar layer (yellow).  
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Figure 2.4: AI classifier illustration for α-SMA+ area (yellow/orange) staining in a 27-year-old male 

QUOD control (Case number: 56).  

(A) α-SMA in brown and islet circled with cyan. (B) Classification of tissue: acinar (green); 

islet (cyan). (C) α-SMA+ area quantification in islet. (D) α-SMA+ area quantification in acinar. 

2.1.4 Molecular studies  

2.1.4.1 RNA extraction from formalin-fixed paraffin tissue 

For transcriptomic analysis, RNA was extracted from both CF and control tissue blocks 

successfully using The High Pure FFPE RNA Isolation Kit (Roche, Basal, Switzerland), 

according to manufacturer’s protocol. RNA was then quantified using QubitTM RNA HS Assay 

Kit (Thermo Fisher Scientific, Waltham,USA). Samples were stored at -80 ºC. 
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2.1.4.2 Bulk RNA sequencing and Nanostring analysis  

RNA samples extracted (2.1.4.1) from ten QUOD donors (n=10 blocks) and ten CF cases (n=20 

blocks) obtained from Professor. Klöppel (Table 2.1 and Table 2.2), were sent to Genomic 

Core Facility, Newcastle University for Bulk RNA sequencing using TruSeq Standard mRNA 

library prep kit.  

NanoString nCounter analysis was conducted in the Human Dendritic Cell Laboratory, 

Newcastle University Medical School. The nCounter Master® Kit and the NanoString 

nCounter® predesigned gene expression Human Fibrosis V2 Panel were used according to 

manufacturer’s specifications, to profile gene expressions of human pancreatic FFPE RNA 

samples obtained from three healthy donors (n=3 blocks) and seven CF donors (n=9 blocks) of 

different morphological pathologies (Table 2.4).  

Table 2.4: Details of donors used for NanoString nCounter analysis including case number, sex 

and age. 

Sample ID. Case Number Sex Age 

Control 1 55 Male  27 years 

Control 2 31 Female  6 years 

Control 3 53  Male 19 years 

CF Pattern 1.1 1 Female  Premature 

CF Pattern 1.2 2 Female  Premature 

CF Pattern 1.3 9 Male  4 months  

CF Pattern 2.1 27 Male  19 years 

CF Pattern 2.2 29 Male  27 years 

CF Pattern 2.3 22 Female  13 years 

CF Pattern 3.1 28 Male  27 years 

CF Pattern 3.2 29 Male  27 years 

CF Pattern 3.3 22 Female  13 years 
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2.2 Human islet stellate cell model (ISC) 

2.2.1 Human islets 

Primary isolated human islets were coded with an internal identification number (LDIS). All 

donor families had provided written informed consent for research use of donated tissue and 

the work was carried out following full ethical approval under REC number 05/MRE0948 

adhering to all HTA requirements for research at Newcastle University. Donor characteristics, 

pancreas ischaemic time and islet purity / viability are provided in (Table 2.5). 

Deceased donor pancreata were retrieved at UK donor hospitals by the NHS Blood and 

Transplant National Organ Retrieval Service, with islets isolated at Oxford Diabetes and 

Endocrinology Centre, Newcastle Transplant Regenerative Medicine Laboratories or King’s 

College Cell Isolation Unit, preserved in 37 ºC tissue culture at the isolation site when necessary, 

and shipped to Newcastle University Medical School for the current studies. 

Table 2.5: Islet donor information. 

Donor ID represented by LDIS number, age (years), sex, body mass index (BMI, kg/m2), donor 

type (DBD: donor after brain death, DCD: donor after circulatory death), cold ischemia time 

(CIT), warm ischemia time (WIT, min), purity measured by islet volume fraction (IVF), viability 

(%) and isolation site (Oxford Diabetes and Endocrinology Centre or Newcastle Transplant 

Regenerative Medicine Laboratories or King’s College Cell Isolation Unit. Not available (NA). 

2.2.2 Establishment of ISCs in primary culture 

Isolated islets were cultured in Connaught Medical Research Laboratories (CMRL) 1066 

medium (Mediatech Inc., Manassas, USA) supplemented with 2% human serum albumin 

(Gemini Bio-Products, West Sacramento, USA), 1.2% 1 M HEPES solution and 1.2% 100 x 

Donor ID Age 

[years] 

Sex BMI 

[kg/m2] 

Donor 

Type 

CIT WIT 

[min] 

Purity 

[IVF] 

Viabili

ty 

Isolation 

site 

LDIS326 55 Female  23.15 DBD 32 h  

31 min 

0 70% 63% Newcastle 

LDIS328 53 Female 24.54 DBD 24 h 

36 min 

0 60% 60% Newcastle 

LDIS335 53 Male 28.41 DBD NA 0 70% 77% Oxford 

LDIS354 53 Female 32.15 DBD NA 0 60% 57% Oxford 

LDIS355 38 Male 22.45 DBD NA 0 30% 77% King’s 

LDIS359 73 Male  29.76 DCD 5 h 

42 min 

40 50% 80% Newcastle 
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penicillin/streptomycin. Islets were cultured at 37 ºC and 5% CO2, in T175 suspension flasks 

with an islet equivalent (IEQ) of 200 IEQ/cm2, until further experiments were carried out. 

Setting up ISC cultures is summarised in Figure 2.5. Once islets were received, samples for 

time point Day 0 were taken for RNA analysis as well as formalin fixation. First, islets were 

washed twice with PBS (phosphate buffered saline), before resuspending in 750 μl lysis buffer 

containing 7.5 μl 2-β-mercaptoethanol and pipetted into 1.5 ml Eppendorf tubes, then snap 

frozen in liquid nitrogen before storing at -80 ºC ready for RNA extraction.  

In preparation for fixation, islets were resuspended in 1.5 ml of 4% formalin and stored 

overnight at 4 ºC, followed by discarding formalin and adding 2 ml PBS. Then, to embed islets, 

PBS was discarded carefully, and the islet pellet was re-suspended in 200 μl of fresh PBS and 

was allowed to settle for 5 min before adding agarose gel. Next, this agarose chip containing 

the islets was transferred into a tissue cassette placed inside a 50 ml Universal container filled 

with 10% formalin to ensure the tissue is covered. Embedding and sectioning of the tissue was 

performed by NovoPath Newcastle Laboratories.  

To set up ISCs in primary culture, islets isolated from donors LDIS326, LDIS328 and LDIS335 

(Table 2.5) were re-suspended in RPMI medium (#21875-034, Gibco, Thermo Fisher, Waltham, 

USA) containing L-Glutamine and supplemented with 10% fetal bovine serum (FBS) (#10500-

64, Gibco, Thermo Fisher, Waltham, USA) and 1% penicillin/streptomycin. Isolated islets from 

donors LDIS354, LDIS355 and LDIS359 (Table 2.5) were re-suspended in fresh RPMI 1640 

medium (#R8758, Sigma-Aldrich, Missouri, USA) containing 10 mM glucose, L-Glutamine 

and sodium bicarbonate and supplemented with 5% FBS, 1 mM sodium pyruvate solution 

(#RNBK5893, Sigma-Aldrich, Massouri, USA), 5 ul/l β- Mercaptoethanol 75 mg/l penicillin 

and 50 mg/l streptomycin. Re-suspended islets at a density 200 IEQ/well were cultured in 

adherent 12-well cell culture plates (#E211239E, CELLSTAR ®, Greiner Bio-One, 

Kremsmünster, Austria) or on circular coverglasses of 13 mm diameter (#L46R13-1, Agar 

Scientific, Stansted, UK) in alcohol sterilised 12-well suspension cell culture plates 

(#E18023CK, CELLSTAR ®, Greiner Bio-One, Kremsmünster, Austria), for up to seven days, 

ready for RNA extraction (2.2.4) or IF staining (2.2.7.2), respectively. 
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Figure 2.5: ISC model set-up for medium extraction, RNA extraction and IF staining. 

 Image created using Bio-render. 

2.2.3 ISC medium collection 

ISC medium collection was carried out on Day 1, 3, 5 and 7 with total volume media changes 

on Day 3 and Day 5. Medium was collected from designated wells into 15 ml Falcon tubes and 

then spun down for 5 min at 500 xg. Supernatant was aliquoted into 1.5 ml Eppendorf tubes 

and stored at -80 ºC, until further experiments were conducted. 
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2.2.4 RNA extraction 

After media collection, islets were washed twice with 500 μl/well PBS. Then, 250 μl of RNA 

lysis buffer was added and wells were scraped into 1.5 ml Eppendorf tubes, which were snap 

frozen in liquid nitrogen and stored at -80 ºC.  

 

RNA extraction was performed using the GenElute TM Total RNA Purification Kit according 

to manufacturer’s instructions (Sigma-Aldrich, Massouri, USA). Samples were thawed and 

lysate was pipetted into a GenElute Filtration Column and centrifuged at 14,000 xg for 2 min. 

All centrifugation steps were carried out at speed of 14,000 xg.  The Filtration column was 

discarded and an equal volume of 70% ethanol solution was added and mixed thoroughly with 

the lysate before transferring onto a GenElute binding column, followed by centrifuging for 15 

sec and discard of the flow-through. The retained collection tube and column were washed with 

250 μl Wash Solution 1 and centrifuged for 15 sec. Tubes were then incubated at room 

temperature for 15 min after the addition of 10 μl of DNase I and 30 μl Digest buffer mixture. 

A second wash of the membrane with 500 μl Wash Solution 1 and centrifuging for 15 sec 

followed. The column was then transferred into a new collection tube and washed with 500 μl 

of Wash Solution 2 and centrifuged for 15 sec before discarding the wash solution and repeating 

the washing step with 250 μl of Washing Solution 2 and centrifuging for 2 min, to remove 

ethanol, and discarding the flow-through. This was followed by a 1 min centrifuging before 

transferring the column into a new collection tube and adding 50 μl of elusion solution into the 

column and centrifuging for 1 min. Collection tubes containing eluted RNA samples were 

retained and labelled correctly before storing at -80 ºC until further experiments were 

performed. 

2.2.5 Complementary DNA (cDNA) synthesis 

RNA samples (1 μl) were quantified using NanoDrop spectrophotometer (NanoDrop TM-2000; 

Thermo Fisher, Waltham, USA) and RNA purity was assessed using the A260/280 ratio, which 

ranged from 1.77-3.40 with most samples having an A260/280 ratio around 2.0, in keeping 

with highly pure RNA. To normalise the concentration of all RNA samples, a value of 2 ng/ μl 

was subtracted from the smallest value measured of an RNA sample, then the resulted value 

was used to normalise all the other measured RNA samples. Samples were then topped up with 

elusion buffer to make a final volume of 20 μl. To convert RNA samples into complementary 

DNA (cDNA), a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster 

City, USA) was used to make a total volume of 20 μl per reaction, whereby 10 μl of master 
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mix was prepared (Table 2.6). Prepared master mix was added and mixed well with 10 μl of 

each RNA sample following concentration normalisation. To test for possible contamination 

within each reaction, a blank control was prepared using an RNA sample and a master mix 

substituting Nuclease-Free H2O for MultiScribeTM Reverse Transcriptase (Roche, Basal, 

Switzerland). All samples were then placed inside a TC-512 gradient thermal cycler (Techne 

Inc., Burlington, UK) that has been set up with the optimised cycling conditions to generate 

cDNA (Table 2.7). cDNA samples were then stored at -20 ºC until quantitative real-time PCR 

was performed.  

Table 2.6: Master-mix reagents and volume to make up 10 μl per reaction. 

Reagent Volume (μl) 

10x RT buffer 2 

25x dNTP Mix (100 mM)  0.8 

10x RT Random Primers 2 

MultiScribeTM Reverse Transcriptase 1 

Nuclease Free H2O 4.2 

 

Table 2.7: Thermal cycler optimised conditions for cDNA synthesis. 

Steps/Settings Temperature [ºC] Time [min] 

Step 1 25 10 

Step 2 37 120 

Step 3 85 5 

Step 4 4 ∞ 

 

2.2.6 Real-time quantitative reverse transcription-polymerase chain reaction (rtq-RT 

PCR) 

To assess the changes in gene expression, real-time quantitative reverse transcription-

polymerase chain reaction (rtq-RT PCR) was undertaken. Prior to taking cDNA samples, 

prepared in 2.2.5, out of the freezer, surfaces, pipettes and tube racks were cleaned with 70% 

ethanol. Then, TE buffer pH 8.0 (AmbionTM, Thermo Fisher Scientfic, Waltham,USA), H2O, 

0.5 ml PCR tubes, pipettes, LightCycler® Multiwell Plate 96 (Starlab, Hamburg, Germany) 

were all placed inside a UV hood for 20 min. Then, master mix (0.5 μl DNA probe, 0.5 μl TE 

buffer, 10 μl LightCycler® 480 Probes Master (Roche, Basel, Switzerland) and 7 μl H2O) was 
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prepared for each DNA probe (Table 2.8) with duplicates for each cDNA sample. Following 

this, 18 μl of master mix was reverse pipetted into the bottom of designated wells followed by 

2 μl of cDNA, which was pipetted onto the side of the well using a fresh tip. The plate was then 

sealed with polyolefin film (Starlab, Hamburg, Germany) and briefly centrifuged for 18 sec. 

The plate was run using a LightCycler® 480 PCR machine (Roche Diagnostics, Rotkreuz, 

Switzerland) with an optimised protocol. The cycling conditions initially started with a pre-

incubation cycle of 95 ºC for 10 min, followed by 50 cycles of 95 ºC for 15 sec, 60 ºC for 1 min 

and 40 ºC for 10 sec. Data generated from each reaction were normalised to the reference gene 

RPLP0, then the fold change in gene expression was calculated using the double delta Ct 

analysis method.  

Table 2.8: DNA probes for qrt-RT PCR with human gene name, gene symbol, species and detected 

transcripts. 

Gene Gene Symbol Species Transcript detected 

Ribosomal protein, large, R0 RPLP0 Human Hs00420895_gH 

Collagen Type I Alpha 1 Chain COL1A1 Human Hs00164004_m1 

Vimentin  VIM Human Hs00185584_m1 

Actin Alpha 2, Smooth Muscle ACTA2 Human Hs00901479_m1 

Cadherin-11 CDH11 Human Hs00901479_m1 

 

2.2.7 Immunofluorescence (IF) staining 

Primary and secondary antibodies used are listed in Table 2.9.  

2.2.7.1 Tissue IF staining 

Four µm tissue sections were cut from paraffin embedded and formalin fixed islets (collected 

at Day 0) and placed on glass slides. Sections were deparaffinised by placing in Histo-ClearTMII 

(National Diagnostics, Atlana, USA) for 10 min and were then placed in a decreasing ethanol 

concentration gradient (100%, 90%, 70% and 50%) for 3 min each to rehydrate the tissue. 

Slides were then placed in deionised water until antigen retrieval with pH 9 TRIS/EDTA (Tris/ 

Ethylenediaminetetraacetic acid) buffer. To block non-specific binding, tissues were incubated 

with blocking buffer 20% FBS in PBS for 1 h. Primary antibodies (Table 2.9) were prepared 

by diluting in 0.05% FBS in PBS and pipetted onto the tissues, with 0.05% FBS in PBS alone 

used as negative antibody control. All slides were incubated in a humid and light-proof 

container overnight at 4 ºC. Prior and after to secondary antibody incubation (Table 2.9) for 1 
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h at room temperature, slides were washed three times with 1X PBS for 5 min/wash. Following 

this, all slides were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min to visualise 

nuclei. Subsequently, slides were mounted using mounting medium containing DAPI 

(Vectashield®, Burlingame, USA). To prevent stained sections from dehydrating, slides were 

covered with 22x40 mm glass coverslips and nail polish was applied around the glass slips. All 

slides were kept in a light-proof box to prevent the fluorescence signal fading and stored at 4 

ºC before visualising using Leica SP8 Digital Light Sheet confocal microscope (Leica, Wetzlar, 

Germany).  

2.2.7.2 Cell culture IF staining 

Following medium collection, cultured islets were washed twice with 500 μl PBS, then 500 

μl/well of 4% formalin was added and plates were kept at 4 ºC overnight. Then, formalin was 

removed, and 1 ml of PBS was added, and plates were covered and stored at 4 ºC.  

 

To perform IF staining, the glass coverslips with adherent islet cells facing upwards were 

transferred into wells of a 12-well plate containing 300 μl of 0.2% Triton solution and the plate 

was placed on a shaker for 30 min. Then, Triton was replaced by 300 μl of 20% FBS in PBS 

and incubated on a shaker for 1 h. Post incubation, wells were washed with 500 μl PBS and 

glass coverslips were placed, with islets facing downwards, onto a droplet of 50 μl primary 

antibody (Table 2.9) prepared solutions on a parafilm surface that was placed in a hydration 

box. All air bubbles were removed, and the box was covered with foil and placed over night at 

4 ºC. Afterwards, all glass coverslips, with islet cells facing up, were transferred into a 12-well 

plate containing 500 μl PBS and incubated on a shaker for 15 min with changes of PBS every 

5 min. Another box with parafilm covered surface and 50 μl secondary antibody (Table 2.9) 

solution droplets was prepared. Glass coverslips were placed on the secondary solution with 

cells facing downwards, all air bubbles were removed, and glass coverslips were incubated for 

1 h in the dark at room temperature. Following, glass coverslips were transferred into a 12-well 

plate and washed 3X with PBS every 5 min in the dark. Then, 500 μl of DAPI solution was 

added and incubated in the dark on the shaker for 20 min. Excess DAPI solution was dabbed 

off and cover slips were dipped in PBS briefly and excess PBS was removed by dapping the 

edge of the cover glass gently on tissue paper. Glass coverslips were mounted using mounting 

medium containing DAPI on adhesive microscopic slides 25x75 mm (#J1800AMNZ, Thermo 

Fisher Scientific, California, USA) and sealed with nail polish. All slides were kept in a light-

proof box to prevent the fluorescence signal fading and stored at 4 ºC, before visualising using 
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Leica SP8 DLS confocal microscope (Leica, Wetzlar, Germany).  

Table 2.9: Details of primary and secondary antibodies used for IF staining. 

Antibody Primary/ 

Secondary 

Dilution Catalogue 

number (#) 

LOT number. Company 

Polyclonal guinea pig 

anti-insulin IgG 

Primary  1:5 IR002 11590944 Dako, Agilent 

Technologies, 

Santa Clara, 

USA 

Polyclonal rabbit 

anti-alpha smooth 

muscle actin IgG 

Primary 1:200 Ab5694 GR3356867-3 Abcam, 

Cambridge, UK 

Monoclonal anti-

glucagon IgG 

antibody produced 

in mouse 

 

Primary 1:100 G2654-2ML 000080611 Sigma Aldrich, 

Merck, Dorset, 

USA 

Anti-vimentin 

antibody raised in 

goat 

Primary 1:100 V4630 085K4869 Sigma-Aldrich, 

Merck, Dorset, 

USA 

Alexa FluorTM 568 

goat anti- guinea pig 

IgG  

Secondary 1:500 A11075 2160073 Invitrogen, 

Thermo Fisher, 

Massachusetts, 

USA 

Alexa FluorTM 488 

goat anti-rabbit IgG  

Secondary 1:500 A11008 2284595 Invitrogen, 

Thermo Fisher, 

Massachusetts, 

USA 

Alexa FluorTM 647 

donkey anti-mouse 

Secondary 1:500 A31571 2260928 Invitrogen, 

Thermo Fisher, 

Massachusetts, 

USA 
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2.2.8 ISC secretome analysis 

In collaboration with Caitlin Brack, a lab technician at Transplant and Regenerative Medicine 

Laboratories of Newcastle University, ISC secretome samples collected at Culture Days 1, 3, 

5, and 7 were analysed using a Human Pro-Collagen I α1 (COL1A1) sandwich ELISA 

(#DY6220-05, R&D Systems, Minneapolis, USA). Further, in collaboration with Dr. Lee 

Borthwick within Newcastle University, a custom made Meso Scale Discovery (MSD) 

multiplex assay was performed (Meso Scale Discovery, Maryland, USA).  

2.3 Tissue culture studies 

2.3.1 INS-1E cell line culture 

Rat insulinoma INS-1E were kindly provided by Dr Catherine Arden and Dr. Brian Ford, 

Newcastle University. Passages between No. 84 and 89 were used for all experiments. The 

cells were cultured routinely in standard RPMI 1640 growth medium (#R8758, Sigma-Aldrich, 

Mssouri, USA) containing 10 mM glucose, L-Glutamine and sodium bicarbonate, 

supplemented with 5% FBS, 1 mM sodium pyruvate solution (#RNBK5893, Sigma-Aldrich, 

Massouri, USA), 5 μl/l β-mercaptoethanol, 75 mg/l penicillin and 50 mg/l streptomycin. Cells 

were cultured in 75 cm2 tissue culture flasks, at 37 ºC and 5% CO2, with change of medium 

every two days.  

2.3.2 INS-1E cell line treatment  

Upon reaching 80% confluence, INS-1E cells were seeded in a 500 μl cell suspension at a 

density of 250,000-300,000 cells/well in a 24-well standard cell culture plate (#83.3922, 

SARSTEDT, Nümbrecht, Germany). Cells were incubated overnight in a humidified 

atmosphere with 5% CO2 at 37 ºC. At 24 h post-plating, cells were incubated with collected 

ISC medium from Days 1, 3, 5 and 7 that were diluted in a 1:1 ratio with INS-1E culture 

medium and added to wells of plated INS-1E cells, following removal (by suction) of original 

medium from wells and washing cells gently with 500 μl pre-warmed PBS. In parallel, cells 

were treated with a range of concentrations (1 ng/ml – 50 ng/ml) of human cytokine mixture 

containing: IL-1β (#201-LB-070/CF), INF-γ (#285-IF-100/CF) and TNF-α (#210-TA-005/CF) 

(R&D Systems, Minneapolis, USA). Treated cells were incubated for 24 h in a humidified 

atmosphere with 5% CO2 at 37 ºC, followed by RNA extraction or MTT cell viability assay.   
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2.3.3 INS-1E RNA extraction and rtq-RT PCR 

RNA extraction of treated INS-1E was carried out using RNA lysis buffer, followed by cDNA 

synthesis and rtq-RT PCR that carried out using methods described in 2.2.4, 2.2.5 and 2.2.6, 

respectively. DNA probes used to perform rtq-RT PCR are summarised in Table 2.10. 

Table 2.10: DNA probes for rtq-RT PCR with rat gene name, gene symbol, species and detected 

transcripts. 

Gene Gene Symbol Species Transcript detected 

Ribosomal protein, large, R0 RPLP0 Rat Rn03302271_gH 

Insulin 1 Ins1 Rat Rn02121433-g1 

Insulin 2 Ins2 Rat Rn01774648_g1 

Pancreatic and duodenal 

homebox 1 

Pdx1 Rat Rn00755591_m1 

Solute carrier family 30 

member 8 (zinc transporter) 

Slc30a8 Rat Rn00555793_m1 

Glucose transporter protein 

type 2 (GTR2) 

Slc2a2 Rat Rn00563565_m1 

 

2.3.4 Cell viability MTT assay 

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) reagent (#8A/265741, 

Tocris bioscience, Bristol, UK) was used to determine cell viability colorimetrically based on 

mitochondrial metabolic activity, whereby the number of viable cells is directly proportional 

to the intensity of colour generated. MTT aliquots were prepared in a concentration of 5 mg/ml 

in sterile PBS and stored at -20 ºC for subsequent use. Post INS-1E plating and treatment, MTT 

prepared aliquots were thawed and diluted (1:10) in INS-1E RPMI medium ready for use. 

Briefly, media was removed by suction from the plate and 500 μl/well of diluted MTT reagent 

was added followed by an incubation at 37 ºC for 2 h in a humidified, 5% CO2 atmosphere. 

Then, MTT reagent was discarded by suction from wells and 500 μl/well acidified isopropanol 

was added. The plate was left on shaker for 15 min then, a 100 μl/well of mixture was 

transferred into a designated well of a 96 well plate, in duplicate. The plate was then 

spectrophotometrically read using a Multiskan Spectrum Thermo Labsystems (Thermo Fisher 

Scientific, Massachusetts, USA) at 570 nm and 690 nm, whereby the absorbance was 

calculated after subtracting the reading at 690 nm from 570 nm. 
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2.3.5 EndoC-βH1 cell line culture 

Experiments using EndoC-βH1 cells were conducted under the training and supervision of 

Professor. Lena Elisson and her laboratory team members (Department of Clinical Sciences, 

Malmö, Sweden).  

Tissue culture flasks were first coated using Dulbecco's Modified Eagle Medium (DMEM) 

High Glucose medium (24.97 mM/l) (#41965-039, Life Technology, Thermo Fisher Scientific, 

California, USA), supplemented with 2 μg/ml fibronectin (#F1141, Sigma-Aldrich, Massouri, 

USA), 1% penicillin /streptomycin, 100 μg/ml ECM (#E1270, Sigma-Aldrich, Massouri, USA). 

Then, coated tissue flasks were incubated for 2 h in a humidified atmosphere with 5% CO2 at 

37 ºC, prior to culturing EndoC-βH1 cells. 

EndoC-βH1 cells were cultured in T75 or T175 coated tissue culture flasks at densities of 5.25 

million cells or 12.25 million cells, respectively. Cells were cultured in DMEM Low Glucose 

medium (5.55 mM/l) (#31885023, Life Technology, Thermo Fisher Scientific, California. USA) 

supplemented with 2% bovine serum albumin (BSA) fraction V (#10775835001, Roche 

Diagnostics, Basel Switzerland), 10 mM/l nicotinamide (#481907, VWR International, 

Pennsylvania, USA), 0.05 mM/l β-mercapthoethanol, 1% penicillin /streptomycin, 6.7 ng/ml 

sodium selenite (#S1382, Sigma-Aldrich, Massouri, USA) and 5.5 μg/ml human transferrin 

(#T8158, Sigma-Aldrich, Massouri, USA).  

EndoC-βH1 cells between Passage Number 75 and 80 were used for all experiments. Upon 

reaching confluence, cells were seeded in a 200 μl cell suspension with a density of 180,000 

cell/well in a coated 48-well plate (Nunc™ Cell-Culture Treated Multidishes, #150687, 

Thermo Fisher Scientific, California, USA). Cells were incubated overnight in a humidified 

atmosphere with 5% CO2 at 37 ºC. 

2.3.6 EndoC-βH1 cell line treatment 

After 24 h post plating, EndoC-βH1 cells were treated with collected ISC medium dilutions of 

Days 1, 3, 5 and 7 that were prepared in a 1:1 ratio with EndoC-βH1 culturing medium and 

added to wells, following removal (by suction) of original medium from wells and washing 

cells gently with 500 μl pre-warmed PBS. Also, cells were treated with a human cytokine 

mixture containing: 1 ng/ml IL-1β (#201-LB-070/CF), 20 ng/ml INF-γ (#285-IF-100/CF) and 

20 ng/ml TNF-α (#210-TA-005/CF) (R&D Systems, Minneapolis, USA) (Tsonkova et al., 

2018). Then, cells were incubated for 72 h in a humidified atmosphere with 5% CO2 at 37 ºC, 
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until performing glucose stimulated insulin secretion, extraction of cells for bicinchoninic acid 

(BCA) assay or RNA extraction.   

2.3.7 Glucose-stimulated insulin secretion (GSIS) 

After 72 h incubation with ISC medium, human cytokine mixture or control medium, confluent 

EndoC-βH1 plates were inverted to remove media and washed with 1 ml of pre-warmed and 

prepared secretion assay buffer (SAB), pH 7.3 (1.16 mM MgSO4, 4.7 mM KCl, 1.2 mM 

KH2PO4, 114 mM NaCl, 2.5 mM CaCl2, 25.5 mM NaHCO3, 20 mM HEPES, and 0.2% BSA) 

containing 1 mM glucose (#G-8270, Sigma-Aldrich, Massouri, USA). Then, cells were pre-

incubated for 2 h with 500 μl SAB containing 1 mM glucose. Next, pre-incubation buffer was 

aspirated by suction from each well with a 200 μl tip fixed to the tip of a 2 ml polystyrene 

serological pipette (#86.1252.001, SARSTEDT, Nümbrecht, Germany). Then, designated 

wells for stimulation with low glucose (1 mM) or high glucose (20 mM) were incubated with 

250 μl of corresponding SAB buffer for 1 h at 37 ºC. Following this, 180 μl aliquots of cell 

medium were collected into 1.5 ml Eppendorf tubes which were kept on ice and then 

centrifuged at 200 xg for 5 min at 4 ºC, followed by 130 μl of supernatant being transferred 

into a new carefully labelled 1.5 ml Eppendorf tubes and stored at -20 ºC. Immediately after 

collecting these samples, plates were inverted, and wells were washed with 250 μl PBS of 4 ºC. 

Plates were inverted again and 80 μl/well of 4 ºC radio-immunoprecipitation assay (RIPA) 

buffer (0.1% SDS, 150 nM NaCl, 1% Triton X-100, 50 mM Tris-Cl, pH 8, and cOmplete TM, 

EDTA-free Protease Inhibitor Cocktail (#11873580001, Roche Diagnostics, Basel Switzerland) 

was added to extract protein. Plates were left on ice on an orbital shaker for 20 min. Then, wells 

were scraped vigorously using pipette tips, samples were collected into labelled 1.5 ml 

Eppendorf tubes and stored at -20 ºC, ready for total insulin quantification and BCA assay.  

2.3.8 BCA protein quantification assay 

RIPA protein-extracted samples in 2.3.7 were thawed and centrifuged at 14,000 xg for 15 min 

and supernatant was carefully transferred to new labelled 1.5 ml Eppendorf tubes, ready for 

analysing protein content using PierceTM BCA Protein Assay Kit (Pierce, Rockford, IL, USA). 

Working reagent was prepared in a 50 ml Falcon tube according to protocol (1 part of Reagent 

B and 50 parts of Reagent A) and protected from light using foil. Standard curve samples were 

prepared and vortexed according to protocol using 100% RIPA buffer as diluent. 25 μl of cell 

lysate samples were added using reverse pipetting into designated wells. 25 μl of standard curve 

samples were added to designated wells on the pate. Following this, 200 μl/well working 
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reagent was added then plate was sealed using Acetate foil for micro-test well plates 

(SARSTEDT, New York, USA), shaken gently, and incubated for 30 min in 37 ºC incubator 

followed by a 10 min rest at room temperature. Plate was read at 562 nm using CLARIOstar® 

Plus Microplate Reader (BMG LABTECH, Ortenberg, Germany). 

2.3.9 Human insulin ELISA 

Insulin secretion and total insulin content were measured using human Mercodia Insulin direct 

sandwich ELISA (#10-1113-01, Uppsala, Sweden). The assay was carried out following 

manufacturer’s protocol.  Briefly, all secretion samples were thawed on ice and vortexed for a 

few seconds. Then, a 1:40 dilution was prepared by pipetting 2.5 μl of secreted samples and 

adding 97.5 μl SAB. 25 μl of each diluted sample prepared was then pipetted into the ELISA 

plate. Total insulin samples were diluted at 1:1250 dilution, whereby 5 μl of sample was added 

into 495 μl of SAB, then 2 μl of this sample was further diluted within the ELISA plate with 

23 μl of SAB. Two μl of each standard curve sample was added into designated wells on the 

plate. Afterwards, conjugated enzyme 100 μl /well was prepared and added onto all wells on 

the plate, which was sealed with tape and incubated for 1 h on Reciprocating Shaker (OHAUS, 

New Jersey, USA) at 800 rpm at room temperature. Then, plate was inverted and washed 6X 

with 350 μl of previously prepared Washing Buffer. 200 μl of Tetramethylbenzidine (TMB) 

substrate was then added into each well and plate was left covered on the bench for 15 min, 

followed by addition of 50 μl STOP solution. The plate was sealed again and shaken on 

Reciprocating Shaker briefly at 400 rpm, then read at 450 nm on a CLARIOstar® Plus 

Microplate Reader (BMG LABTECH, Ortenberg, Germany). Cubic spline regression was used 

to produce a standard curve using CLARIOstar® MARS software (BMG LABTECH, 

Ortenberg, Germany). Insulin secretion and insulin content measured values were normalised 

to total protein content of the corresponding wells. 

2.3.10 Human proinsulin ELISA 

Proinsulin secretion and total proinsulin content were measured using human Mercodia 

Proinsulin direct sandwich ELISA (#10-1118-01, Uppsala, Sweden). The assay was carried out 

following manufacturer’s protocol. Secretion samples were diluted in a 1:5 in SAB and total 

proinsulin samples were diluted in a 1:200 dilution in SAB. The remaining procedures were 

similar to 2.3.9. 
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2.3.11 Cell viability MTS assay 

EndoC-βH1 cells were seeded at a density of 70,000 cells/well in a 96-well plate and incubated 

overnight at 37 ºC. Then, media was changed, and cells were treated with ISC conditioned 

medium (1:1) dilution with a final volume of 100 μl/well then plate was incubated for 72 h at 

37 ºC. Subsequently, cell viability was assessed via the colorimetric MTS assay (3-[4,5-

Dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazolium) using 

CellTiter 96® AQueous One Solution Cell Proliferation Assay (#G3580, Promega, Wisconsin, 

USA). The assay was performed as manufacturer’s protocol. Briefly, 20 μl of MTS reagent was 

added to each well. Blank wells were treated with 100 μl of 1:1 dilution (DMEM media: RPMI 

media) to ensure background subtraction when analysing the results. Then the plate was 

incubated at 37 ºC for 3 h in a humidified, 5% CO2 atmosphere. Afterwards, absorbance was 

read at 490 nm using CLARIOstar® Plus Microplate Reader (BMG LABTECH, Ortenberg, 

Germany). After this, the plate was inverted to remove solution and cells were washed twice 

with 100 μl PBS. Then, 50 μl/well of RIPA buffer was added to perform a BCA assay to enable 

cell viability data normalisation to total protein content for each well.   

2.3.12 RNA extraction for bulk RNA sequencing 

RNA samples from EndoC-βH1 cells were extracted using QIAzol ® Lysis Reagent (57208428, 

QIAGEN Sciences, Maryland, USA) inside a fume cabinet. Following incubation for 72 h with 

ISC-conditioned medium, this was aspirated carefully by suction with a 200 μl tip fixed to the 

tip of a 2 ml polystyrene serological pipette attached to the automatic suction device. Promptly, 

wells were washed slowly with 250 μl pre-warmed PBS using an automated single channel 

pipette to avoid cells from drying out. PBS was then aspirated and 350 μl/well of QIAzol was 

added (2 wells pooled together in 700 μl provided 1 sample per condition). Wells were scraped 

thoroughly with a plastic pipette tip and mixture was transferred to 1.5 ml RNAase Eppendorf 

tubes that were labelled and frozen on dry ice for at least 10 min before storing at -20 ºC until 

RNA extraction. Empty wells were covered carefully with sealing film to avoid any exposure 

to any harmful Qiazol residues, before being rinsed twice with 500 μl PBS.  

RNA purification was then performed using miRNAeasy® Mini Kit (#217004, Qiagen, Hilden, 

Germany). Firstly, samples were taken out of the -20 ºC and incubated at room temperature for 

5 min. Samples were then incubated at room temperature for 2-3 min after being shaken 

vigorously for 15 sec following the addition of 140 μl chloroform. Then, samples were 

centrifuged for 15 min at 12,000 xg at 4 ºC. Without disturbing the interphase, the upper 
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aqueous phase was collected into a new collection tube and 450 μl of 100% ethanol was added 

and mixed thoroughly by pipetting. Then, 700 μl of the sample was pipetted into an RNeasy® 

Mini column in a 2 ml collection tube and centrifuged at 8000 xg for 15 sec at room temperature. 

After discarding the flow-through, 700 μl of Buffer RWT was added to the column followed 

by 15 sec centrifugation at 8,000 xg. Flow-through was discarded. Then, 500 μl of Buffer RPE 

was added and tubes were centrifuged at 8,000 xg for 15 sec. This step was repeated with 

centrifugation at the same speed for 2 min then at 12,000 xg for 1 min with open lid to dry the 

membrane. Prior to final centrifugation at 8,000 xg for 1 min to elute RNA, the column was 

transferred to a new 1.5 ml collection tube and 50 μl of RNase-free water was added directly 

onto the membrane and incubated for 2 min. Samples were stored at -20 ºC ready to be sent to 

the Genomic Core Facility, Newcastle University for Bulk RNA sequencing using TruSeq 

Standard mRNA library prep kit. 

2.4 Data and statistical analysis 

Statistical analyses were carried out using Prism version 9.5.0 and version 10.1.2 (GraphPad 

Inc, California, USA). Non-linear or simple linear regression analyses were used to visualise 

the trend in the changes observed in CF and control pancreata. Two-tailed Student’s t test, one-

way or two-way ANOVA tests were used to test the differences between means of different 

groups. Least significant difference (LSD) Fisher’s post hoc test was used when investigating 

the significance difference between 3 groups. Tukey post-hoc test was used when investigating 

the significance difference between the mean of more than 3 groups. Statistical significance 

was deemed to be evidenced by p < 0.05. 

To analyse the AI-generated data from stained pancreatic tissue sections obtained from human 

control and CF donors, some with multiple blocks, a mixed-linear model was implemented 

using IBM SPSS® Statistics Data software package (IBM, New York, USA). The mixed-linear 

model considered the morphological pattern as fixed effects and the donor ID as random effects 

to accommodate the nested structure of the data. Then, Bonferroni post-hoc test was used to 

test for the significance, indicated by p < 0.05. Where this model was not applicable due to the 

small number of blocks per pattern, one-way ANOVA tests followed by Bonferroni post-hoc 

testing was conducted.  
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Chapter 3: Systematic semi-quantitative and AI-driven 

quantitative analysis of pancreatic exocrine and endocrine 

compartments in CF 

3.1 Introduction 

Cystic fibrosis (CF) results from mutations in the CF transmembrane conductance regulator 

(CFTR) gene, which leads to the impairment of chloride ion secretion, sodium absorption and 

water transportation across epithelial cell membranes in organs including the lungs and the 

pancreas (Riordan et al., 1989). In CF pancreata, the production of sticky mucin in the ducts 

obstructs the drainage of digestive enzymes, a process that induces apoptosis, atrophy and loss 

of acinar cells that are replaced by fibrosis and/ or lipomatosis resulting in pancreatic enzyme 

insufficiency (PEI) (Löhr et al., 1989).  As CF progresses, what remains in the pancreas are the 

mucin-filled dilated ducts and islets which aggregate in the fibrotic and/or fatty tissue and form 

complexes of different sizes, that are irregularly distributed in the fibrotic and lipomatous tissue 

(Iannucci et al., 1984; Löhr et al., 1989; Couce et al., 1996; Hart et al., 2018). 

Diabetes mellitus occurring in conjunction with CF used to be rare.  However, in association 

with increasing survival of people with CF, there is a rising incidence of overt diabetes whereby, 

up to 50% of adults and 20% of adolescents with CF develop CF-related diabetes (CFRD) 

(Moran et al., 2009; Kelsey et al., 2019; Olesen et al., 2020). CFRD is characterized by a 

gradually decreasing insulin secretion that cannot be explained by insulin resistance or 

mechanisms other than a gradual loss of β-cell function (Nathan et al., 2010; Street et al., 2012; 

Cano-Megías et al., 2015; Norris et al., 2019). Yet the underlying pathogenesis of CFRD is not 

fully understood.  

In CF pancreata, two distinct pathological patterns - ‘fibrotic’ (parenchymal replacement with 

fibrotic tissue) and ‘lipoatrophic’ (parenchymal replacement with fatty tissue) have been 

reported and have been used to describe the exocrine compartment changes in CF pancreata 

(Iannucci et al., 1984; Abdul-Karim et al., 1986; Soejima & Landing, 1986; Löhr et al., 1989; 

Couce et al., 1996; Bogdani et al., 2017; Cory et al., 2018; Hull et al., 2018). In both patterns, 

islets appear to survive either individually or as clusters of aggregated islets (Abdul-Karim et 

al., 1986; Hart et al., 2018; Löhr et al., 1989). Although, underlying mechanisms of CFRD 

development remain unclear, it is increasingly accepted that exocrine-endocrine cross-talk 

plays a part in mediating endocrine dysfunction through oxidative stress and islet 

inflammation-based remodelling (Kelly & Moran, 2013; Barrio, 2015; Yi et al., 2016). Löhr et 
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al. (1989) reported the presence of moderate intra-islet fibrosis and in cases where severe intra-

islet fibrosis was present, the islets appeared to be fragmented (Löhr et al., 1989). Bogdani et 

al. (2017) reported that CF islets embedded in fatty tissue surrounded by collagen exhibited 

more apparent changes in morphology and density compared to islets embedded in CF fibrotic 

tissue (Bogdani et al., 2017).   

It remains unclear whether CFRD development is due to gradual loss of pancreatic islets or the 

loss of β-cells within remaining islets, or a combination between the two processes. Also, due 

to the limited human CF tissue availability, the lack of age-matched controls it remains unclear 

whether the end-stage of CF can be either fibrosis and fat replacement; or whether there is 

progression from fibrosis to virtually total fat replacement.   

In a series of histological and AI-based quantification studies, I set out to evaluate 

histopathological changes in 29 human post-mortem CF pancreata with a wide age range 

(perinatal death-27-year-old) in comparison to 58 age-matched controls (0 months-29-year-old) 

with no overt pancreatic pathology.  Following qualitative histological evaluation of exocrine 

and endocrine compartments, a systematic semi-quantitative scoring system was established. 

In collaboration with Professor Sarah Richardson and her team, University of Exeter, Artificial 

Intelligence-driven (AI) HALO deep learning pancreatic-based image analysis software was 

developed as a powerful tool, to provide further insights into the pathological changes within 

CF and CFRD pancreatic tissue. It employed mathematical and AI techniques to design and 

train classifiers to extract quantitative data from stained pancreatic tissue. This enabled 

quantitative analysis of morphological and pathological exocrine and endocrine changes 

necessary to understand disease progression with age.  

3.2 Aim  

To analyse pancreatic histopathological changes in human post-mortem CF tissue and identify 

associated cell phenotypes with potential aetiological roles in CFRD to answer three main 

questions: 

1) What is the natural history of CF pancreatic pathology within the exocrine compartment?  

2) How are exocrine compartment changes associated with changes in the endocrine 

compartment? 

3) Is there any spatial relationship between fibrosis and stellate cells around the islets in CF? 
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• Objective 1.1: Evaluate the histopathological changes in the exocrine parenchyma and 

categorise the CF pancreatic tissue blocks into patterns based on the morphological 

changes observed. 

• Objective 1.2: Use H&E-stained pancreatic tissue sections to assess the changes in CF 

pancreata over the course of the disease and potential associations with donor age at 

post-mortem. 

• Objective 1.3: Establish a semi-quantitative scoring system to investigate the changes 

in the exocrine and endocrine compartments based on the established morphological 

patterns. 

• Objective 1.4: Assess proportion of specific endocrine cell phenotypes, fibrosis and 

activated PaSCs in diseased and control pancreata and quantify these changes using 

immunohistochemistry staining and AI deep learning. 
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3.3 Results 

3.3.1 Histological evaluation of control and CF pancreata 

3.3.1.1 Initial qualitative evaluation of pancreatic morphology in CF in comparison to 

normal control pancreas 

H&E-stained pancreatic tissue sections of 58 control donors (58 blocks) obtained from EADB 

and QUOD tissue banks with an age range of (0–29-year-old) (Table 2.1) and 29 CF donors 

(46 blocks) obtained from EADB and a pathology bank collected by Professor Günter Klöppel, 

Technical University of Munich, Germany (Table 2.2), were evaluated qualitatively and 

findings were reported.  

A representative pancreas of a 19-year-old donor without overt pancreatic disease (control) 

illustrated an overall normal pancreatic morphology, whereby the lobular architecture is easily 

defined and exocrine parenchyma is well-preserved (Figure 3.1 A). Acinar cells appeared 

normal and fully intact demonstrating a cytoplasm with a basophilic characteristic at the basal 

pole and eosinophilic appearance at the apical pole (Figure 3.1 B). Islets (examples indicated 

with black arrows) appeared ovoid in shape and were easily identified and scattered 

individually within the pancreatic lobules (Figure 3.1 C). Ducts appeared normal (no dilation) 

with no presence of eosinophilic mucus secretion (Figure 3.1 D).  
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Figure 3.1: Representative H&E images of a 19-year-old control pancreas (Table 2.1: Case 

number: 53) illustrating intact exocrine parenchyma with well-defined lobule architecture. 

(A) A whole pancreas section illustrating the preserved lobular architecture of the pancreas. 

(B) A magnified section of A (red rectangle) showing acini. (C) A magnified section of A 

(yellow rectangle) showing an islet (indicated by black arrows) surrounded by acinar cells. (D) 

A magnified section of A (blue rectangle) illustrating an example of an intralobular duct. Scale 

bars represent 3 mm (A), 60 μm (B and D) and 200 μm (C). 

Evaluation of CF pancreata revealed exocrine and endocrine morphological changes that were 

observed at low and high magnifications. A pancreatic section from a young CF donor that was 

born prematurely (Table 2.2: Case number 1) and died peri-natally illustrated some alteration 

to pancreatic lobule architecture represented by larger inter-lobular spaces (Figure 3.2 A). At 

a higher magnification, the exocrine parenchyma was preserved with some acinar lumen 

dilation, mild acinar atrophy and some presence of abnormal intra-lobular collagen deposition 

(Figure 3.2 B). Islets were surrounded by fibrous tissue, were varied in size and were less-well 

defined from surrounding acini (Figure 3.2 C).  Ductal dilation was observed with some 

presence of eosinophilic mucus secretion (Figure 3.2 D). Morphological changes in CF 

pancreata of 16 CF donors (19 blocks) with an age range of (0–14-year-old) were reported 

similarly to these observations and the blocks were classified by a fibroatrophic pathological 

pattern (CF Pattern 1). This pattern was reported previously by (Löhr et al., 1989). 
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Figure 3.2: Representative H&E images of a CF pancreas of a pre-mature donor (Table 2.2: Case 

number: 1) illustrating a fibroatrophic pattern (CF Pattern 1). 

(A) A whole pancreas section illustrating the preserved lobular architecture of the pancreas. 

(B) A magnified section of A (yellow rectangle) showing acini lumen dilation. (C) A magnified 

section of A (yellow rectangle) showing example islets of different sizes (indicated by black 

arrows) surrounded by abnormal collagen deposition. (D) A magnified section of A (blue 

rectangle) illustrating ductal dilation and the presence of eosinophilic mucus secretion. Scale 

bars represent 3 mm (A), 60 μm (B and C) and 200 μm (D). 

Histological evaluation of 13 CF cases (3–27-year-old) illustrated severe damage to the 

exocrine pancreas (Figure 3.3 and Figure 3.4).  Eight of the 13 cases illustrated an extensive 

disruption of lobule architecture, whereby the exocrine parenchyma was extensively replaced 

by a mixture of fibrous and fatty tissue (Figure 3.3 A and B). Islets (examples indicated with 

black arrows) were still present embedded in fibrous tissue or surrounded by peri-islet collagen 

strands with adjacent adipocytes, some islets appeared round in shape whereas some islets 

appeared ‘disturbed’ with some presence of intra-islet collagen strands (example islet 1) 

(Figure 3.3 C). Ducts appeared severely dilated with eosinophilic secretions (often thick mucus) 

and extensive peri-ductal fibrosis (Figure 3.3 D). The changes reported here were similar in 

all eight CF cases (14 blocks) with an age range of 3–27-year-old and tissue blocks of these 

cases were classified as having a combined fibroatrophic and lipoatrophic pattern (CF Pattern 

2).  
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Figure 3.3: Representative H&E images of CF pancreas of a 27 year-old donor (Table 2.2: Case 

number: 29) illustrating a fibroatrophic and lipoatrophic pattern (CF Pattern 2). 

(A) A whole pancreas section illustrating the total loss of lobular architecture and the exocrine 

parenchyma being replaced by abnormal collagen deposition and fatty tissue. (B) A magnified 

section of (A) (red rectangle) showing acinar atrophy. (C) A magnified section of (A) (yellow 

rectangle) showing islets surrounded by peri-islet collagen strands with adjacent adipocytes 

(1) or dense fibrosis (2). (D) A magnified section of (A) (blue rectangle) illustrating an example 

of ductal dilation and the presence of eosinophilic mucus secretion. Scale bars represent 5 mm 

(A), 400 μm (B), 100 μm (C) and 200 μm (D). 

Five out of the 13 CF cases had a similar degree of severe damage to the exocrine pancreas in 

terms of total loss of acinar tissue, but the tissue was predominantly replaced by adipocytes 

(Figure 3.4 A and B). Islets were present but they appeared as clusters with irregular shapes 

and sizes and were surrounded by peri-islet collagen strands surrounded by adipocytes (Figure 

3.4 C). In these cases, ductal loss was observed within fatty tissue and remaining ducts appeared 

to be small-medium in size and dilated surrounded by peri-ductal fibrosis and adjacent 

adipocytes (Figure 3.4 D). These changes observed within these five CF cases (13 tissue blocks) 

with an age range of 7–27-year-old were histologically evaluated and classified as having a 

lipoatrophic CF pattern (CF Pattern 3). This pattern was reported previously by (Löhr et al., 

1989). 
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Figure 3.4: Representative H&E images of CF pancreas of a 27-year-old donor (Table 2.2: Case 

number: 28) illustrating a lipoatrophic pattern (CF Pattern 3). 

(A) A whole pancreas section illustrating the total loss of lobular architecture, absence of 

severely dilated ducts and the exocrine parenchyma predominantly being replaced by fatty 

tissue. (B) A magnified section of (A) (red rectangle) showing acinar atrophy and replacement 

with fatty tissue with some mild presence of fibrotic tissue. (C) A magnified section of (A) 

(yellow rectangle) showing example islet clusters of different sizes (indicated by black arrows) 

surrounded by collagen strands adjacent to adipocytes. (D) A magnified section of (A) (blue 

rectangle) illustrating an example of mini ductal clusters surrounded by collagen and the 

presence. Scale bars represent 5 mm (A), 500 μm (B), 100 μm (C and D).   

3.3.2 Histopathological semi-quantitative scoring of morphological changes within 

control and CF pancreata 

3.3.2.1 Developing and validating a semi-quantitative integer scoring system 

Löhr et al., (1989) study has previously reported some semi-quantitative scoring on ductal 

dilation. Building on this and informed by the qualitative microscopic evaluation of 

morphological changes in CF pancreata, I developed a histopathological semi-quantitative 

integer scoring system (0-3) for a wider range of parameters including ductal dilation, ductal 

loss, exocrine fibrosis, acinar atrophy, islet remodelling and inflammatory cell infiltration. The 

scoring system was validated in discussions with experienced clinical pathologists Professor 

Dina Tiniakos (University of Athens, Greece and Newcastle University, UK) and Professor 

Günter Klöppel (Technical University Munich, Germany), whereby scoring descriptors were 

refined and iterated based on the changes and patterns reported during the morphological 

assessment. The scoring was undertaken on tissue slides stained with H&E in parallel with 
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SRFG staining to assess fibrosis, when available; CGA-stained slides were used to identify 

islets, when available; CD45 staining was used to assess inflammatory infiltration, when 

available. For each parameter, the scoring integer value (0-3) was agreed using the QUOD 

control cohort with an age range 6–29-year-old, and EADB and Klöppel CF cohorts with an 

age range of  premature–27-year-old (Table 2.1 and Table 2.2, respectively).  

For each scored parameter an example image was illustrated for each integer score (0-3) to 

provide a key. Ductal lumen dilation was scored based on presence of ductal dilation, severity 

of dilation and the presence of mucus within dilated ducts (Figure 3.5). Ductal loss was scored 

based on whether there was focal ductal loss observed within an area of the tissue or whether 

ductal loss was global across the tissue area (Figure 3.6). Exocrine pancreas fibrosis was 

assessed based on the presence and the severity of abnormal collagen deposition replacing the 

exocrine parenchyma (Figure 3.7).  Acinar atrophy was scored based on the degree of acinar 

tissue area loss (Figure 3.8). Islet remodelling was scored based on islet size, shape and 

distribution within the exocrine parenchyma either as solitary islets or as aggregated 

clusters/complexes (Figure 3.9).  Inflammation was scored based on the presence and severity 

of inflammatory cells within the tissue (Figure 3.10). Only the Klöppel CF cohort could be 

scored for inflammation due to unavailability of EADB slides stained for CD45. After, 

validating all scores, the scoring system was finalised as shown in Table 3.1. 

 



92 | P a g e  
 

 

Figure 3.5: Representative H&E-stained control (0) and CF (1-3) pancreatic tissue to demonstrate 

the semi-quantitative scoring system for ductal lumen dilation, represented by a score of 0-3. 

0= non-dilated, 1= mild dilation sometimes filled with mucus, 2= ducts dilated and often filled 

with mucus, 3= massive dilation. Scale bars 900um and 200 µm for magnified images (black 

rectangle). 

 

Figure 3.6: Representative H&E-stained control (0) and CF pancreatic tissue (1-3) to demonstrate 

the semi-quantitative scoring system for ductal loss, represented by a score of 0-3. 

0= no ductal loss, 1= focal loss, 2= moderate loss, 3= severe loss. Blue arrows indicating 

ducts. Scale bar 3 mm. representative for all images. 
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Figure 3.7: Representative H&E-stained control (0) and CF pancreatic tissue (1-3) to demonstrate 

the semi-quantitative scoring system for acinar atrophy, represented by a score of 0-3. 

Yellow arrows indicated example areas of acinar atrophy. 0= no acinar atrophy, 1= < 1/3 of 

acini lost, 2= 1/3 – 2/3 acini loss, 3= >2/3 acini loss. Scale bar 500 µm (1 & 2) and 4 mm (0 

& 3). 

 

Figure 3.8: Representative SRFG-stained control (0) and CF pancreatic tissue (1-3) to demonstrate 

the semi-quantitative scoring system for exocrine pancreas fibrosis, represented by a score of 0-3. 

Black arrows indicated red/pink collagen stained areas illustrating fibrotic areas stained 

red/pink. 0= no abnormal presence of fibrotic tissue, 1= mild presence of fibrotic tissue, 2= 

moderate presence of fibrotic tissue, 3= massive presence of fibrotic tissue.  Scale bar 2 mm, 

representative for all images.  
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Figure 3.9: Representative Chromogranin A (red) (left column) and SRFG (right column) stained 

control (0) and CF pancreatic tissue (1-3) to demonstrate the semi-quantitative scoring system for 

islet remodelling, represented by a score of 0-3. 

0= no abnormal size or distribution, 1= presence of some solitary islets surrounded by fibrosis, 

2= many islets are aggregated in complexes, 3= most islets of variable size and shape are 

aggregated in complexes. Scale bar 400 µm, representative for all images.  
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Figure 3.10: Representative CD45 (in brown) stained control (0) and CF pancreatic tissue (1-2) to 

demonstrate the semi-quantitative scoring system for inflammation, represented by a score of 0-3. 

0= no abnormal inflammatory cell infiltration, 1= mild presence of inflammatory cells, 2= 

moderate presence of inflammatory cells, 3= severe presence of inflammatory cells (was not 

observed). Scale bar 200 µm, representative for all images. 
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Table 3.1: Semi-quantitative scores (0-3) definitions for ductal lumen dilation, ductal loss, exocrine 

pancreas fibrosis, acinar atrophy, islet remodelling and inflammation. 

Score 0 1 2 3 

Ductal lumen 

dilation  

 

Non-dilated Little dilatation 

sometimes filled 

mucus 

Dilated and 

often filled 

with mucus 

Massive dilatation 

often filled with 

mucus 

Ductal loss  No ductal loss Focal ductal loss Moderate 

ductal loss 

Severe ductal loss 

Exocrine 

pancreas fibrosis  

No abnormal 

presence of 

fibrotic tissue  

Mild presence of 

fibrotic tissue 

Moderate 

presence of 

fibrotic tissue 

Massive presence 

of fibrotic tissue 

Acinar atrophy  No acinar atrophy <1/3 acini lost 1/3 – 2/3 acini 

loss 

>2-3 acini loss 

Islet remodelling  No abnormal size 

or distribution 

Presence of 

some solitary 

islets 

surrounded by 

fibrosis 

Many islets are 

aggregated in 

complexes 

Most islets of 

variable size and 

shape are 

aggregated in 

complexes 

Inflammation  No pathological 

inflammatory cell 

infiltration 

Mild 

inflammatory 

cell infiltration 

Moderate 

inflammatory 

cell infiltration 

with some 

presence of 

inflammatory 

foci 

Severe 

inflammation 

with extensive 

presence of 

inflammatory foci  
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3.3.2.2 Semi-quantitative integer scoring of CF pancreatic biopsies in comparison to age 

matched control donors  

Following the development of semi-quantitative integer scoring system, I implemented the 

scoring to score all blocks from QUOD control cohort (10 blocks) in parallel with EADB and 

Klöppel CF pancreatic biopsies (46 blocks; some donors had multiple blocks) (Table 2.1 and 

Table 2.2 respectively), with the exception of  inflammation, which was scored in 10 controls 

and 26 CF blocks. 

Following the unbiased scoring, blocks were grouped according to the classified Pathological 

Patterns and statistical analysis was undertaken (Figure 3.11). Ductal dilation was present in 

all CF patterns and was greatest in Pattern 2 prior to total adipocyte replacement (Pattern 3) 

(Figure 3.11 A). Ductal loss was observed to be present parallel to adipocyte replacement and 

was more apparent in CF Pattern 3 (Figure 3.11 B). Fibrosis was apparent in all CF biopsies 

regardless of the pathological pattern and persisted even with exocrine tissue total replacement 

with adipocytes (Figure 3.11 C). Acinar atrophy was present in all CF patterns with complete 

acinar tissue loss in CF Pattern 2 and 3, where fibrotic and fatty tissue replaced the exocrine 

parenchyma (Figure 3.11 D). CF progression from fibrosis alone (Pattern 1), through a 

combined fibrotic/ adipocyte replacement phenotype (Patten 2), to total adipocyte replacement 

(Pattern 3) was also supported by islet remodelling score illustrating greater islet 

dysmorphology presented by varied islet sizes and shapes that appeared to be clustered in 

complexes (Figure 3.11 E).   

Semi-quantitative scores for all parameters were significantly higher in all CF pathological 

patterns compared with control except for inflammation score, which could be due to CD45+ 

inflammatory cells being scattered within the exocrine parenchyma in both control and CF 

biopsies without a significant presence of confluent inflammatory foci in any of the 

pathological patterns (Figure 3.11 F).   
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Figure 3.11: Pattern-based histopathological semi-quantitative analysis to assess control and CF 

pancreata for different morphological parameters. 

(A) Ductal lumen dilation, (B) ductal loss, (C) exocrine pancreas fibrosis, (D) acinar atrophy, 

(E) islet remodelling, and (F) inflammation. Graphs show the mean±SD. Linear mixed effect 

model (LMEM) was used with pancreata pattern set as fixed effect, donor as random effect and 

Bonferroni post hoc test was utilised for statistical analysis. Significant difference is 

represented by p<0.05, (*) indicates the significant difference compared to control, $ is 

significantly different compared to CF Pattern 1, # is significantly different compared to CF 

Pattern 2. Graphs (A), (B), (C), (D) and (E): Control n = 10 blocks, and CF pancreata n = 46 

blocks (Pattern 1 n = 19 blocks, Pattern 2 n = 14 blocks and Pattern 3 n = 13 blocks). For 

Graph (F) control n=10 blocks, and CF pancreata n = 26 blocks (Pattern 1 n = 8 blocks, 

Pattern 2 n = 8 blocks and Pattern 3 n = 10 blocks). 

For six CF cases (Case number: 2, 9, 22, 27, 28 and 29) obtained from Professor. Günter 

Klöppel, multiple blocks per donor (2-7 blocks) were available and different pathological 

patterns were observed in one donor (Table 2.2). A summary of the semi-quantitative scores 

in the donors with more than one block was compiled (Figure 3.12). Donor cases are presented 

according to increasing age, whereby CF Case 2 was a premature donor and Case 29 was a 27-

year-old CF donor. Semi-quantitative scores of ductal lumen dilation, ductal loss and exocrine 

pancreas fibrosis varied between the blocks of most of the donors, illustrating how these 

parameters varied according to overall Pathological Pattern. Acinar atrophy, islet remodelling, 
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and inflammation illustrated minimal variation between blocks in any individual donor (Figure 

3.12).  

 

Figure 3.12: Average semi-quantification scoring for CF donors of multiple blocks to show the 

heterogeneity of changes within the tissue. 

Graphs show the mean±SD. Case 2: 3 blocks (CF Pattern 1); Case 9: 2 blocks (CF Pattern 1); 

Case 22: 7 blocks (2 blocks CF Pattern 2 and 5 block CF Pattern 3); Case 27: 2 blocks (CF 

Pattern 2); Case 28: 3 blocks (CF Pattern 3); Case 29: 6 blocks (4 blocks CF Pattern 2 and 2 

blocks CF Pattern 3). 

3.3.3 AI HALO analysis confirms pathological changes as CF progresses 

In collaborations with Professor Sarah Richardson and her team at the University of Exeter, 

UK, AI quantification was validated and performed using HALO V3.0 image analysis software 

(Indica Labs, Albuquerque, USA) on H&E, SRFG and IHC stained tissue as described 

previously in Chapter 2 (2.1.3). Analyses were carried out based on:  

1) Donor quantification values and for donors with multiple blocks the average value was 

calculated and used. 

2) Block quantification values grouped by Pathological Pattern. 
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3.3.3.1 Exocrine pancreata- AI HALO image assessment 

Using H&E-stained tissue sections from 58 control and 25 CF pancreata (unless stated 

otherwise), AI quantification was used to calculate the proportion of acinar area, endocrine 

area, collagen area and fat area within the tissue section (Chapter 2 Figure 2.1). Each individual 

area was calculated by dividing its measured value (mm2) within a section by the total tissue 

area (mm2) then multiplying by 100 to provide percentage proportion.  

3.3.3.1.1 Significant decrease in proportion of acinar area in CF pancreata 

Acinar area [%] of both control and CF pancreata of young donors < 1 year of age was in the 

range of 50-70%. As age increased, acinar area [%] of most control pancreata showed a steady 

increase up to 80-90% of total tissue area. In contrast, the proportion of acinar area of CF 

pancreata (age 2–4-years-old) illustrated a gradual decrease to around 20% and this reduction 

in acinar area continued to be close to 0% by the age of 12 years (Figure 3.13 A). 

Following statistical comparison using an unpaired t-test, the proportion of acinar area in CF 

pancreata was significantly reduced compared to control (p < 0.001) (Figure 3.13 B). A mixed 

linear model analysis based on pancreatic morphological patterns demonstrated that acinar area 

[%] of CF Patterns 1, 2 and 3 were significantly lower than control (p < 0.001). Also, CF 

Patterns 2 and 3 had significantly lower percentage acinar area compared with CF Pattern 1 (p 

< 0.001) (Figure 3.13 C).  
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Figure 3.13: Acinar area [%] of total tissue area (mm2) quantification on H&E-stained control and 

CF pancreata. 

Donor-based analysis vs age presented by nonlinear regression analysis, control n = 58 donors 

and CF n = 25 donors. (B)  Donor-based analysis of control vs CF using Unpaired Student’s 

t statistical test control n = 58 donors and CF n = 25). (C) Block-based analysis of control vs 

CF pattern 1, 2 and 3, control n = 58 and CF n = 39 blocks (Pattern 1 n = 12; Pattern 2 n = 

14; Pattern 3 n = 13 blocks). Linear mixed effect model (LMEM) was used with Pancreatic 

Pattern set as fixed effect, donor as random effect and Bonferroni post hoc test was utilised for 

statistical analysis. Graphs show the mean±SD. Significant difference is represented by p < 

0.001, (*) indicates the significant difference compared to control, ($) is significantly different 

compared to CF Pattern 1. (C) Red colour represents Case 22 and blue colour represents Case 

29, both donors have multiple blocks of different patterns. Green colour represents CF Cases 

21 and 24 with diagnosed CFRD. 
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3.3.3.1.2 Significant increase in proportion of collagen area in CF pancreata (Patterns 1 

and 2) 

Collagen proportional area was at its highest (20-60%) in young CF pancreata (0–4 years-old) 

and this proportion tended to decrease as donor age increased (Figure 3.14 A). Collagen area 

[%] of control pancreata (6–29-year-old) was less than 10% (Figure 3.14 A). Unpaired t-test 

confirmed a significant increase in collagen proportion in CF pancreata compared to control 

approximately 45% greater (p < 0.0001) (Figure 3.14 B). Collagen area [%] of total area was 

significantly higher in CF Pattern 1 and 2 compared to control (p < 0.001) (Figure 3.14 C). 

Collagen area [%] in CF Pattern 3 was not significantly higher compared to control but 

significantly lower compared to CF Patterns 1 and 2 (p < 0.001) (Figure 3.14 C). Collagen 

area [%] data of EADB control donors was not available.  
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Figure 3.14: Collagen area [%] of total tissue area (mm2) quantification on H&E-stained control 

and CF pancreata. 

(A) Donor-based analysis vs age presented by simple linear regression analysis, control n = 

10 donors and CF n = 25 donors. (B)  Donor-based analysis of control vs CF using Unpaired 

Student’s t statistical test (control n = 10 donors and CF n = 25 donors). (C) Block-based 

analysis of control vs CF pattern 1, 2 and 3. Control n = 10 and CF n = 39 blocks (Pattern 1 

n = 12; Pattern 2 n = 14; Pattern 3 n = 13 blocks). Linear mixed effect model (LMEM) was 

used with pancreata pattern set as fixed effect, donor as random effect and Bonferroni post hoc 

test was utilised for statistical analysis. Graphs show the mean±SD. Significant difference is 

represented by p < 0.05, (*) indicates the significant difference compared to control, ($) is 

significantly different compared to CF Pattern 1, # is significantly different compared to CF 

Pattern 2. (C) Red colour represents Case 22 and blue colour represents Case 29, both donors 

have multiple blocks of different patterns. Green colour represents CF Cases 21 and 24 with 

diagnosed CFRD. 
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3.3.3.1.3 Significant increase in proportion of fat area in CF pancreata  

In CF, adipocyte area [%] positively correlated with age whereby it increased as age increased. 

In young donors of 0-1 years old percentage of fat area was around 10% and this had incresaed 

to at least 85% at 27-year-old (Figure 3.15). In all control pancreata (0–29-years-old), 

percentage fat area was less than 10% (Figure 3.15 A). Unpaired t-test illustrated a significant 

increase (p < 0.0001) in fat area (% of total tissue area) in CF pancreata when compared to 

controls (Figure 3.15 B). Fat area [%] in the three CF Patterns was significantly higher 

compared to control (p = 0.010, p < 0.001 and p < 0.001, respectively) (Figure 3.15 C). Fat 

area [%] in CF Pattern 2 and 3 were significantly higher compared to CF Pattern 1 (p < 0.001) 

and CF Pattern 3 was also significantly higher compared to CF Pattern 2 (p < 0.001) (Figure 

3.15 C). 
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Figure 3.15: Fat area [%] of total tissue area (mm2) quantification on H&E-stained control and CF 

pancreata. 

(A) Donor-based analysis vs age presented by simple linear regression analysis, control n = 

58 donors and CF n = 25 donors. (B)  Donor-based analysis of control vs CF (control n = 58 

donors and CF n = 25). Unpaired Student’s t statistical test was used. (C) Block-based analysis 

of control vs CF pattern 1, 2 and 3. Control n = 58 and CF n = 39 blocks (Pattern 1 n = 12; 

Pattern 2 n = 14; Pattern 3 n = 13blocks). Linear mixed effect model (LMEM) was used with 

pancreata pattern set as fixed effect, donor as random effect and Bonferroni post hoc test was 

utilised for statistical analysis. Graphs show the mean±SD. Significant difference is 

represented by p < 0.05, (*) indicates the significant difference compared to control, ($) is 

significantly different compared to CF Pattern 1, # is significantly different compared to CF 

Pattern 2. (C) Red colour represents Case 22 and blue colour represents Case 29, both donors 

have multiple blocks of different patterns. Green colour represents CF Cases 21 and 24 with 

diagnosed CFRD. 
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3.3.3.2 Endocrine compartment- AI HALO image assessment  

Using H&E-stained control and CF pancreata, islets with an area greater than 1000 μm2 were 

quantified (as described in Chapter 2 2.1.3) and the following parameters were quantified: 

endocrine area [%], islet density (islet number/mm2), median islet circularity, islet diameter 

(µm) and median islet area/size (µm2). For individual endocrine cell phenotype AI 

quantification, IHC-stained slides were used to quantify the proportion of hormone positive 

cells with the islets.  The variability between the number of donors and blocks used for the 

statistical analyses was due to AI difficulties in respect to morphological changes and 

accurately locating islets within young donor CF tissue.  

3.3.3.2.1 Reduction in proportion of endocrine area with age  

Percentage of endocrine area of 58 control and 25 CF pancreata was calculated by dividing the 

measured endocrine area (mm2) within a section by the total tissue area. Interestingly, 

proportion of endocrine area decreased with age in both control and CF tissue (Figure 3.16 A). 

Proportion of endocrine area in CF was not significantly different to control (Figure 3.16 B). 

There was no significant difference in proportion of endocrine between control and CF Pattern 

1, 2 and 3 and among CF Patterns (Figure 3.16 C). 
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Figure 3.16: Endocrine area [%] of total tissue area (mm2) quantification on H&E-stained control 

and CF pancreata. 

(A) Donor-based analysis vs age presented by simple linear regression analysis control n = 

58 donors and CF n = 25 donors. (B)  Donor-based analysis of control vs CF using Unpaired 

Student’s t statistical test (control n = 58 donors and CF n = 25 donors). (C) Block-based 

analysis of control vs CF pattern 1, 2 and 3. Control n = 58 and CF n = 39 blocks (Pattern 1 

n = 12; Pattern 2 n = 14; Pattern 3 n = 13 blocks). Linear mixed effect model (LMEM) was 

used with pancreata pattern set as fixed effect, donor as random effect and Bonferroni post hoc 

test was utilised for statistical analysis. Graphs show the mean±SD. Significant difference is 

represented by p < 0.05, (*) indicates the significant difference compared to control, ($) is 

significantly different compared to CF Pattern 1, # is significantly different compared to CF 

Pattern 2. (C) Red colour represents Case 22 and blue colour represents Case 29, both donors 

have multiple blocks of different patterns. Green colour represents CF Cases 21 and 24 with 

diagnosed CFRD. 
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3.3.3.2.2 Significant decrease in islet density in CF Pattern 2 and Pattern 3 compared to CF 

Pattern 1 

Using H&E-stained pancreatic tissue of 58 control and 24 CF donors, islet density represented 

by islet number/mm2 decreased as age increased from 3-15 islets /mm2 at the age of 0-year-old 

to 1 islet/mm2 at 27-year-old (CF) and 29-years-old (control) (Figure 3.17 A). Donor-based 

analysis illustrated no significant change between control and CF islet density (Figure 3.17 B).  

However, block-based analysis illustrated a significant decrease in islet density in CF Pattern 

2 and 3 compared to CF Pattern 1 (p = 0.006 and p = 0.002, respectively) (Figure 3.17 C).  
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Figure 3.17: Islet density (islet number/mm2) quantification on H&E-stained control and CF 

pancreata. 

(A) Donor-based analysis vs age presented by simple linear regression analysis, control n = 

58 donors and CF n = 24 donors. (B)  Donor-based analysis of control vs CF using Unpaired 

Student’s t statistical test (control n = 10 donors and CF n = 24 donors). (C) Block-based 

analysis of control vs CF pattern 1, 2 and 3. Control n = 58 and CF n = 37 blocks (Pattern 1 

n = 11; Pattern 2 n = 14; Pattern 3 n = 12 blocks). Linear mixed effect model (LMEM) was 

used with pancreata pattern set as fixed effect, donor as random effect and Bonferroni post hoc 

test was utilised for statistical analysis. Graphs show the mean±SD. Significant difference is 

represented by p < 0.05, (*) indicates the significant difference compared to control and ($) is 

significantly different compared to CF Pattern 1. (C) Red colour represents Case 22 and blue 

colour represents Case 29, both donors have multiple blocks of different patterns. Green colour 

represents CF Cases 21 and 24 with diagnosed CFRD. 
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3.3.3.2.3 Significant reduction in median islet circularity in CF pancreata 

Using H&E-stained pancreatic tissue of 58 control and 24 CF donors, islet circularity was 

calculated based on a previously published method (Seiron et al., 2019). Then, the median of 

all quantified islet circularity assessments within a single section was calculated and used for 

analysis. There was a possible trend towards increasing islet circularity with age (Figure 3.18 

A). Donor-based analysis demonstrated a significant reduction in median islet circularity of CF 

donors compared to control (p = 0.0221) (Figure 3.18 B). Block-based analysis, however, did 

not show significant reduction in circularity compared with controls (Figure 3.18 C). 
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Figure 3.18: Median islet circularity quantification on H&E-stained control and CF pancreata. 

Donor-based analysis vs age presented by simple linear regression analysis, control n = 58 

donors and CF n = 25 donors. (B)  Donor-based analysis of control vs CF, using Unpaired 

Student’s t statistical test (control n = 58 donors and CF n = 24 donors). (C) Block-based 

analysis of control vs CF pattern 1, 2 and 3. Control n = 58 and CF n = 37 blocks (Pattern 1 

n = 11; Pattern 2 n = 14; Pattern 3 n = 12 blocks). Linear mixed effect model (LMEM) was 

used with pancreata pattern set as fixed effect, donor as random effect and Bonferroni post hoc 

test was utilised for statistical analysis. Graphs show the mean±SD. Significant difference is 

represented by p < 0.05, (*) indicates the significant difference compared to control. (C) Red 

colour represents Case 22 and blue colour represents Case 29, both donors have multiple 

blocks of different patterns. Green colour represents CF Cases 21 and 24 with diagnosed 

CFRD. 
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3.3.3.2.4 Significant increase in islet diameter (µm) in CF Pattern 2 and 3  

Using H&E-stained pancreatic tissue of 58 control and 24 CF donors, islet diameter was 

quantified for all islets within the tissue, then the median was calculated and used for analysis. 

Median islet diameter (µm) for both control and CF donors started at around 20–100 µm and 

increased up to 125–135 µm as age increased (Figure 3.19 A). Donor-based analysis illustrated 

no significant change in between control and CF islet diameter (µm) (Figure 3.19 B). Block-

based analysis illustrated no significant change in islet diameter of CF Pattern 1 compared to 

control, but islet diameter (µm) increased significantly in of CF Patterns 2 and 3 compared to 

control (p = 0.028 and p < 0.001, respectively) and CF Pattern 1 (p = 0.002 and p < 0.001, 

respectively) (Figure 3.19 C).  
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Figure 3.19: Median islet diameter (μm) quantification on H&E-stained control and CF pancreata. 

(A) Donor-based analysis vs age presented by simple linear regression analysis, control n = 

58 donors and CF n = 24 donors. (B)  Donor-based analysis of control vs CF, using Unpaired 

Student’s t statistical test (control n = 58 donors and CF n = 24 donors). (C) Block-based 

analysis of control vs CF pattern 1, 2 and 3. Control n = 10 and CF n=37 blocks (Pattern 1 n 

= 11; Pattern 2 n = 14; Pattern 3 n = 12 blocks). Linear mixed effect model (LMEM) was used 

with pancreata pattern set as fixed effect, donor as random effect and Bonferroni post hoc test 

was utilised for statistical analysis. Graphs show the mean±SD. Significant difference is 

represented by p < 0.05, (*) indicates the significant difference compared to control and ($) 

indicates the significant difference compared to CF Pattern 1. (C) Red colour represents Case 

22 and blue colour represents Case 29, both donors have multiple blocks of different patterns. 

Green colour represents CF Cases 21 and 24 with diagnosed CFRD. 
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3.3.3.2.5 Increase in median islet area (µm2) with age  

Using H&E-stained pancreatic tissue of 58 control and 24 CF donors, islet area was quantified 

and data was plotted. Islet area for both control and CF donors increased as age increased 

(Figure 3.20 A). Donor-based analysis illustrated no significant change between control and 

CF islet diameter (µm2) (Figure 3.20 B).  Block-based analysis illustrated a significant increase 

in islet area of CF Pattern 3 compared to control (p = 0.018), with a significant increase in islet 

area in CF Patterns 2 and 3 compared to CF Pattern 1 (p = 0.008 and p < 0.001, respectively) 

(Figure 3.20 C). 
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Figure 3.20: Median islet area (μm2) quantification on H&E-stained control and CF pancreata. 

Donor-based analysis vs age presented by simple linear regression, control n = 58 donors and 

CF n = 24 donors. (B)  Donor-based analysis of control vs CF, using Unpaired Student’s t 

statistical test (control n = 58 donors and CF n = 24 donors). C) Block-based analysis of 

control vs CF pattern 1, 2 and 3. Control n = 58 and CF n = 37 blocks (Pattern 1 n = 11; 

Pattern 2 n = 14; Pattern 3 n = 12 blocks). Linear mixed effect model (LMEM) was used with 

pancreata pattern set as fixed effect, donor as random effect and Bonferroni post hoc test was 

utilised for statistical analysis. Graphs show the mean±SD. Significant difference is 

represented by p < 0.05, (*) indicates the significant difference compared to control and ($) 

indicates the significant difference compared to CF Pattern 1. (C) Red colour represents Case 

22 and blue colour represents Case 29, both donors have multiple blocks of different patterns. 

Green colour represents CF Cases 21 and 24 with diagnosed CFRD. 
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3.3.3.2.6 Decreased endocrine microvascular in CF pancreata 

Islet vascularisation was assessed via IHC staining for the endothelial marker CD31 as 

illustrated in Chapter 2 Figure 2.3. With respect to age, endocrine CD31+ area (mm2) in 10 

control donors appeared to decrease with age (6-29-years-old), whereas in eight CF donors 

endocrine CD31+ area (mm2) appeared unchanged as age increased (0-27-year-old) (Figure 

3.21 A). Although CF endocrine CD31+ area (mm2) trended towards being lower than in control 

donors, donor-based and block-based analyses demonstrated no significant difference 

compared to control or among CF patterns (Figure 3.21 B and C). 

 

Figure 3.21: Endocrine CD31+ area (mm2) quantification on CGA&CD31 stained control and CF 

pancreata. 

(A) Donor-based analysis vs age presented by simple linear regression analysis, control n = 

10 donors and CF n = 8 donors. (B)  Donor-based analysis of control vs CF, using Unpaired 

Student’s t statistical test (control n = 10 donors and CF n = 8 donors). (C) Block-based 

analysis of control vs CF pattern 1, 2 and 3. Control n = 10 and CF n = 25 blocks (Pattern 1 

n = 6; Pattern 2 n = 9; Pattern 3 n= 10 blocks). Linear mixed effect model (LMEM) was used 

with pancreata pattern set as fixed effect, donor as random effect and Bonferroni post hoc test 

was utilised for statistical analysis. Graphs show the mean±SD.  (C) Red colour represents 

Case 22 and blue colour represents Case 29, both donors have multiple blocks of different 

patterns.  
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3.3.3.3 Endocrine hormone expression   

3.3.3.3.1 IHC staining 

Pancreatic serial sections in 10 control and nine CF donors were co-stained for insulin (INS) 

and pancreatic polypeptide (PP) (brown and pink respectively) and then glucagon (GCG) and 

somatostatin (SST) (brown and pink respectively). Representative images from a 27-year-old 

CF donor with CF Pattern 2 exemplify a proportional decrease in insulin+ cells and an increase 

in glucagon+ cells, when compared to a 19-year-old control. Pancreatic polypeptide-expressing 

cells in both donors appeared to be virtually absent in this example islet. In contrast, there were 

more somatostatin+ endocrine cells compared with the control donor (Figure 3.22).  

 

Figure 3.22: IHC co-visualisation of endocrine hormones of a control and CF pancreata. 

Control: a 19-year-old control (Case number: 53, left panel) and CF: a 27-year-old CF 

pancreata Pattern 2 (Case number: 29, right panel). Insulin and polypeptide (INS: brown, PP: 

pink) top row images, glucagon, and somatostatin (GLU: brown, SS: pink) bottom row images. 

Staining was carried out in serial tissue section slides. Scale bar represents 60 µm (scale bar 

in control INS & PP applies to all panels). 
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3.3.3.3.2 AI quantification 

Using AI pipeline created to quantify dual hormonal staining within two serial sections, 

quantification of proportions of each hormone-expressing cell phenotype was conducted. 

Analyses were carried out for eight CF donors and 10 control donors. Individual hormone 

positive staining area was calculated as a percentage of the four hormones’ area within the islet. 

Proportion of insulin+ cells was significantly lower in CF (20-70%) compared to ten control 

(70-90%) (p < 0.001) (Figure 3.23 A). Insulin proportion in CF Patterns 1, 2 and 3 was 

significantly reduced compared to control donors (p < 0.001, p = 0.0002 and p = 0.0142, 

respectively) (Figure 3.24 A). Pancreatic polypeptide [%] appeared lower in CF compared with 

control donors but there were no significant differences at donor or block level (Figure 3.23 B 

and Figure 3.24 B). Glucagon [%] significantly increased in CF (15-45%) compared to control 

(5-12%) (p < 0.0001) (Figure 3.23 C). Block-based analysis reported proportion of glucagon 

in CF Patterns 1, 2 and 3 to be significantly higher compared to control (p = 0.0152, p < 0.0001 

and p = 0.0032 respectively) (Figure 3.24 C). Somatostatin [%] was significantly higher in CF 

(12-35%) compared to control (1-17%) (p < 0.0001) (Figure 3.23 D). This significant increase 

was seen in CF Pattern 1 (p < 0.0001), whereas CF Patterns 2 and 3 were significantly lower 

compared to CF Pattern 1 (p < 0.0001 and p = 0.0002, respectively) (Figure 3.24 D). 
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Figure 3.23: Donor-based AI quantification of endocrine hormonal proportion [%] within islets of 

control and CF pancreata. 

(A) Insulin, (B) pancreatic polypeptide, (C) glucagon and (D) somatostatin proportion [%] 

area within islets. Control n = 10 donors, CF n = 8 donors. Statistical analyses were carried 

out using unpaired student’s t test. Graphs show the mean±SD. Significant difference is 

represented by p < 0.05, (*) indicates the significant difference compared to control.  
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Figure 3.24: Block-based AI quantification of endocrine hormone proportion area within islets of 

control and CF pancreata. 

(A) Insulin, (B) pancreatic polypeptide, (C) glucagon and (D) somatostatin proportion [%] 

area within islets. Control n = 10 blocks, CF n = 22 blocks (Pattern 1 n = 6, Pattern 2 n = 7 

and Pattern 3 n = 9). Statistical analyses were carried out one-way ANOVA statistical test with 

Bonferroni post hoc test. Graphs show the mean±SD. Significant difference is represented by p 

< 0.05, (*) indicates the significant difference compared to control and ($) is significantly 

different compared to CF Pattern 1. Red colour represents Case 22 and blue colour represents 

Case 29, both donors have multiple blocks of different patterns.  
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3.3.3.4 Peri-ductal fibrosis and α-SMA expression   

3.3.3.4.1 IHC staining 

Representative IHC staining for α-SMA, SRFG and CD45 in a 6-year-old control donor and a 

27-year-old CF donor demonstrated that, in CF, ductal α-SMA was observed in higher 

prevalence compared to control and this was associated with extensive fibrotic regions and 

some presence of inflammatory cell clusters (CD45) around the ducts of CF pancreata 

compared to control (Figure 3.25). Peri-ductal fibrosis and presence of peri-ductal α-SMA+ 

cells were further confirmed by conducting an IHC staining for macrophage marker CD68, 

whereby CD68+ cells within the peri-ductal fibrotic tissue were observed more frequently 

compared to leukocytes CD45+ cells (Figure 3.26 C and D).  

 

Figure 3.25: Representative illustration of pancreatic ductal environment using SRFG staining and 

IHC staining for α-SMA and CD45 of control and CF pancreata. 

Control (a 6-year-old donor) and CF (a 27-year-old donor with CF pattern 2, case 29). IHC 

staining for CF was carried out on close serial section slides, but this was not the case for the 

control donor. Scale bars: 200 µm (control) and 900 µm (CF). 
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Figure 3.26: Representative illustration of pancreatic ductal environment in CF pancreata. 

(A) SRFG staining. IHC staining for α-SMA (B), CD45 (C) and CD68 (D) of a CF (a 27-year-

old donor with CF pattern 2, Case number: 29). IHC staining for CF sections was carried out 

on close or serial section slides. Scale bars: 500 µm. 

3.3.3.4.2 AI quantification 

AI quantitative analysis illustrated that measured ductal α-SMA area (mm2) increased slightly 

as age increased in both CF (nine donors) and control (10 donors) pancreata (Figure 3.27 A). 

Donor-based analysis illustrated an increase in CF ductal a-SMA vs control, yet this increase 

was not significant (Figure 3.27 B). CF Pattern 1 ductal α -SMA area appeared similar to those 

of control, whereas in CF Pattern 2 and 3 it appeared to have some blocks with higher ductal 

α-SMA area compared to most control blocks (Figure 3.27 C).  
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Figure 3.27: AI assessment for ductal α-SMA+ area (mm2) for control and CF pancreata. 

(A) Simple linear regression analysis to represent expression of ductal α-SMA+ area (mm2) vs 

age (years). (B) Donor-based analysis of ductal α-SMA+ area (mm2) in control and CF 

pancreata. (C) Block-based analysis of ductal α-SMA+ area (mm2) in control and CF pancreata 

of different patterns. Statistical analyses were carried out using Unpaired Student’s t test and 

Linear mixed effect model (LMEM) with pancreata pattern set as fixed effect, donor as random 

effect and Bonferroni post hoc test. Graphs show the mean±SD. Graph (A) and (B): control n 

= 10 donors and CF n = 9 donors. Graph (C): control n = 10 blocks, CF n = 25 blocks (Pattern 

1 n = 6; Pattern 2 n = 9; Pattern 3 n = 10 blocks).  Red colour represents Case 22 and blue 

colour represents Case 29, both donors have multiple blocks of different patterns.  

 

 



124 | P a g e  
 

3.3.3.5 Peri-and intra-islet inflammation    

3.3.3.5.1 IHC staining 

In addition to conducting an IHC staining for CD45+ cells and α-SMA, fibrotic regions 

surrounding the islets, indicated by SRFG staining, were further investigated by assessing the 

presence of macrophages CD68+ cells, which appeared more abundant compared to CD45+ 

cells (Figure 3.28).  



125 | P a g e  
 

 

Figure 3.28: Representative illustration of fibrotic environment surrounding islets in CF. 

(A) SRFG staining. IHC staining in brown for α-SMA (B), CD45 (C) and CD68 (D) of a CF (a 27-year-old donor with CF Pattern 2, Case number: 

29). An example islet is indicated with black arrows. IHC staining was carried out on close serial section slides. Scale bar represents 100 µm 

(scale bar in (A) applies to all panels).
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3.3.3.6 Peri-islet fibrosis and α-SMA expression  

3.3.3.6.1 IHC staining 

Peri-islet fibrosis was observed in CF pancreata, where islets (examples indicated by black 

arrows) are embedded within collagen-rich areas (Figure 3.29). This was mirrored by the 

presence of α-SMA+ cells within fibrous tissue representing activated stellate cells (Figure 

3.29). A representative image of control islets (examples indicated by dotted line) demonstrated 

a healthy exocrine parenchyma surrounding islets with the absence to mild presence of 

abnormal peri-islet collagen and islet α-SMA+ cells (Figure 3.29).  

 

 

Figure 3.29: Representative illustration of peri-islet fibrosis (SRFG: pink) and activated stellate cells 

(brown) in the environment surrounding islets in control and CF pancreata. 

Control: a 6-year-old donor pancreas (Case number: 31) and CF: a 19-year-old donor with 

CF Pattern 2 pancreas (Case number: 27). Examples of control islets indicated by a dotted 

black circle with examples of CF islets indicated by black arrows. Scale bar represents 60 µm 

(scale bar in control SRFG applies to all panels). 

3.3.3.6.2 AI quantification 

Using SRFG stained slides, an AI-driven classifier trained on a separate QUOD donor (52-

year-old) was to quantify peri-islet SRFG+ area by first measuring intra-islet SRFG+ area 

indicated by a pink colour and illustrated in Chapter 2 (2.1.3) Figure 2.2 E, then measuring 

total area within a peri-islet SRFG+ ring of 33.1 μm diameter around each islet, indicated by a 



127 | P a g e  
 

cyan colour in Figure 2.2 E. Following, peri-islet SRFG+ area was calculated by subtracting 

islet area (pink) from peri-islet/islet area (cyan). 

AI quantification illustrated a significant increase in peri-islet fibrosis represented by 

proportion SRFG+ area in five CF donors when compared to ten controls (p < 0.0139) (Figure 

3.30 A). Peri-islet fibrosis was significantly higher in CF Pattern 2 compared to control (p < 

0.005), whereas islets embedded in fatty tissue and surrounded by collagen strands represented 

in CF Pattern 3, illustrated a higher peri-islet proportion SRFG+ area compared to control, 

although this was not statistically significant (Figure 3.30 B). AI data for peri-islet proportion 

SRFG+ area for CF Pattern 1 pancreata were not available as AI classifier was trained on the 

QUOD control donor and had difficulties working on young diseased tissue. 

 

Figure 3.30: AI quantification of peri-islet fibrosis [%] using SRFG stained control and CF 

pancreata. 

(A) Donor-based analysis of control n = 10 donors, and CF n = 5 donors, carried out using 

unpaired student’s t test. (B) Block-based analysis of control n = 10 and CF n = 19 blocks 

(Pattern 2 n = 9; Pattern 3 n = 10 blocks), performed using linear mixed effect model (LMEM) 

with pancreata pattern set as fixed effect, donor as random effect and Bonferroni post hoc test. 

There was unavailable data for CF Pattern 1. Graphs show the mean±SD. Significant 

difference is represented by p < 0.05, (*) indicates the significant difference compared to 

control. (B) Red colour represents Case 22 and blue colour represents Case 29, both donors 

have multiple blocks of different patterns.  
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3.3.3.7 Intra-islet fibrosis and α-SMA expression  

3.3.3.7.1 IHC staining 

Using SRFG staining, control islets illustrated no to mild presence of collagen strands within 

islets, whereas intra-islet fibrosis was observed more frequently in CF pancreata. A 

representative illustration from a 13-year-old CF donor with CF Pattern 2, demonstrated the 

presence of intra-islet fibrosis (example indicated by black arrows) when compared to islets in 

a 13-year-old control donor (example indicated by dotted line) (Figure 3.31). 

 

Figure 3.31: Illustration of a representative intra-islet SRFG+ area in islets of Control and CF 

pancreata. 

Images from a 13-year-old control donor (dotted line, Case number: 50) and a 13-year-old 

donor with CF Pattern 2 pancreas (black arrows, Case number: 22). Scale bar represents 60 

µm. 
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3.3.3.7.2 AI quantification 

Using SRFG-stained slides, the AI classifier quantified intra-islet SRFG+ area within islets 

indicated by a yellow colour and illustrated in Chapter 2 Figure 2.2 D. Donor-based analysis 

showed a significant increase in the proportion of intra-islet SRFG+ area in seven CF pancreata 

compared to 10 control organs (p < 0.0215) (Figure 3.32 A). Block-based quantification, 

demonstrated a significant increase in intra-islet SRFG+ area (%) of CF Pattern 2 islets 

compared with controls (p < 0.006) (Figure 3.32 B). Interestingly, proportion of intra-islet α-

SMA+ area (quantified as illustrated in Chapter 2.1.3 Figure 2.4 C)  that was corrected to islet 

area was significantly lower in CF compared to control (Figure 3.32 C) with a reduced trend 

across all patterns (Figure 3.32 D). 
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Figure 3.32: AI quantification of intra-islet SRFG+ and α-SMA+ area [%] on control and CF SRFG 

and α-SMA stained pancreatic tissue. 

(A) Donor-based intra-islet SRFG+ area [%] assessment, control n = 10, CF n = 7 donors. (B) Block-

based intra-islet SRFG+ area [%] assessment for control and CF pancreata of different patterns, 

control n = 10, CF n = 23 (Pattern 1 n = 4; Pattern 2 n = 9; Pattern 3 n = 10) blocks. (C) Donor-based 

intra-islet α-SMA+ area [%] assessment for control and CF pancreata of different patterns, control n= 

10 and CF n = 9 donors. (D) Block-based islet α-SMA+ area [%] assessment for control and CF 

pancreata of different patterns, control n = 10 and CF n = 25 blocks (Pattern 1 n = 6; Pattern 2 n = 9; 

Pattern 3 n = 10) blocks. Donor-based statistical analyses were carried out using unpaired student’s t 

test and block-based analyses were conducted using linear mixed effect model (LMEM) with pancreata 

pattern set as fixed effect, donor as random effect and Bonferroni post hoc test. Graphs show the 

mean±SD. Significant difference is represented by p<0.05, (*) indicates the significant difference 

compared to control. Red colour represents Case 22 and blue colour represents Case 29, both donors 

have multiple blocks of different patterns. 
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3.4 Discussion 

3.4.1 Overview 

Studying the progression of CF-related diabetes in man and elucidating the disease 

pathogenesis have been challenging due to the highly limited tissue availability. The work in 

this chapter was carried out on rare CF pancreas tissue kindly provided by Professor. Günter 

Klöppel and the EADB. After being trained and supported by experienced clinical pathologists 

Professors Günter Klöppel and Dina Tiniakos, I undertook systematic histopathological 

evaluation of a wide range of disease in a total of 29 CF donors, which could then provide 

context for deeper molecular phenotyping studies world-wide. Importantly, age-matched 

control cohorts (58 donors) with no pancreatic pathologies provided by QUOD and EADB 

were included in the study. 

This chapter focused on analysing pancreatic histopathological changes in human post-mortem 

CF tissue and identifying associated cell phenotypes with potential role in CFRD pathogenesis. 

I set out to answer three main questions:  

1) What is the natural history of CF pancreatic pathology within the exocrine   

compartment?  

2) How are exocrine compartment changes associated with changes in the endocrine 

compartment? 

3) Is there any spatial relationship between fibrosis and stellate cells around the islets 

in CF? 

The following sections addressed these questions. 

3.4.2 What is the natural history of CF pancreatic pathology within the exocrine 

compartment? 

Although there are limited human studies and some animal studies that address the changes 

within CF and CFRD pancreata, natural history remains incompletely understood. To address 

this gap in respect to CFRD pathogenesis, initially changes in CF pancreata over the course of 

the disease were histologically evaluated using H&E-stained pancreatic tissue sections from 

29 human CF donors (two CFRD diagnosed cases) and 58 age-matched control donors with no 

known pancreatic pathology.  
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Histological evaluation of young CF cases (premature–14-year-old) classified by CF Pattern 1 

(fibroatrophic changes only) and represented in Figure 3.2 revealed some mild alteration to 

pancreatic lobules, whereas the exocrine parenchyma was still preserved. Intra-lobular 

abnormal collagen presence was observed in addition to the presence of some dilated ducts and 

mild acinar lumen dilation and acinar atrophy. Islet size and shape varied and there was some 

presence of peri-islet fibrosis. A quantitative evaluation of the development of CF infant 

exocrine pancreas reported that changes in acinar volume in CF infants above 42 weeks’ post-

conceptional age was distinguishable compared to control (Imrie et al., 1979). Whereby, a 

decrease in acinar volume to connective tissue ratio following 52 weeks post-conceptional age 

(around 3 months after birth) was reported, when compared to age-matched control pancreata. 

The study also reported the increase in acinar and ductal lumen dilation in CF infants compared 

to control. Iannucci et al. (1984) reported that young CF children of age less than 1 year 

illustrated the absence of exocrine fat replacement and severe ductal dilation. These findings 

aligned with our observations of young CF pancreata and supported the establishment of an 

early-stage CF Pathology Pattern.  

Later-stage CF was designated after the evaluation of CF cases (3–27-year-old) which 

illustrated severe histopathological changes. These cases were histologically classified by CF 

Pattern 2 (fibroatrophic and lipoatrophic) and CF Pattern 3 (lipoatrophic) (Figure 3.3 and 

Figure 3.4, respectively). Both patterns illustrated an extensive loss of the exocrine 

parenchyma and the presence of both abnormal collagen and adipocytes or predominantly 

adipocytes alone. In both patterns, islets of different sizes appeared spared but disrupted and 

surrounded by collagen deposition or collagen strands with adjacent adipocytes. These findings 

aligned with those of a qualitative histological analysis, whereby CF post-mortem pancreata 

over the age of 5 years exhibited more cystic ductal dilation with the absence of acinar tissue 

and exocrine compartment being replaced with fibrotic and/or fatty tissue (Löhr et al., 1989).  

The semi-quantitative scoring system developed and validated in this chapter, inspired by the  

Löhr et al. (1989) study, supported the previous histological evaluations and systematically 

characterised the degree of variation in histopathological changes across the disease patterns, 

as the disease progresses (Figure 3.11). Ductal dilation in CF has been reported to be more 

apparent (Iannucci et al., 1984; Soejima & Landing, 1986; Löhr et al., 1989; Bogdani et al., 

2017; Hart et al., 2018). Our scoring system revealed that ductal lumen dilation appeared to be 

associated with fibrotic changes within CF exocrine parenchyma whereby it was significantly 

higher in end-stage CF Pattern 2 (3–27-year-old) compared to early-stage CF Pattern 1 
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(premature–14-year-old) and became less severe in later-stage CF with total fat replacement (p 

< 0.001) (Figure 3.11 A). Ductal loss was more apparent in the lipoatrophic areas of CF tissue 

demonstrated by the later-stage CF Pattern 3 (p < 0.001 vs CF Pattern 1 and 2) (Figure 3.11 

B). This raised the question whether lipogenesis had an impact on ductal existence. Exocrine 

pancreatic fibrosis was significantly higher in the fibroatrophic regions of CF rather than the 

lipoatrophic tissue (CF Pattern 1 vs 3: p = 0.013 and CF Pattern 2 vs 3: p < 0.001) (Figure 3.11 

C). Acinar atrophy and islet remodelling were significantly higher in CF compared to control 

(p < 0.001), with advanced CF cases all manifesting severe acinar atrophy (CF Patterns 2 and 

3 vs 1: p < 0.001) and islet remodelling (CF Pattern 2 vs 1: p = 0.005 and CF Pattern 3 vs 1 p 

< 0.001) (Figure 3.11 D and E). Islet remodelling in the later-stage CF of the lipoatrophic 

Pattern 3 was significantly higher compared to islets of fibroatrophic-associated Patterns 1 and 

2 (p < 0.001 and p < 0.008, respectively) (Figure 3.11 E). There was no significant change in 

inflammatory cell infiltration between control and CF pancreata and between CF pancreata of 

different patterns.  

Considering the histological findings and the semi-quantitative scoring reported data, AI 

quantitative analysis further provided further insights into the changes within the exocrine 

parenchyma over the course of the disease. H&E-stained pancreatic tissue of 25 human CF and 

58 age-matched controls were used to quantify the changes associated with acinar atrophy and 

exocrine parenchyma replacement with abnormal collagen deposition and fatty tissue.  

In keeping with the semi-quantitative scoring, the proportion of acinar area in CF pancreata 

was significantly lower than in controls. This significant decrease was observed across the three 

CF Patterns with the later-stage CF showing greater reduction in acinar area when compared 

to early-stage CF (Figure 3.13). These findings aligned with the semi-quantitative analysis of 

acinar atrophy (Figure 3.11 D). AI data demonstrated that, in controls up to the age of 30 years, 

proportion of acinar area remained consistent. However, in CF including premature and donors 

of < 1 week of age, acinar area [%] was around a third of that in controls (Figure 3.13 A). The 

severity of CFTR mutation has been proposed to impact on acinar cell development during 

gestation, which is exacerbated by autolysis post-birth (Imrie et al., 1979). The study reported 

that acinar volume was reduced at pre-term and at full term birth in CF pancreata compared to 

control (Imrie et al., 1979). 

AI quantification of fibrotic changes and abnormal collagen deposition area in CF confirmed a 

significant increase compared to controls (p < 0.0001) and seemed to be associated with 
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fibroatrophic changes in both early- and later-stage CF rather than lipoatrophic changes 

(Figure 3.14). These findings supported the semi-quantitative analysis of exocrine pancreas 

fibrosis across the three patterns (Figure 3.11 C). Proportion of fat area replacing the exocrine 

parenchyma significantly increased in CF compared to control (p < 0.0001) and was greatly 

associated with CF cases representing the later-stage of the disease (CF Pattern 2 and CF 

Pattern 3), whereby more than 60-90% of tissue was replaced with fatty tissue (Figure 3.15).  

Although, Löhr et al. (1989) established the fibrotic and the lipoatrophic patterns when 

describing the early- and end-stage CF, respectively, our study proposed that the fibrotic pattern 

alone is mainly associated with young and early-stage CF, whereby there was an absence of 

fatty tissue replacing the exocrine parenchyma. This could highlight the natural history of CF 

progression is associated with age and the severity of the disease illustrated by early-stage 

fibrotic pattern alone through the later-stage illustrated by a mixed fibrotic/lipoatrophic pattern 

and a total fatty tissue replacement of the exocrine parenchyma. It is important to highlight that 

fat replacement of the exocrine parenchyma increased linearly with age, again in keeping with 

a steady progression of the disease. This could suggest that the later-stage of the disease could 

be divided into two stages: advanced-stage represented by CF Pattern 2, which then progresses 

into end-stage represented by CF Pattern 3. The systematic semi-quantitative scoring system 

analyses performed based on Pathological Patterns further elucidated CF progression via ductal 

dilation/loss; acinar cell loss and pancreatic fibrosis along with islet remodelling. AI 

quantification of acinar area [%] in parallel with exocrine parenchyma replacement with 

collagen and or fatty tissue alone, further supported our semi-quantitative findings in respect 

to disease progression based on phenotypic classification. 

3.4.3 How are exocrine compartment changes associated with changes in the endocrine 

compartment? 

H&E-stained pancreatic sections were assessed to further investigate the endocrine 

compartment and undertake quantitative analysis of islet parameters including endocrine 

proportion area, islet density, median islet circularity, median islet diameter and median islet 

area/size.  

Interestingly, H&E-stained pancreatic sections of CF and aged-matched controls showed no 

change of endocrine area [%] or in islet density in CF when compared to control, yet both 

cohorts illustrated a gradual decrease of endocrine area [%] and islet density as age increased 

(Figure 3.16 and Figure 3.17). This possibly due to the overall reduction in pancreatic volume 
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as age increases (Löhr et al., 1989). In addition, another study of 115 non-diabetic autopsied 

pancreatic tissue proposed that islet density decreased as age increased (Mizukami et al., 2014). 

Although this work did not show a reduction in islet number in CF/CFRD pancreata compared 

to control, illustrating islet survival in such damaged neighbourhood, a post-mortem CF study 

has suggested a decrease in islet number (Löhr et al., 1989). Some studies reported no change 

in relative endocrine mass in CF cases compared to control (Löhr et al., 1989, Couce et al., 

1996, Bogdani et al., 2017). Yet, endocrine mass in CFRD cases was reported to be lower 

compared to CF cases (Iannucci et al., 1984, Soejima and Landing, 1986, Bogdani et al., 2017).  

Having observed no change in endocrine area [%] in our CF cohort compared to controls, 

further islet parameters were investigated. In early-stage CF (CF Pattern 1), some cases 

illustrated the presence of some solitary islets within pancreatic lobule and some islets were 

surrounded by abnormal collagen deposition, identified by CGA+ staining and SRFG staining, 

respectively (Figure 3.9 Score 1). These findings contradicted Bogdani et al. (2017) study that 

reported islets of young CF donors that exhibited less severe exocrine changes to be larger 

compared to those with more severe exocrine changes (Bogdani et al., 2017). However in this 

chapter, the frequent presence of solitary islets in young CF cases could be further supported 

by islet density, which appeared to be significantly higher compared to later-stage CF cases of 

Patterns 2 and 3 (p = 0.006 and p = 0.002, respectively) (Figure 3.17 C).  

Donor-based analysis of median islet circularity illustrated a significant reduction of islet 

circularity in CF compared to control (p = 0.0221) with no significant change in the pattern-

based analysis (Figure 3.18 B). Also, donor-based analysis reported that median islet diameter 

(Figure 3.21 A and B) and median islet area (size) (Figure 3.19 A and B) increased gradually 

with age with no significant change in CF when compared to control pancreata. Yet, pattern-

based analysis illustrated a significant increase in median islet diameter in later-stage CF when 

compared to control (CF Pattern 2: p = 0.028 and CF Pattern 3: p < 0.001) and early-stage CF 

(CF Pattern 2: p = 0.002 and CF Pattern 3: p < 0.001) (Figure 3.20 C). Whereas, median islet 

area was significantly higher in later-stage CF compared to early-stage islets (CF Pattern 2 and 

3 vs 1: p = 0.008 and p < 0.001, respectively), and islets area of the lipoatrophic pattern was 

significantly higher compared to control (p = 0.018) (Figure 3.22 C). These quantitative 

findings supported the qualitative observation of bigger islets observed using CGA and SRFG 

staining (Figure 3.9 Score 2 and 3) and the semi-quantitative scoring illustrating a greater islet 

remodelling in the advanced- and end-stage CF compared to the early-stage CF (Figure 3.11 

E). These observations are supported by reported findings that islets in CFRD pancreata exhibit 
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different sizes and appear disorganised (Iannucci et al., 1984, Abdul-Karim et al., 1986). 

Another study reporting that lipoatrophic pattern was associated with greater altered islet 

morphology (Bogdani et al., 2017). Also, lipoatrophy of the exocrine pancreas has also been 

proposed to be associated with β-cell dysfunction via lipotoxicity (Lee et al., 1994). 

Reduction in β-cell function leading to impaired insulin release in people with CF is considered 

essential in the development of CFRD (Moran et al., 1991; Mohan et al., 2009; Merjaneh et al., 

2015; Sheikh et al., 2017). Some studies reported that β-cell area is reduced in CFRD cases 

compared to CF cases (Iannucci et al., 1984; Abdul-Karim et al., 1986; Soejima and Landing, 

1986; Löhr et al., 1989). Yet, Bogdani et al. (2017) study contradicted these findings by 

reporting no difference in β-cell area in CFRD and CF.  

To assess the endocrine hormonal composition in CF pancreata, IHC for endocrine hormones 

was carried out on eight CF cases (0–27-year-old) and 10 control cases (6–29-year-old). Visual 

histological assessment of CF islets illustrated differences in hormonal+ cell proportions when 

compared to controls. Endocrine hormonal quantitative analysis revealed the significant 

reduction in β-cell area represented by insulin+ area in CF cases (20-70%) when compared to 

control (70-90%) (p < 0.001) and this reduction was also observed in both the early- and later-

stage CF (Figure 3.23 A and Figure 3.24 A). The reduction in β-cell in CF observed in this 

study was supported by studies on pancreatic specimen from adult human donors with CF, 

which have reported the decrease in β-cell area (Abdul-Karim et al., 1986; Löhr et al., 1989; 

Couce et al., 1996; Hart et al., 2018).  Exocrine pathological changes demonstrated by fibrotic 

and fatty tissue replacement have been reported to exhibit similar impact on β-cell loss (Löhr 

et al., 1989). Bogdani et al. (2017) reported that β-cell loss, demonstrated by loss of insulin+ 

area, in younger CF cases was greater compared to older CF cases, this finding aligned with 

the early-stage CF fibrotic pattern exhibiting lower insulin+ [%] compared to the later-stage CF 

pattern 2 and 3 (Figure 3.24 A). These presented changes in islet composition specifically β-

cell loss in the early-stage CF should be further investigated to determine the underlying factors 

contributing to β-cell loss/dysfunction leading to the development of CFRD. Molecular studies 

to determine the impact of the associated fibrotic changes on β-cell identity and function could 

further provide an idea of the possible treatments to limit this impact and prevent CFRD.  

During pancreatic injury pancreatic fibrosis resulted from reoccurring necrosis, apoptosis and 

inflammation of the exocrine parenchyma has been associate with endocrine changes and islet 

dysfunction, eventually leading to diabetes (Klöppel et al., 2004).  
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On the other hand, compared to control, α-cell quantification presented by the proportion of 

glucagon+ area within islets was significantly higher in CF donor-based (P < 0.0001) and 

pattern-based analyses (CF Patterns 1, 2 and 3 p = 0.0152, p < 0.0001 and p=0.0032, 

respectively) (Figure 3.23 C and Figure 3.24 C). Immunobiological studies have reported 

similar findings of increased α-cells abundance in human CF islets with and without CFRD 

(Löhr et al., 1989; Bogdani et al., 2017; Hart et al., 2018; Hull et al., 2018). Together these 

findings could shed the light into understanding the association between islet cell’s identity and 

function in CF pancreas.  

Proportion of pancreatic polypeptide+ area appeared decreased in CF islets compared to control, 

but this was not significant (Figure 3.23 B and Figure 3.24 B). Contradictory findings of 

higher pancreatic polypeptide+ area in CF compared to control have been reported (Löhr et al., 

1989). Other studies have reported the increase being observed in young CF islets compared to 

controls (Bogdani et al., 2017; Hull et al., 2018).  

Similarly, δ-cells represented by somatostatin+ area was significantly increased in CF islets 

compared to control and this significant increase was prominently observed in early-stage CF 

of a fibroatrophic pattern (p < 0.0001) (Figure 3.23 D and Figure 3.24 D). Also, early-stage 

somatostatin+ [%] was significantly higher compared to later-stage CF (CF Patterns 2 and 3: p 

< 0.0001 and p = 0.0002, respectively) (Figure 3.24 D). Similar observations of elevated δ-

cell area in CF compared to control have been reported (Löhr et al., 1989; Bogdani et al., 2017; 

Hull et al., 2018). Some studies have reported contradictory findings on whether there was an 

increase in δ-cells area in CFRD cases compared to CF cases (Iannucci et al., 1984; Bogdani 

et al., 2017; Hart et al., 2018; Hull et al., 2018).  

Any differences from published work in reported observations regarding endocrine cell 

composition, via AI quantification on IHC stained tissue for endocrine hormone, could be due 

to the small size of CF (eight cases: 22 blocks) and control (10 cases: 10 blocks) cohorts used. 

Also, unlike the CF cohort there was limited availability of very young (<1 year old) control 

tissue.  

3.4.4 Is there any spatial relationship between fibrosis and stellate cells around the islets 

in CF? 

To investigate islet vascularisation and peri-islet pathology including inflammation, fibrosis 

and presence of activated PaSCs, control and CF sub-cohorts were further stained with 

endothelial marker CD31, inflammatory markers CD45 and CD68, collagen stain SRFG and 
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activated PaSCs marker α-SMA, respectively. The islet microvascular capillary network is a 

key mediator of islet function whereby it acts as a channel for nutrient transportation to 

endocrine cells, as well as necessary components such as growth factors and ECM proteins to 

regulate islet β-cell function. It also regulates the delivery of hormones to the peripheral tissue 

(Richards et al., 2010; Peiris et al., 2014; Hogan & Hull, 2017; Jansson & Carlsson, 2019). Our 

donor-based analysis showed a reduction in endocrine CD31+ area in CF when compared to 

control but this reduction was not significant (Figure 3.21 B). Yet, it appeared to decrease as 

the disease progresses from CF Pattern 1 to CF Pattern 3 (Figure 3.21 C). A preliminary study 

illustrated a decrease in islet capillary density and in exocrine capillaries with an additional 

molecular study of islets from CF donors reporting an increase of endothelial inflammatory 

markers such as SELE and IL6, illustrating the possibility of endothelial cells inflammation 

(Castillo et al., 2022; Hart et al., 2018).  

Semi-quantitative scoring showed that ductal dilation was significantly associated with 

pathological fibrotic changes within CF pancreas (Figure 3.11 A). Further staining for 

inflammatory cells demonstrated moderate presence of leukocytes (CD45+ cells) within these 

fibrotic areas around the ducts (Figure 3.25). Leukocytes - T-cells and macrophages were 

observed in the CF exocrine pancreas, independent of donor age (Bogdani et al., 2017; Hart et 

al., 2018). Compared to the lipoatrophic CF Pattern, immune cells in the fibrotic exocrine 

compartment were reported to be more present (Löhr et al., 1989; Bogdani et al., 2017). 

Extensive presence of activated PaSCs represented by a positive staining for α-SMA within 

fibrotic periductal fibrotic areas has been established (Figure 3.25 and Figure 3.26 B). In the 

CF ferret model, activation of PaSCs has also been demonstrated by α-SMA expression (Sun 

et al., 2017). Also, Rotti et al. (2018) study has observed the activation of PaSCs around ductal 

epithelium in CF ferrets of 1-4 months age (< 3.5 years human age) when compared to wild-

type ferrets. Together these observations support the hypothesis that PaSCs are the source of 

myofibroblasts during CF pancreatic remodelling further making them a key target in CFRD 

treatment (Rotti et al., 2018). 

CD45 and CD68 IHC staining revealed the presence of inflammatory cells within the fibrotic 

areas surrounding ducts and islets, with some CD68+ macrophages infiltrating the islets 

(Figure 3.26 and Figure 3.28, respectively). CD68+ macrophage cells have been reported to 

play a coordinating role in stellate cells activation, whereby they secrete cytokines including 

TNF-α that stimulates collagen synthesis by activated stellate cells (Stalnikowitz & Weissbrod, 

2003). Progressive inflammation and fibrosis have been reported to be implicated in the decline 
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of β-cell function (Bridges et al., 2018). Although significant fibrotic pathological changes 

associated with islets were reported in the later-stage CF, it is critical to investigate these 

changes during early-stage CF to enable better management of the disease before irreversible 

progression.  

Also, α-SMA+ PaSCs were found in the fibrotic areas surrounding the islets (Figure 3.29). 

With fibrosis seen to be a predominant pathology in the islet neighbourhood even following 

virtually complete adipocyte replacement of the parenchyma, we propose that α-SMA+ stellate 

cells are a key cellular player in mediating fibrotic changes and possibly impacting on islet 

function. PaSCs are known to play a key role in pathological pancreatic fibrosis and β-cell 

dysfunction (Omary et al., 2007; Apte et al., 2012; Phillips, 2012). Therefore, peri- and intra-

islets fibrotic changes were further investigated using SRFG staining (Figure 3.29 and Figure 

3.31). AI quantification of collagen area [%] illustrated the significant increase in peri-islet and 

intra-islet fibrosis in CF when compared to control donors (p < 0.0139 and p < 0.0215) (Figure 

3.30 A and Figure 3.32 A). This increase was associated with fibrotic changes represented by 

advanced CF Pattern 2 (Figure 3.30 B and Figure 3.32 B). Our findings of increased presence 

of peri- and intra-islet fibrosis along with the semi-quantitative scoring illustrating increased 

islet remodelling (Figure 3.11 E), as the disease progresses, were further supported by Löhr et 

al. (1989) and Hull et al. (2018) studies, whereby CF islets were reported to be highly 

fragmented with presence of intra-islet fibrosis (Löhr et al., 1989; Hull et al., 2018). 

In summary we have demonstrated the presence of α-SMA+ PaSCs in the fibrotic regions of 

the tissue (Figure 3.28) in parallel with CF progressing to the advanced-stage Pattern 2 and 

end-stage CF Pattern 3 in conjunction with partial to total replacement of the exocrine 

parenchyma by adipocytes, of unknown source, respectively (Figure 3.3, Figure 3.4 and 

Figure 3.15 C, respectively); and increased islet remodelling as the disease progresses (Figure 

3.11 A). Informed by CF ferret and mouse studies, it has been proposed that myofibroblasts, 

equivalent to activated PaSCs, in the fibrotic regions could be a possible source of adipocytes 

in CF (Plikus et al., 2017; Rotti et al., 2018). This could give a rise to lipotoxicity further 

impacting on β-cell function (Lee et al., 1994). 

Together, the findings presented in this chapter suggest that activated PaSCs could be one of 

the key cellular players mediating the changes observed in human CF with a possible pivotal 

role in mediating exocrine-endocrine crosstalk leading to β-cell dysfunction and eventually 

CFRD. Further spatial and functional in vitro studies were thus planned (Chapters 4 and 5).  
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3.4.5 Study limitations 

There were several limitations to this study. There were staining-quality challenges, when 

working with the CF tissue, provided kindly by Professor Günter Klöppel (the sub-cohort), as 

these were from historic post-mortem (1979-2008) cases, limiting successful staining of all 

blocks leading to challenges with accurate AI-driven quantification. The designed AI classifiers 

to quantify fibrotic changes within CF sections faced challenges when analysing grossly 

fibrotic pancreata due to difficulty in differentiating tissue phenotypes affected by collagen 

fibres. Therefore, some of the early-stage H&E and SRFG stained fibrotic samples were not 

included in the quantification procedure. Generally, AI classifiers had difficulties working on 

CF tissue, compared to control pancreas, due to the variation in the extensive damage present. 

Although I was trained by expert pathologists to score the CF and control cohorts, semi-

quantitative analysis remained user-dependent and with unavoidable subjective limitations. 

There were no available data regarding the diagnosis of CFRD in the sub-cohort investigated 

in this study. Therefore, for future studies, it would be essential to explore CFRD cases to able 

to format an overall picture of the disease development. There was limited access to tissue 

blocks further limiting additional staining for all cases in both control and CF cohorts. 

CFTR genotype is directly linked to the severity of exocrine pancreatic status (Kerem et al., 

1990; Kristidis et al., 1992; Wilschanski & Novak, 2013). Although the proposed findings in 

this chapter in respect to the stage of the disease, age and morphological pattern were powerful, 

it is critical to determine the CFTR mutation in CF cases (which was impossible to conduct 

successfully using the historic CF tissue blocks provided by Professor. Günter Klöppel). 

Identifying mutation type could aid the understanding of pathological change severity and 

establishment of a truly well-defined natural history of disease progression. This would 

facilitate drug development studies to design treatment strategies to target the changes of early-

stage disease and, by limiting acinar loss and fibrosis progression, lessen mechanical damage 

to exocrine and endocrine parenchyma, further reducing the severity and thus complications of 

CFRD. 
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Chapter 4: Establishment of a human primary islet-derived 

stellate cell (ISC) model and investigating the impact of its 

secretome on β-cell viability and function 

4.1 Introduction 

4.1.1 Insulin biosynthesis and secretion  

Insulin is produced by pancreatic β-cells within islets of Langerhans and it is a key hormone 

responsible for regulating blood glucose levels by mediating glucose uptake by insulin-

sensitive tissue (Weiss, 2009; Fu et al., 2013). Insulin biosynthesis shown in Figure 4.1  is 

regulated at the transcriptional level by proteins (transcription factors) including pancreatic and 

duodenal homeobox-1 (PDX1), neurogenic differentiation 1 (NeuroD1) and V-maf 

musculoaponeurotic fibrosarcoma oncogene homolog A (MafA) (Fu et al., 2013; Tokarz et al., 

2018). In response to elevated blood glucose levels, the INS gene encoding insulin is 

transcribed into pre-mRNA, which is spliced to form mature mRNA that is translated via 

ribosomes attached to the rough endo plasmic reticulum (rER) to produce a 110 amino acid 

precursor called preproinsulin (Weiss, 2009; Fu et al., 2013). Insulin biosynthesis is also 

regulated at the translational level to produce a stable protein (Weiss, 2009; Fu et al., 2013). 

Preproinsulin is translocated across rER membrane into the lumen via cytosolic 

ribonucleoprotein signal recognition particles (SRP), which are located at the surface of the 

rER  (Chan et al., 1976; Lomedico et al., 1977; Egea et al., 2005). Then, a signal peptidase 

cleaves off the peptide of preproinsulin resulting in proinsulin, which consists of A-chain and 

B-chain and a C-peptide (Patzelt et al., 1978; Fu et al., 2013). Proinsulin is then transported 

from the ER to the Golgi apparatus to be packed into secretory granules, in which it undergoes 

further cleavage at amino acids 31 and 64 to release C-peptide (Weiss, 2009; Fu et al., 2013). 

The remaining chains A and B are joined by disulphide bonds to form 51 amino acids that make 

up insulin which is stored in immature secretory granules (less electron-dense and contain some 

proinsulin that continues to be processed), that mature by becoming more electron-dense due 

to insulin crystallisation and containing minimal to no proinsulin (Figure 4.1) (Weiss, 2009; 

Fu et al., 2013; Tokarz et al., 2018).  
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Figure 4.1: An illustration of insulin biosynthesis.  

Adopted from (Tokarz et al., 2018).  

Insulin secretion from the secretory granules shown in Figure 4.2 is mediated by various 

physiological stimuli. Initially, in response to glucose stimulation, glucose transporters GLUT-

2 in rodent and GLUT-1 and GLUT-3 in humans, on the surface of β-cell open and allow the 

entry of glucose into the cell (Weiss, 2009; Fu et al., 2013; Thorens & Mueckler, 2014). Glucose 

comprising six carbon molecules undergoes sequential enzymatic reactions that are mediated 

at the level of three irreversible reactions to generate two molecules of pyruvate (three carbon 

molecules) during a mechanism termed glycolysis (Galindo et al., 2022). Then pyruvate 

undergoes a chain of reactions via the Kreb’s cycle (Tricarboxylic Acid Cycle also known as 

Citric Acid Cycle), whereby ATP is produced (Weiss, 2009; Fu et al., 2013). An increase in 

intracellular ATP:ADP ratio leads to the closure of ATP-sensitive potassium channels. This 

depolarises the membrane, which in turn causes the voltage-dependent calcium channels to 

open, allowing an influx of calcium ions. The increase in intracellular calcium ion 

concentration triggers the exocytosis of insulin from mature secretory granules via fusion with 

plasma membrane of β-cell (Figure 4.2). To clinically assess β-cell function, C-peptide is 

typically used as an endogenous marker of insulin secretion, as it is secreted in equimolar levels 
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to insulin and has a better stability (half-life of 20-30 min) compared to insulin (half-life of 3-

5 min) (Leighton et al., 2017; Thota et al., 2017). Unlike insulin, which is metabolised by the 

liver, C-peptide is partly metabolised by the liver and is primarily excreted by the kidneys after 

circulating in the blood (Leighton et al., 2017; Thota et al., 2017). 

 

Figure 4.2: An illustration of insulin secretion following glucose stimulation.  

Adopted form Arora et al (2021).  

4.1.2 Type 3c diabetes and stellate cells  

Type 3c (T3c) diabetes also known as pancreatogenic diabetes mellitus accounts for 5-10% of 

all diabetes cases. Underlying causes include chronic pancreatitis (79% of cases), pancreatic 

ductal adenocarcinoma (8%), haemochromatosis (7%), CF cases (4%) and previous pancreatic 

surgery (2%) (Hart et al., 2016). Islet β-cell dysfunction characterised by insufficient insulin 

secretion in parallel with pancreatic fibrosis is believed to contribute to the development of 

type 3c diabetes, yet the underlying mechanisms remain unknown (Phillips, 2012). A recent 

study investigating T3c diabetes in people with CF (CFRD) reported a progressive impairment 

of insulin secretion as the disease progressed (Nielsen et al., 2023). Also, CFRD was 

demonstrated to be associated with β-cell stress indicated by incrementally rising fasting 

proinsulin-insulin ratio (Nielsen et al., 2023). Changes in β-cell mass has been demonstrated 

to be correlated with changes in blood glucose levels in ferrets during CF development (Yi et 

al., 2016). First-phase insulin response was impaired with a reduction in insulin secretion 
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during a meal tolerance test (Olivier et al., 2012; Yi et al., 2016). In islets isolated from CFTR 

knock out ferrets, total insulin content was lower in CF compared to wild-type islets (Sun et 

al., 2017).  

Pancreatic stellate cells (PaSCs) were first reported in 1982 in mouse pancreatic ducts as lipid-

storing cells, identified using autofluorescence and electron microscopy techniques (Watari et 

al., 1982). Six years later, PaSCs were identified in sections from healthy rat and human 

pancreata (Ikejiri, 1990). In 1998, Ape et al and Bachem et al were successful in developing in 

vitro methods to isolate and culture PaSCs from rat and human pancreata and study their 

physiological and pathological phenotypes (Apte et al., 1998; Bachem et al., 1998). 

In normal physiological conditions, PaSCs are called quiescent PaSCs. These are rich in 

intracellular vitamin A lipid-droplets and identified by expression of intermediate filament 

proteins such as desmin and glial fibrillary acidic protein (GFAP). They do not express α-SMA 

(microfilament protein) (Erkan et al., 2012). PaSCs represents 4-7% of all parenchymal cells 

in the pancreas and are situated close to the basal aspect of acinar cells, appearing with a central 

cell body and long cytoplasmic projections lining along the base of adjacent acinar cells (Erkan 

et al., 2012). Quiescent PaSCs contribute to the maintenance of pancreatic architecture and 

play a role in ECM regulation, to contribute to the elasticity and tensile strength of pancreatic 

tissue by maintaining mechanical stability of the basement membrane (Erkan et al., 2012; 

Omary et al., 2007). 

In pathological states in response to pancreatic injury, quiescent PaSCs become activated 

whereby they lose their stored fat droplet and express α-SMA (Bachem et al., 1998). Activated 

PaSCs have been reported to transdifferentiate into proliferating myofibroblast-like cells and 

secrete ECM proteins including fibronectin, collagen I, collagen III, growth factors such as 

platelet derived growth factor (PDGF), TGF-β, connective tissue growth factor (CTGF), IL-1 

and IL-6, that also further perpetuate PaSC activation (Elsässerm et al., 1989; Apte et al., 1998, 

1999; Bachem et al., 1998; Kuroda et al., 1998; Gabbiani, 2003; Erkan et al., 2012).  

It has been proposed that PaSC activation is induced by cytokines and growth factors produced 

by acinar cells, inflammatory cells, platelets and endothelial cells during pancreatic injury or 

inflammation (Vonlaufen et al., 2008; Masamune et al., 2009; Masamune & Shimosegawa, 

2009; Omary et al., 2007; Erkan et al., 2012). In vivo and in vitro studies have reported that 

injured acinar cells, ductal cells and leukocytes produce paracrine factors including TGF-β, 

TNF-α, IL-1, IL-6 and activin A, ethanol and its metabolites, that induce the activation of 
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PaSCs (Vonlaufen et al., 2008; Masamune et al., 2009; Masamune & Shimosegawa, 2009; 

Omary et al., 2007; Erkan et al., 2012). Also, hypoxia has been reported to activate PaSCs 

(Masamune et al., 2008). A recent in vitro study using isolated islets and primary PaSCs from 

rats, demonstrated that PaSCs activation within islets was induced by hypoxia (Kim et al., 

2020). The study also showed that islet apoptosis increased when islets were cultured with 

conditioned medium from PaSCs cultured in hypoxia (1% O2) (Kim et al., 2020). Additional 

rodent in vitro studies have demonstrated that co-culturing with activated PaSCs exhibited a 

direct impact on β-cell function by decreasing insulin secretion and inducing apoptosis (Kikuta 

et al., 2013; Zang et al., 2015; Zha et al., 2014).   

Stellate cells isolated from mouse, rat and human islets using collagenase digestion, have been 

designated islet stellate cells (ISCs) and were reported as a sub-type of PaSCs, whereby they 

expand from within the islets rather than the islet periphery (Zha et al., 2014). A study 

undertaken by Li et al. (2016) proposed that an activated type of PaCS that is associated with 

islet dysfunction and fibrosis in pancreatitis is termed an islet stellate cell (ISC).  

Compared to PaSCs, ISCs have been reported to contain less lipid-droplets, be easily activated 

by stimulators and exhibit a reduced proliferation and migration abilities (Wang et al., 2018). 

Other studies confirmed the presence of stellate cells in islets using single-cell transcriptome 

analysis (Lawlor et al., 2017; Li et al., 2016). Together, these studies proposed that ISCs could 

potentially be associated with islet fibrosis and impact on islet function. A study reported that 

islet malfunction was associated with loss of vitamin A during ISC activation (Zhou et al., 

2019). ISCs have been proposed to be activated by the diabetic environment characterised by 

hyperglycaemia, oxidative stress, macrophage infiltration and elevated levels of inflammatory 

molecules including IL-1, IL-6, TNF-α, MCP-1 and MIP-1α (Zha et al., 2014; Zha et al., 2016). 

A role for PaSCs as a potential mediator of pancreatic fibrosis has been postulated in the 

pathogenesis of chronic pancreatitis and pancreatic cancer (Omary et al., 2007). ISCs have 

been reported to be activated during diabetes (Yang et al., 2020). In pancreata of CF ferrets, 

activated PaSCs expressing α-SMA and desmin were reported compared to a quiescent state in 

wild-type CF ferrets (Sun et al., 2017). A study by Rotti et al., (2018) also reported the presence 

of activated PaSCs around the epithelium of dilated ducts in the CF ferrets.  However, the role 

of activated PaSCs and ISCs in the development of islet fibrosis and β-cell dysfunction in CF 

remains incompletely understood.  
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Following the results obtained in Chapter 3, demonstrating the presence of peri- and intra-islet 

fibrosis as well as activated stellate cells expressing α-SMA within the CF tissue, this chapter 

focused on establishing an in vitro primary human ISC model. We hypothesised that this model 

could mimic the interplay between activated stellate cells and endocrine β-cells in CF and 

CFRD pancreata and could enable the assessment of β-cell function under the impact of 

proinflammatory molecules secreted due to the activation of ISCs in culture.  

4.2 Aim 

The studies reported in this chapter aimed to establish an in vitro primary human islet-derived 

stellate cell (ISC) model and examine the impact of its secretome on β-cell line viability and 

function.  

• Objective 1: Confirm the establishment of activated ISCs in culture: 

1) Undertaking immunofluorescent staining for activated stellate cells markers 

2) Performing real-time quantitative reverse transcription-polymerase chain 

reaction (rtq-RT PCR) for genes associated with stellate cell activation.  

• Objective 2: Examine ISC secretome for the presence of proinflammatory molecules, 

by performing a multiplex immunoassay to quantify proteins (Meso Scale Discovery 

(MSD) and COL1A1 ELISA. 

• Objective 3: Investigate the impact of ISC secretome on (rat) INS-1E cell viability, 

insulin transcription and genes associated with stimulus-secretion coupling.  

• Objective 4: Investigate the impact of ISC secretome on (human) EndoC-βH1 cell 

function assessed by glucose-stimulated insulin secretion assay and insulin / pro-

insulin content. 
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4.3 Results 

4.3.1 Establishment of human ISCs in primary culture 

Islets were isolated from 6 separate human pancreas organ donors none of whom had diagnosed 

diabetes (Chapter 2 Table 2.5). Isolated islets were resuspended in media, seeded at a density 

of 200 IEQ/well in adherent tissue culture plates and cultured for up to 7-days (Chapter 2 2.2.2). 

Light microscopic phase contrast images of cultured isolated islets were captured over this 

period (Figure 4.3). On Day 0, islets in suspension appeared to be regular in shape with well-

identified edges (Figure 4.3 A). On Day 1, islets started to adhere to the bottom of the culture 

plate (Figure 4.3 B) and islets on Day 3 demonstrated the presence of cells growing from the 

edges of the islets, which continued to proliferate and expand through Day 5 and Day 7, to 

form a confluent monolayer of cells (Figure 4.3 C-E). These cells were bipolar in shape 

exhibiting a more fibroblast-like morphology and therefore were suspected to be stellate cells 

emanating from the adherent islets.  



148 | P a g e  
 

 

Figure 4.3: Representative light microscopic images of the ISC model using isolated islets from a 38-

year-old male control donor (LDIS355) during the selected culture time points. 

Pictures show the ISC model on Day 0 (A), Day 1 (B), Day 3 (C), Day 5 (D) and Day 7 (E).  

Scale bars: 300 µm and 600 µm. Scale bars in panel A images represent the rest of the figures 

of the corresponding column.  
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4.3.1.1 Presence of stellate cells confirmed by vimentin+ and α-SMA+ IF staining 

To primarily investigate the phenotype of the progressively outgrown proliferating cells from 

the edges of the islets, immunofluorescence staining of isolated, formalin fixed, paraffin-

embedded sectioned Day 0 islets was performed (Chapter 2 2.2.7.1)  with the fibroblast marker 

vimentin alongside insulin and glucagon staining (Figure 4.4 A). Day 0 islets showed positive 

staining for insulin, glucagon and vimentin. Vimentin staining appeared as elongated or circular 

positive staining within islets with no co-localisation with insulin or glucagon. To confirm the 

specificity of the staining for insulin, glucagon and vimentin of Day 0 islets, 0.05% FBS in 

PBS alone was used as negative primary antibody control (Figure 4.4 B). 
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Figure 4.4: Representative immunofluorescence staining of Day 0 formalin fixed and paraffin-

embedded islets from a pancreas donor without diabetes (LDIS335). Islets stained for insulin (red), 

glucagon (purple), vimentin (green) and DAPI (blue). 

(A1-A5) Primary antibody stains. (B1-B5) No primary antibody control stains. Representative 

of studies undertaken in three separate donors. Scale bars 25 µm. 
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Insulin, glucagon and vimentin staining was undertaken following formalin fixation in ISCs 

over  7 days’ culture in adherent culture plates as described in Chapter 2 (2.2.7.2). At Day 1, 

fixed cells exhibited positive staining for insulin, glucagon and vimentin (Figure 4.5 A2-4, 

respectively) in keeping with the presence of mesenchymal cells within islets. The vimentin+ 

staining was also observed in the out-grown proliferating cells around islets at Day 3, Day 5 

and Day 7 showing spindle like cytoskeleton appearance (Figure 4.5 B4-D4, respectively). 

Over time in primary culture, intensity of insulin and glucagon staining diminished and 

vimentin+ proliferating cells did not express insulin or glucagon (Figure 4.5 B2-D2 and B3-

D3). No primary antibody controls for insulin, glucagon and vimentin of Days 1, 3, 5 and 7, 

confirmed the specificity of antibody stains (Figure 4.6).  

 

Figure 4.5: Representative immunofluorescence staining of isolated, cultured and formalin fixed 

islets from a pancreas donor without diabetes (LDIS335). 

Islet culturing period: Day 1 (A), Day 3 (B), Day 5 (C) and Day 7 (D). Islets stained with 

primary antibodies: insulin in column 2 (red), glucagon in column 3 (purple), vimentin in 

column 4 (green) and DAPI in column 5 (blue). Merged images are shown in column 1. 

Representative of studies undertaken in three separate donors. Scale bars 25 µm. 
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Figure 4.6: Representative no primary antibody immunofluorescence staining of isolated, cultured 

and fixed islets from a pancreas donor without diabetes (LDIS335). 

Islet culturing period: Day 1 (A), Day 3 (B), Day 5 (C) and Day 7 (D). Insulin in column 2 

(red), glucagon in column 3 (purple), vimentin in column 4 (green) and DAPI in column 5 

(blue). Merged images are shown in column 1. Representative of studies undertaken in three 

separate donors. Scale bars 25 µm. 

To further confirm the nature of vimentin+ cells within islets and the out-growing fibroblast-

like cells (Figure 4.4 A and  Figure 4.5), staining for α-SMA, a stellate cell activation and 

myofibroblast marker, was conducted. Positive staining for insulin and glucagon was observed 

in Figure 4.7 A2 and A3. Interestingly, before culturing the islets, these paraffin-embedded 

Day 0 islets of the non-diabetic donors illustrated a positive staining for α-SMA which appeared 

to stain islet vasculature without co-localisation with endocrine hormones insulin or glucagon 

(Figure 4.7 A4 and A5). To confirm the specificity of the staining for insulin, glucagon and α-

SMA of Day 0 islets, 0.05% FBS in PBS alone was used as negative primary antibody control 

(Figure 4.7 B). 
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Figure 4.7: Representative immunofluorescence staining of Day 0 formalin fixed and paraffin-

embedded islets from a pancreas donor without diabetes (LDIS335). Islets stained for insulin (red), 

glucagon (purple), α-SMA (green) and DAPI (blue). 

(A1-A5) Primary antibody stains. (B1-B5) No primary antibody control stains. Representative 

of studies undertaken in three separate donors. Scale bars 25 µm. 
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Similarly, staining for insulin, glucagon and α-SMA in the cultured and formalin-fixed ISCs 

over 7 days’ culture in adherent culture plates as described in Chapter 2 (2.2.7.2).  Figure 4.8 

A2 and A3 illustrated positive staining of Day 1 islets for insulin and glucagon. Alpha-SMA 

positive staining was also observed suggesting the presence of mesenchymal cells within islets 

(Figure 4.8 A4). Out-grown proliferating cells around islets of Day 3, Day 5 and Day 7 showed 

positive staining for α-SMA with a spindle-like morphology (Figure 4.8 B4-D4, respectively). 

These cells were insulin and glucagon negative (Figure 4.8 B2-D2 and Figure 4.8 B3-D3, 

respectively). This suggested that these out-grown cells from the edges of islets that are positive 

for both vimentin and α-SMA can be identified as ISCs. No primary antibody controls for 

insulin, glucagon and α-SMA Days 1, 3, 5 and 7, confirmed the specificity of antibody stains 

(Figure 4.9).  

 

Figure 4.8: Representative immunofluorescence staining of isolated, cultured and formalin fixed 

islets from a pancreas donor without diabetes (LDIS335). 

Islet culturing period: Day 1 (A), Day 3 (B), Day 5 (C) and Day 7 (D). Islets stained for primary 

antibodies: insulin in column 2 (red), glucagon in column 3 (purple), α-SMA in column 4 (green) and 

DAPI in column 5 (blue). Merged images are shown in column 1. Representative of studies undertaken 

in three separate donors. Scale bars 25 µm. 
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Figure 4.9: Representative no primary antibody immunofluorescence staining of isolated, cultured 

and fixed islets from a pancreas donor without diabetes (LDIS335). 

Islet culturing period: Day 1 (A), Day 3 (B), Day 5 (C) and Day 7 (D). Insulin in column 2 

(red), glucagon in column 3 (purple), α-SMA in column 4 (green) and DAPI in column 5 (blue). 

Merged images are shown in column 1. Representative of studies undertaken in three separate 

donors. Scale bars 25 µm. 

4.3.1.2 Increase in the expression of genes associated with stellate cell identity and function 

Further characterisation of the ISC model was undertaken via rtq-RT PCR gene analysis 

(Chapter 2 2.2.5 and 2.2.6) to investigate the expression of different markers associated with 

stellate cell activation and function. Across the culturing period of isolated islets from the donor 

LDIS355, Figure 4.10 shows that there was a gradual increase in the expression of 

mesenchymal markers vimentin (VIM) and cadherin-11 (CDH11), which is also a cell surface 

marker associated with stellate cell activation and function. Increased expression over time in 

culture was also seen for other markers including the gene encoding smooth muscle alpha-actin 

(ACTA2) and the connective tissue gene collagen type 1 alpha (COL1A1) in keeping with 

stellate cell activation and function. This increase in gene expression was significant (p < 0.05) 



156 | P a g e  
 

on culture Day 5 and Day 7, when compared to Day 0 control, Day 1 and Day 3 samples. Gene 

expression at Day 7 was significantly higher (p<0.05) than at Day 5.  

 

Figure 4.10: Representative rtq-RT PCR analysis of islets isolated and cultured from a 38-year-old 

male donor (LDIS355).  

Gene analysis was carried out for (A) mesenchymal gene vimentin (VIM), (B) smooth muscle 

alpha-actin gene (ACTA2), (C) cell surface and mesenchymal marker cadherin-11 (CDH11), 

and (D) a connective tissue gene collagen type 1 alpha 1 (COL1A1).  Data are mean±SD data, 

n = 3 samples per condition. Gene expression presented as fold change was normalised to Day 

0 control. A one-way ANOVA with a Tukey post hoc test was used. Significant difference is 

represented by p < 0.05 (A, B, C and D) ISC Day 5 and 7 vs Day 0, ISC Day 1 and 3 (*). (A, 

B, C and D) ISC Day 7 vs ISC Day 5 (#). Representative of studies undertaken in four separate 

donors. 

# # 

# 
# 
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4.3.1.3 COL1A1 concentration increased gradually in the secretome samples of human ISC 

model 

Stellate cells are known to mediate fibrosis by secreting COL1A1. Following on from increased 

COL1A1 gene expression (Figure 4.11), the concentration of COL1A1 protein secreted into 

the medium by the ISC model was determined by ELISA (Chapter 2 2.2.8). COL1A1 protein 

increased progressively in the secretome samples collected at Day 1, Day 3, Day 5, and Day 7 

ISC culture (Figure 4.11). There was a significant increase in COL1A1 protein secretion 

(pg/ml) in Day 5 and Day 7 secretome samples of donor LDIS328 when compared to Day 1 

and Day 3 (p < 0.05) (Figure 4.11 A). Combined analysis of ISC secretome collected from four 

different donors (LDIS328, LDIS335, LDIS353 and LDIS355) demonstrated COL1A1 

secretion, presented as the average fold change calculated by normalising data of ISC secretion 

to Day 1(Figure 4.11 B). This analysis confirmed that COL1A1 secretion in ISC model 

gradually increased from Day 1 with an average fold-change around 3, increasing further to 

around 10-fold by Day 7 (Figure 4.11 B). Day 5 COL1A1 secretion in the single donor study 

(Figure 4.11 A) was significantly higher than Day1 but significance was lost in the combined 

study (Figure 4.11 B). This could be due to biological variation in the individual donor-derived 

islet preparations used for ISC model. Hence, one representative study as well as the combined 

analysis were presented. These findings further supported successful establishment of a 

functional ISC model through demonstration of increased COL1A1 secretion in primary 

culture.  
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Figure 4.11: COL1A1 secretion in ISC model determined by sandwich ELISA. 

(A) Analysis for COL1A1 fold concentration in ISC secretome obtained from a single donor 

(LDIS328). Data represented as mean±SD for 3 experimental replicates. (B) A combined 

analysis for COL1A1 secretion fold-change in ISC secretome obtained from 4 donors (n = 4) 

(LDIS328, LDIS335, LDIS353 and LDIS355). Data represented as mean±SD for 3 

experimental replicates. A one-way ANOVA with a Tukey post hoc test was used. p < 0.05 

indicates the significant difference: Day 5 and Day 7 vs Day 1 and 3 (*), Day 7 vs Day 5 (#). 

4.3.1.4 MSD secretome analysis illustrated increase inflammatory molecule secretion during 

7-day ISC culture 

Following validation of the human ISC model through IF staining for vimentin and α-SMA, 

rtq-RT PCR gene analysis for mesenchymal and stellate cell markers, and quantification of 

secreted COL1A1 in ISC secretome. Further analysis of the secretome content, at the different 

time points in a single donor study, was conducted by Dr. Lee Borthwick using a multiplex 

biomarker assay (MSD) based on a selected fibrosis-associated secreted peptides (Chapter 2 

2.2.8). Changes in cytokine secretion across the culture period of ISC model of donor LDIS328 

are shown in Figure 4.12. Day 5 secretome demonstrated the highest concentration of TGF-

β1, TGF-β2, IL-1β, IL-1Ra, IL-6, IL-8 (Figure 4.12 A-F). Secreted TNF-α increased gradually 

and was slightly higher in Day 7 compared to Day 5 (Figure 4.12 G).  

# 
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Figure 4.12: An increase in cytokines concentration (ng/ml) found in in ISC secretome of LDIS328 

ISC model across the culture period. 

(A) TGF- β1, (B) TGF- β2, (C) IL-1β, (D) IL-1Ra, (E) IL-6, (F) IL-8, (G) TNF-α.  
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MSD analysis also provided an overview of some chemokine subfamilies such as the CXC 

family (C-X-C motif chemokine) consisting of different chemokines including CXCL-1 (CXC 

ligand 1), CXCL-10 (CXC ligand 10), CXCL-12 (CXC ligand 12) and the CC (C-C motif 

chemokine) family including CCL-2 (CC ligand 2), CCL-4 (CC ligand 4) and MIP-1α 

(macrophage inflammatory protein-1α). These chemokines are known for their roles in 

inflammation and were shown to be present in elevated concentrations in ISC secretome across 

the culture period of ISCs from the LDIS328 donor (Figure 4.13). 
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Figure 4.13: MDS derived data of chemokine (ng/ml) found in in ISC secretome of LDIS328 ISC 

model. 

C-X-C motif chemokine (A) CXCL-1: CXC ligand 1, (B) CXCL-10: CXC ligand 10, (C) CXCL-

12: CXC ligand 12, (D) MIP-1α: macrophage inflammatory protein-1α, (E) CCL-2: C-C motif 

chemokine ligand 2 and (F) CCL-4: CC ligand 4. 
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YKL-40 also known as chitinase-3-like protein 1 (CHI3L1) and TARC (thymus and activation-

regulated chemokine) are chemokines associated with inflammation. MSD data of ISC 

secretome of LDIS328 ISC model shown in (Figure 4.14), demonstrated that both chemokines 

concentrations elevation across the culture period of ISCs. Secreted YKL-40 was the highest 

in Day 7 (~ 0.25 ng/ml) comparred to Day 1, 3 and 5 secretome (Figure 4.14 A). Whereas, Day 

5 secretome illustrated the highest TARC concentration (~ 3.4 ng/ml) compared to Day 1, 3 

and 7 (Figure 4.14 B). 
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Figure 4.14: MSD-derived data of inflammation-associated biomarkers in ISC secretome (LDIS328). 

(A) YKL-40: also known as chitinase-3-like protein 1 and (B) TARC: thymus and activation-

regulated chemokine.  

An overview of the hormonal secretions within the secretome was also provided by MSD data. 

Secreted proinsulin concentration in ISC secretome was similar at Day 1, 3 and 5 (~ 0.36- 0.43 

pmol/L) and appeared to increase at Day 7 (0.86 pmol/L) (Figure 4.15 A). Insulin secretion 

was similar across  culture days  (~ 8.6 pmol/L)  (Figure 4.15 B). Glucagon secretion appeared 

similar across culture days (~ 22.9-25 pmol/L) (Figure 4.15 C); whereas pancreatic 

polypeptide appeared to fall from Day 3 (~ 6.4 pmol/L ) to Day 7 (~ 2.9 pmol/L) (Figure 4.15 

D). Overall, hormonal secretion from cultured islets did not show drastic changes across the 

days of culture. 
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Figure 4.15: MDS derived hormonal concentrations (ng/ml) in the secretome of LDIS 328 ISC model. 

(A) Proinsulin, (B) insulin, (C) glucagon and (D) polypeptide.   
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4.3.2 Impact of ISC secretome on INS-1E viability and gene expression 

4.3.2.1 24 h treatment with cytokines impacted significantly on INS-1E cell viability 

In initial studies, the impact of cytokines on INS-1E viability was investigated. I tested different 

combinations of cytokine treatments (ng/ml) of different concentrations, as well as using 

chlorpromazine as a positive control for this experiment to investigate their impact in INS-1E 

cell viability. INS-1E cells at Passages 84-89 were plated on a 24-well plate and incubated 

overnight then treated with cytokine for 24 h, then an MTT assay was carried out (Chapter 2 

2.3.2 and 2.3.4). A significant decrease (p < 0.05) in mean cell viability with all cytokine 

treatments (ng/ml) as well as chlorpromazine (200 µM) compared to control was seen Figure 

4.16. Cytokine treatments that showed the highest maintained viability compared to the rest of 

the treatments were Cytokine Mix 1: 1 ng/ml IL-1β, 20 ng/ml INF-γ, 10 ng/ml TNF-α, and 

Cytokine Mix 2: 1 ng/ml IL-1β, 20 ng/ml INF-γ, 50 ng/ml TNF-α. They illustrated a 70-80% 

mean viability relative to control.  

 

Figure 4.16: INS-1E mean cell viability relative to control (%) following a 24 h cytokine mix 

treatment (ng/ml) and a positive control treatment using chlorpromazine (200 µM). 

Represented data are mean±SD (n = 3 wells per treatment). Blue bars represented the two 

cytokine mixtures with least impact on INS-1E viability. One-way ANOVA statistical test was 

carried out followed by a Tukey post hoc test. Significant difference is represented by p < 0.05, 

(*) indicates that treatments were statistically significant to control. Data presented of one 

single study (n = 1).  
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Consequently, these two mixtures of cytokines demonstrating an impact on INS-1E cell 

viability (~70-80%) without excess toxicity were further investigated as shown in Figure 

10.17. An individual study illustrated that both Cytokine Mixtures 1 and 2 impacted INS-1E 

cell viability significantly (p < 0.05) (25% and 75%, respectively) compared to control (Figure 

10.17 A). Combined data from three independent biological studies illustrated in Figure 10.17 

B showed Cytokine Mix 2 consistently led to mean cell viability of ~70% compared to the 

control. In contrast, Cytokine Mix 1 had a more significant and variable impact on INS-1E 

mean cell viability compared to the control (~45%). As a result, Cytokine Mix 2 (referred to as 

Cytokine Mix in following INS-1E studies) was favoured due to demonstrating lower and more 

consistent impact on cell viability making it a suitable positive control for further experiments. 

Both individual and combined studies are shown due to variability between studies observed 

following cytokine incubation.  

 

Figure 4.17: INS-1E mean cell viability relative to control (%) following a 24 h cytokine mix 

treatment (ng/ml). Cytokine Mix 1 (1 ng/ml IL-1β, 20 ng/ml INF-γ, 10 ng/ml TNF-α) and cytokine 

Mix 2 (1 ng/ml IL-1β, 20 ng/ml INF-γ, 50 ng/ml TNF-α). 

(A) One independent biological study (n = 1), (B) a combined study of three independent 

biological studies (N=3). Represented data illustrated mean±SD. One-way ANOVA statistical 

test was carried out followed by an LSD Fisher’s post hoc test. Significant difference compared 

to control is represented by p < 0.05 (*).  
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4.3.2.2 24 h treatment with RPMI media had no impact on INS-1E cell viability 

ISC primary culture from three donors (LDIS326, LDIS328 and LDIS335) was set-up using 

RPMI media (#21875-034, Gibco, Thermo Fisher, Waltham, USA) as detailed in Chapter 2 

2.2.2, addressed here as “ISC RPMI”. Whereas, set-ups of ISC primary culture of three donors 

(LDIS354, LDIS355 and LDIS359) used the INS-1E RPMI medium (#R8758, Sigma-Aldrich, 

Missouri, USA) addressed here as “INS-1E RPMI”. Prior to setting-up experiments assessing 

the impact of ISC secretome on INS-1E cells, it was essential to test the impact of ISC RPMI 

media on INS-1E cell viability first. This was carried out using an MTT assay as detailed in 

Chapter 2 2.3.4. Analysis of individual and three combined independent biological studies 

confirmed the absence of significant difference in INS-1E mean cell viability following 24 h 

incubation with INS-1E RPMI media alone, ISC RPMI media alone or a 1:1 mixture of these 

two media (Figure 4.18). The individual and combined studies were shown to illustrate the 

similarity in cell viability between studies. 

 

Figure 4.18: INS-1E mean cell viability relative to control (%) following a 24 h incubation with INS-

1E RPMI media (#R8758, Sigma-Aldrich, Missouri, USA), ISC RPMI media (#21875-034, Gibco, 

Thermo Fisher, Waltham, USA) or a 1:1 dilution of both media. 

(A) One independent biological study (N=1), B) A combined analysis of three independent 

biological studies (N=3). Represented data illustrated mean±SD. One-way ANOVA statistical 

test was carried out followed by an LSD Fisher’s post hoc test. No statistical significance 

difference between the treatments.  
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4.3.2.3 24 h treatment with ISC secretome had no impact on INS-1E cell viability 

To investigate the impact of ISC secretome (collected as detailed in Chapter 2 2.3.3) on INS-

1E cell viability, cells were treated for 24 h with ISC secretome collected at Day 1, 3, 5 and 7 

diluted in a 1:1 mixture with INS-1E RPMI media and a Cytokine Mix positive control (1 ng/ml 

IL-1β, 20 ng/ml INF-γ, 50 ng/ml TNF-α) ( Chapter 2 2.3.2). Then an MTT assay was conducted 

(Chapter 2 2.3.4). MTT cell viability assay of individual (Figure 4.19 A) and combined three 

independent biological studies (Figure 4.19 B) illustrated the absence of a significant 

difference in INS-1E mean cell viability following the 24 h media treatments with ISC 

secretome, when compared to control (a 1:1 dilution of INS-1E RPMI: ISC RPMI). However, 

INS-1E cell viability treated with the Cytokine Mix was significantly reduced (p < 0.05) to 

~60% mean cell viability compared to Control (1:1) (Figure 4.19). The individual and 

combined studies were shown to illustrate the similarity in cell viability between studies 

following ISC secretome and cytokine treatments. 

 

Figure 4.19: INS-1E mean cell viability relative to control (%) determined by an MTT assay following 

a 24 h treatment with ISC secretome Day 1, 3, 5, and 7 and a Cytokine Mix (1 IL-1β, 20 INF-γ, 50 

TNF-α) ng/ml. 

(A) An independent biological study (n = 1), (B) a combined study of three independent 

biological studies (n = 3). Represented data illustrates mean±SD of 3 readings. One-way 

ANOVA statistical test was conducted followed by a Tukey post hoc test. Significant difference 

of (*) p < 0.05 compared to Control (1:1).   
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4.3.2.4 rtq-RT PCR analysis illustrated no significant impact of ISC secretome on the 

expression of INS-1E function-related genes 

To investigate the impact of ISC secretome on INS-1E genes associated with β-cell function, 

rtq-RT PCR gene expression analysis was carried out (Chapter 2 2.3.3) for the following genes: 

Pdx1, a key regulator of insulin gene expression, via regulating insulin expression and secretion; 

insulin associated genes Ins1 and Ins1; Slc2a2 gene that encodes for GLUT2, a glucose 

transporter, and Slc30a8 which encodes for the zinc transporter ZnT8, that plays a key role in 

zinc homeostasis which is crucial for insulin secretion.  

The three independent studies were presented due to variability observed in each study which 

could have arisen from the biological variability between ISC samples derived from separate 

human donor islet preparations.  In one study, Pdx1 expression was decreased in INS-1E cells 

treated with ISC secretome (donor LDIS335) with a significant decrease (p < 0.05) in ISC Day 

7 sample compared to control (1:1) (Figure 4.20 A). Ins1 and Ins2 gene expression were 

significantly higher (p < 0.05) in INS-1E cells treated with ISC secretome compared to Control 

(1:1) (Figure 4.20 B and C). Slc2a3 and Slc30a8 gene expression was not significantly 

different in treated samples compared to Control (1:1), but a possible trend towards decreasing 

expression was observed in ISC secretome treated cells (Figure 4.20 D and E). 
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Figure 4.20: qRT-PCR analysis of INS-1E cells following a 24 h treatment with ISC secretome of 

Day 1, 3, 5 and 7 extracted from ISC model form a 53-year-old male donor LDIS335. 

Analysis was carried out for (A) β-cell transcription factor (Pdx1), (B and C) insulin associated 

genes (Ins1 and Ins2), (D) glucose transporter encoding gene (Slc2a2), (E) zinc transporter 

encoding gene (Slc30a8). Represented data illustrated as mean±SD obtained from three 

experimental samples. Control is a 1:1 dilution media. Gene expression presented by fold-

change was normalised to control. One-way ANOVA statistical test followed by a Tukey post 

hoc test was conducted. Significant difference represented by (* or #), p < 0.05. (A) ISC Day 7 

vs Control (1:1). (B) ISC Day 1, 3, 5 and 7 vs Control (1:1). (C) ISC Day 1, 3 and 7 vs Control 

represented by (*) and ISC Day 3 vs ISC Day 1 and 5 represented by (#). (D and E) Not 

significantly difference. 
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rtq-RT PCR analysis of INS-1E cells treated with ISC secretome from a second donor 

(LDIS355), illustrated that Pdx1 expression was not significantly different in INS-1E cells 

compared to control (1:1) (Figure 4.21 A). Ins1 and Ins2 gene expression appeared generally 

higher in INS-1E cells treated with ISC secretome with a significant increase (p < 0.05) of Ins1 

in ISC Day 7 sample and Ins2 in ISC Day 1 and Day 3 samples compared to control (Figure 

4.21 B and C). Slc2a2 gene expression was not significantly different compared to control 

(Figure 4.21 D). Whereas Slc30a8 gene expression was significantly reduced in samples of 

ISC Day 3, 5 and 7 (Figure 4.21 E). 

 

 

 



171 | P a g e  
 

 

Figure 4.21: qRT-PCR analysis of INS-1E cells following a 24 h treatment with ISC secretome of 

Day 1, 3, 5 and 7 extracted from ISC model form a 38-year-old male donor LDIS355. 

Analysis was carried out for (A) β-cell transcription factor (Pdx1), (B and C) insulin associated 

genes (Ins1 and Ins2), (D) glucose transporter encoding gene (Slc2a2), (E) zinc transporter 

encoding gene (Slc30a8). 1:1 dilution media. Gene expression presented by fold-change was 

normalised to Control (1:1). One-way ANOVA statistical test followed by a Tukey post hoc test 

was conducted. Significant difference represented by (*), p < 0.05. (A) Not significantly 

different. (B) ISC Day 7 vs Control (1:1). (C) ISC Day 1 and 3 vs Control (1:1). (D) Not 

significantly different. (E) ISC Day 3, 5 and 7 vs Control (1:1). 
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INS-1E gene expression data of rtq-RT PCR experiment carried out using LDIS328 ISC 

secretome was similar to Control (1:1), although statistical testing did show some degree of 

variation at specific time points Figure 4.22.  

 

Figure 4.22: qRT-PCR analysis of INS-1E cells following a 24 h treatment with ISC secretome of 

Day 1, 3, 5 and 7 extracted from ISC model form a 53-year-old female donor LDIS328. 

Analysis was carried out for (A) β-cell transcription factor (Pdx1), (B and C) insulin associated 

genes (Ins1 and Ins2), (D) glucose transporter encoding gene (Slc2a2), (E) zinc transporter 

encoding gene (Slc30a8). Represented data illustrated as mean±SD data obtained from three 

experimental samples. Control is a 1:1 dilution media. Gene expression presented by ct values. 

One-way ANOVA statistical test followed by a Tukey post hoc test was conducted. Significant 

difference compared is represented by (*), p < 0.05. (A) ISC Day 3, 5 and 7 vs Control (1:1). 

(B) Not significantly different. (C) ISC Day 3 vs Control (1:1). (D) ISC Day 3 and 7 vs Control 

(1:1). (E) ISC Day 1, 3, 5 and 7 vs Control (1:1). 
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Combined rtq-RT PCR data of donors LDIS335 and LDIS355 illustrated in Figure 4.23, 

supported a possible increase in Ins1 and Ins2 and possible decrease in Slc30a8 gene expression 

on incubation with ISC-conditioned medium with no consistent changes in expression of the 

other genes tested. Statistical analysis for the combined studies was not conducted as the rtq-

RT PCR study of LDIS328 donor (Figure 4.22) could not be included. 
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Figure 4.23: qRT-PCR analysis of INS-1E cells following a 24 h treatment with ISC secretome of 

Day 1, 3, 5 and 7 extracted from ISC model form two donors LDIS335 and LDIS355. 

(A) β-cell transcription factor (Pdx1), (B and C) insulin associated genes (Ins1 and Ins2), (D) 

glucose transporter encoding gene (Slc2a2), (E) zinc transporter encoding gene (Slc30a8). 

Gene expression presented by fold-change, which was normalised to Control (1:1). 

Represented data illustrated as the mean obtained from two independent biological studies. 

Statistical analysis was not applicable. 
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4.3.3 Impact of ISC secretome on EndoC-βH1 cell viability and function 

4.3.3.1 72 h treatment with ISC secretome decreases EndoC-βH1 cell viability 

EndoC-βH1 cells were seeded at a density of 70,000 cells/well in a 96-well plate and incubated 

overnight at 37 ºC. Then, a 72 h treatment with ISC secretome followed by an MTS assay 

experiment were conducted to investigate cell viability (Chapter 2 2.3.5, 2.3.6 - 2.3.11). Cell 

viability was presented as an optical density (mg-1/well). EndoC-βH1 cell viability was 

assessed using MTS assay following a 72 h incubation with the control for the study consisting 

of 1:1 medium dilution (DMEM media: RPMI media) and a positive Cytokine Mix control, 

consisting of (1 ng/ml IL-1β, 20 ng/ml INF-γ, 20 ng/ml TNF-α), as previously published 

(Tsonkova et al., 2018). This cytokine mix concentration was not the same as the cytokine mix 

used to treat INS-1E. The individual study and the combined analyses of four independent 

biological studies illustrated the trend towards reduction in cell viability of EndoC-βH1 cells 

treated the Cytokine Mix but this reduction was not significant when compared to the control 

(1:1) (Figure 4.24).  

 

Figure 4.24: EndoC-βH1 cell viability determined by an MTS assay following a 72 h treatment with 

a Control 1:1 dilution (DMEM media: RPMI media) and a Cytokine Mix treatment (1 ng/ml IL-1β, 

20 ng/ml INF-γ, 20 ng/ml TNF-α). 

(A) One independent biological study (n = 1), B) a combined study of four independent 

biological studies (n = 4). Represented data illustrated as mean±SD of four experimental 

samples. Statistical analyses were carried out using unpaired student’s t test. No statistically 

significant difference was found.  
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An individual study illustrated a decreased cell viability of EndoC-βH1 cells treated with 

LDIS335 ISC secretome of different days (Figure 4.25 A). This decrease in viability was 

significant (p < 0.05) in ISC Day 7 compared to Day 1 and Day 3. A combined analysis of the 

four individual studies illustrated a significant reduction (p < 0.05) in EndoC-βH1 cell viability 

treated with Day 7 ISC secretome compared to Day 3 (Figure 4.25 B). The individual and 

combined studies were shown to illustrate the significant reduction in cells viability presented 

by the optical density (mg-1/well) of EndoC-βH1 cells following ISC secretome treatment with 

Day 7 conditioned medium.  

 

Figure 4.25: EndoC-βH1 cell viability determined by an MTS assay following a 72 h treatment with 

ISC secretome collected at culture Day 1, 3, 5, and 7 (LDIS 328, 335, 355 and 359). 

(A) One independent biological study (n = 1), (B) a combined study of four independent 

biological studies (n = 4). Represented data illustrated as mean±SD of four experimental 

samples. One-way ANOVA statistical test followed by a Tukey post hoc test was conducted. 

Significant difference represented by (*), p < 0.05. (A) Day 7 vs Day 1 and Day 3. (B) Day 7 

vs Day 3.  

4.3.3.2 EndoC-βH1 insulin secretion assay following 72 h ISC secretome treatment  

EndoC-βH1 cells were seeded at a density of 180,000 cell/well in a coated 48-well plate and 

incubated overnight at 37 ºC. Then, a 72 h treatment with ISC secretome and a positive control 

Cytokine Mix (1 ng/ml IL-1β, 20 ng/ml INF-γ, 20 ng/ml TNF-α) treatment were conducted. 

Glucose-stimulated insulin secretion assay was undertaken to assess EndoC-βH1 cell function. 

Experiments were conducted as described in Chapter 2 (2.3.7 - 2.3.10).  
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Total protein (mg/well) quantification using a BCA assay (Chapter 2 2.3.8) was conducted to 

assess total protein content of EndoC-βH1 cells across the different treatments of low (1 mM) 

and high (20 mM) glucose conditions. Combined three independent biological studies 

illustrated in Figure 4.26 (A) showed no significant change in total protein (mg/well) measured 

in Control 1:1 dilution (DMEM media: RPMI media) and Cytokine Mix. Likewise, there was 

no change in total protein content of high glucose stimulated EndoC-βH1 cells treated with ISC 

secretome collected from Day 1, 3, 5 and 7 in culture (Figure 4.26 B). This was also the case 

with low glucose stimulated EndoC-βH1 cells treated with ISC secretome from Day 1, 3 and 

5. Whereas, total protein content in low glucose stimulated EndoC-βH1 cells treated with ISC 

secretome from Day 7 was significantly higher (p < 0.05) compared to low glucose stimulated 

EndoC-βH1 cells treated with ISC secretome from Day 1 (Figure 4.26 B). 

 

Figure 4.26: Total protein content of EndoC-βH1 cells (mg/well) quantified using BCA assay 

following a 72 h treatment and GSIS assay.  

GSIS assay was carried out on EndoC-βH1 cells after stimulation with 1 mM glucose (low 

glucose; LG) and 20 mM glucose (high glucose; HG). (A) Total protein content (mg/well) of 

EndoC-βH1 cells following a 72 h treatment with Control 1:1 dilution (DMEM media: RPMI 

media) and Cytokine Mix (1 ng/ml IL-1β, 20 ng/ml INF-γ, 20 ng/ml TNF-α). Represented data 

illustrated as mean±SD of three independent biological replicates (n = 3). Two-way ANOVA 

statistical test followed by LSD Fisher’s post hoc test was conducted. No significant difference 

(p < 0.05) was found.  (B) Total protein content (mg/well) of EndoC-βH1 cells following a 72 

h treatment with ISC secretome Day 1, 3, 5, and 7. Two-way ANOVA statistical test followed 

by Tukey post hoc test was conducted. Significant difference represented by p < 0.05 between 

LG data (#). (#) ISC Day 7 LG vs ISC Day 1 LG. 

Insulin secretion in EndoC-βH1 cells following a 72 h treatment with control medium and ISC 

seceretome of different days and a 1 h glucose stimulation (1mM or 20 mM) assay, was 

investigated. Human Mercodia Insulin direct sandwich ELISA was used (Chapter 2 2.3.9). 

Combined analysis of three independent studies illustrated that secreted insulin (pmol/mg 

protein/h) was significantlly decresed (p < 0.05) at basal and stimulated levels in the Cytokine 

Mix treated cells compared with Control medium dilution (1:1) (DMEM media: RPMI media 
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(Figure 4.27 A). Compared to EndoC-βH1 cells treated with Day 1 ISC secretome at high 

glucose, insulin secretion of EndoC-βH1 cells treated with Day 3, 5 and 7 ISC secretome was 

significantly reduced (p < 0.05) (Figure 4.27 C). The calclulated insulin secretion stimulation 

index of the two groups was not significantly different (Figure 4.27 B and D). 

 

Figure 4.27: Insulin secretion of EndoC-βH1 cells (pmol/mg protein/h) following a 72 h hour 

treatment and GSIS assay.  

GSIS assay was carried on on EndoC-βH1 cells after stimulation with 1 mM glucose (low 

glucose; LG) and 20 mM glucose (high glucose; HG). (A) Insulin secretion (pmol/mg protein/h) 

of EndoC-βH1 cells following a 72 h treatment with Control 1:1 dilution (DMEM media: RPMI 

media) and Cytokine Mix (1 ng/ml IL-1β, 20 ng/ml INF-γ, 20 ng/ml TNF-α). Represented data 

illustrated as mean±SD of three independent biological replicates (n = 3). Two-way ANOVA 

statistical test followed by LSD Fisher’s post hoc test was conducted. Significant difference 

represented by p < 0.05 between LG data (#) and between HG data (*). (#) Cytokine Mix LG 

vs Control (1:1) LG, (*) Cytokine Mix HG vs Control (1:1) HG. (B) Insulin secretion 

stimulation index of (A). Unpaired student t-test was conducted. No significant difference was 

found. (C) Insulin secretion (pmol/mg protein/h) of EndoC-βH1 cells following a 72 h treatment 

with ISC secretome Day 1, 3, 5, and 7. Two-way ANOVA statistical test followed by Tukey post 

hoc test was conducted. Significant difference represented by p < 0.05. Significant difference 

represented by p < 0.05 between HG data (*). (*) ISC Day 3, Day 5 and Day 7 HG vs ISC Day 

1 HG. (D) Insulin secretion stimulation index of (C). One-way ANOVA statistical test followed 

by Tukey post hoc test was conducted.  No significant difference was found.  
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Insulin content (pmol/mg protein) in both low and high glucose treated cells was significantly 

reduced (p < 0.05) after treatment with Cytokine Mix compared to Control medium dilution 

(1:1) low and high glucose conditions, respectively (Figure 4.28 A). Insulin content of EndoC-

βH1 cells treated with ISC secretome from Day 5 and 7 showed lower insulin content at high 

glucose compared to Day 1 ISC secretome (Figure 4.28 B). The decreased insulin content of 

ISC Day 5 was significantly lower (p < 0.05) compared with Day 1. There was no significant 

change in insulin content between ISC secretome treated cells after low glucose incubation.  

 

Figure 4.28: Insulin content of EndoC-βH1 cells (pmol/mg protein) following a 72 h hour treatment 

and GSIS assay.  

GSIS assay was carried on on EndoC-βH1 cells after stimulation with 1 mM glucose (low 

glucose; LG) and 20 mM glucose (high glucose; HG). (A) Insulin content (pmol/mg protein) 

of EndoC-βH1 cells following a 72 h treatment with Control 1:1 dilution (DMEM media: RPMI 

media) and Cytokine Mix (1 ng/ml IL-1β, 20 ng/ml INF-γ, 20 ng/ml TNF-α). Represented data 

illustrated as mean±SD of three independent biological replicates (n = 3). Two-way ANOVA 

statistical test followed by LSD Fisher’s post hoc test was conducted. Significant difference 

represented by p < 0.05 between LG data (#) and between HG data (*). (#) Cytokine Mix LG 

vs Control (1:1) LG, (*) Cytokine Mix HG vs Control (1:1) HG. (B) Insulin content (pmol/mg 

protein) of EndoC-βH1 cells following a 72 h treatment with ISC secretome Day 1, 3, 5, and 7. 

Two-way ANOVA statistical test followed by Tukey post hoc test was conducted. Significant 

difference represented by p < 0.05 between LG data (#) and between HG data (*). (*) ISC Day 

5 HG vs ISC Day 1 HG. 

Proinsulin secretion was investigated using Human Mercodia proinsulin direct sandwich 

ELISA (Chapter 2 2.3.10). Combined analysis of three independent studies illustrated that 

secreted proinsulin (pmol/mg protein/h) was significantlly increased (p < 0.05) after high 

glucose stimulation in the Cytokine Mix treated cells when compared to Control media dilution 

(1:1) (Figure 4.29 A). EndoC-βH1 cells treated with ISC secretome demonstrated no 

significant difference in proinsulin secretion among the different days (Figure 4.29 C). The 

calclulated proinsulin secretion stimulation index of the two groups was not significantly 

different (Figure 4.29 B and D).  
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Figure 4.29: Proinsulin secretion of EndoC-βH1 cells (pmol/mg protein/h) following a 72 h hour 

treatment and GSIS assay.  

GSIS assay was carried out on EndoC-βH1 cells after stimulation with 1 mM glucose (low 

glucose; LG) and 20 mM glucose (high glucose; HG). (A) Proinsulin secretion (pmol/mg 

protein/h) of EndoC-βH1 cells following a 72 h treatment with Control 1:1 dilution (DMEM 

media: RPMI media) and Cytokine Mix (1 ng/ml IL-1β, 20 ng/ml INF-γ, 20 ng/ml TNF-α). 

Represented data illustrated as mean±SD of three independent biological replicates (n = 3). 

Two-way ANOVA statistical test followed by LSD Fisher’s post hoc test was conducted. 

Significant difference represented by p < 0.05 between HG data (*). (*) Cytokine Mix HG vs 

Control (1:1) HG. (B) Proinsulin secretion stimulation index of (A). Unpaired student t-test 

was conducted. No significant difference was found. (C) Proinsulin secretion (pmol/mg 

protein/h) of EndoC-βH1 cells following a 72 h treatment with ISC secretome Day 1, 3, 5, and 

7. Two-way ANOVA statistical test followed by Tukey post hoc test was conducted. Significant 

difference represented by p < 0.05. No significant difference was found between LG data and 

between HG data. (D) Proinsulin secretion stimulation index of (C). One-way ANOVA 

statistical test followed by Tukey post hoc test was conducted. No significant difference was 

found. 
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Proinsulin content of EndoC-βH1 cells after stimulation with 1 mM glucose (low glucose; LG) 

and 20 mM glucose (high glucose; HG) was not significantly different in the Cytokine Mix 

compared to Control medium dilution (1:1) (Figure 4.30 A). Proinsulin content of EndoC-

βH1cell treated with ISC secretome Day 5 and 7 showed significantly lower proinsulin content 

at high glucose compared to ISC Day 1 (Figure 4.30 B). There was no significant change in 

proinsulin content between ISC secretome treated cells of low glucose. 

 

Figure 4.30: Proinsulin content of EndoC-βH1 cells (pmol/mg protein) following a 72 h hour 

treatment and GSIS assay.  

GSIS assay was carried on on EndoC-βH1 cells after stimulation with 1 mM glucose (low 

glucose; LG) and 20 mM glucose (high glucose; HG). (A) Proinsulin content (pmol/mg protein) 

of EndoC-βH1 cells following a 72 h treatment with Control 1:1 dilution (DMEM media: RPMI 

media) and Cytokine Mix (1 ng/ml IL-1β, 20 ng/ml INF-γ, 20 ng/ml TNF-α). Represented data 

illustrated as mean±SD of three independent biological replicates (n = 3). Two-way ANOVA 

statistical test followed by LSD Fisher’s post hoc test was conducted. (B) Proinsulin content 

(pmol/mg protein) of EndoC-βH1 cells following a 72 h treatment with ISC secretome Day 1, 

3, 5, and 7. Two-way ANOVA statistical test followed by Tukey post hoc test was conducted. 

Significant difference represented by p < 0.05 between LG data (#) and between HG data (*). 

(*) ISC Day 5 HG and ISC Day 7 vs ISC Day 1 HG. 

To further assess EndoC-βH1 function and the ability to synthesis and produce insulin, 

proinsulin:insulin ratio was calculated (total proinsulin/total insulin). In Cytokine Mix treated 

EndoC-βH1 cells, proinsulin:insulin  was significantly increased by approximately ~1.9 fold 

in low glucose and  by ~ 1.6 fold at high glucose treated wells (Figure 4.31 A). 

Proinsulin:insulin ratio of EndoC-βH1cell treated with ISC secretome showed ISC Day 5 to be 

significantly higher (p < 0.05) to ISC Day 1 at high glucose (Figure 4.31 B). There was no 

significant change in proinsulin:insulin ratio calculated between ISC secretome treated cells of 

low glucose.  
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Figure 4.31: Quantification of proinsulin:insulin ratio of EndoC-βH1 cells following a 72 h hour 

treatment and GSIS assay.  

GSIS assay was carried out on EndoC-βH1 cells after stimulation with 1 mM glucose (low 

glucose; LG) and 20 mM glucose (high glucose; HG). (A) Proinsulin:insulin ratio of EndoC-

βH1 cells following a 72 h treatment with Control 1:1 dilution (DMEM media: RPMI media) 

and Cytokine Mix (1 ng/ml IL-1β, 20 ng/ml INF-γ, 20 ng/ml TNF-α). Represented data 

illustrates mean±SD of three independent biological replicates (n = 3). Two-way ANOVA 

statistical test followed by LSD Fisher’s post hoc test was conducted. Significant difference 

represented by p < 0.05 between LG data (#) and between HG data (*). (#) Cytokine Mix LG 

vs Control (1:1) LG, (*) Cytokine Mix HG vs Control (1:1) HG. (B) Proinsulin:insulin ratio of 

EndoC-βH1 cells following a 72 h treatment with ISC secretome Day 1, 3, 5, and 7. Two-way 

ANOVA statistical test followed by Tukey post hoc test was conducted. Significant difference 

represented by p < 0.05 between LG data (#) and between HG data (*). (*) ISC Day 5 HG vs 

ISC Day 3 and 7 HG. 
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4.4 Discussion  

4.4.1 Overview  

Type 3c diabetes is a secondary outcome of diseases affecting the exocrine pancreas including 

chronic pancreatitis and cystic fibrosis. The pancreatic histopathology of these diseases is 

characterised by extensive replacement of the exocrine parenchyma with fibrotic tissue, as well 

as the presence of intra- and peri-islet fibrosis associated with impaired β-cell function. PaSCs 

are known to be key mediators of fibrosis in multiple tissues. Stellate cells present in islets are 

called islet stellate cells (ISCs) and have been proposed to impact on islet function. Following 

on from results obtained in Chapter 3, revealing the presence of activated PaSCs within the 

fibrotic regions around ducts and islets and within islets, the work summarised in this chapter 

aimed to establish an in vitro primary human ISC model using isolated islets from human 

donors none of whom had established diabetes (Chapter 2 Table 2.5). Also, this chapter 

examined the content of the ISC model secretome and investigated its impact on viability and 

function of β-cell lines. 

4.4.2 Establishment of a primary human ISC model 

Isolated islets over seven days adhered to the culture plates, with growth of cells emanating 

from the edges of islets and continuing to grow and proliferate through Day 5 and Day 7, 

ultimately forming a confluent monolayer of cells (Figure 4.3). These cells were bipolar in 

shape exhibiting a fibroblast-like morphology and were further examined to confirm their 

nature as ISCs. Immunofluorescence staining of paraffin-embedded Day 0 islets confirmed 

insulin and glucagon expression, but also positive staining for vimentin and α-SMA within 

islets in cells with either a circular or elongated appearance, with no co-localisation with insulin 

or glucagon (Figure 4.4 and Figure 4.7). It is important to note that, in addition to stellate cells, 

contractile pericytes lining small blood vessels and capillaries mediating vascular responses in 

islets express both markers (Kramann et al., 2015; Sakhneny et al., 2021; Tamayo et al., 2022). 

Pericytes have been reported to be a reservoir for progenitor cells that can transdifferentiate 

into myofibroblasts in response to injury and are themselves key mediators of injury-induced 

organ fibrosis (Kramann et al., 2015).  

Immunofluorescence staining of spindle-like and or star-like outgrowing cells at culture Day 

3, 5 and 7 were negative for both insulin and glucagon but positive for both vimentin and α-

SMA (Figure 4.5 and Figure 4.8). Vimentin has been reported to be expressed by islet stellate 

cells (Zang et al., 2015; Zha et al., 2016). The expression of α-SMA has been reported as the 
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most used marker for stellate cell activation (Apte et al., 1998; Bachem et al., 1998; Zha et al., 

2016). Gene expression analysis undertaken using rtq-RT PCR confirmed an increase in the 

expression of genes associated with stellate cell activation over the culture period (Figure 4.10). 

These markers included vimentin, α-SMA encoding gene ACTA2, CDH11 and COL1A1 

(Figure 4.10). ISC secretome analysis confirmed the functional activation of stellate cells 

illustrated by the increase in COL1A1 secretion over time in culture (Figure 4.11). Furthermore, 

MSD secretome analysis also evidenced stellate cell activation through increasing secretion of 

proinflammatory cytokines including TGF-β1, TGF-β2, IL-1, IL-6, IL-8 and TNF-α and 

secretion of chemokines and inflammatory biomarkers including CXCL-1, CXCL-10, CXCL-

12, CCL-2 and MIP-1α over the culture period of ISCs (Figure 4.12, Figure 4.13 and Figure 

4.14). Isolated islets from neonatal CF ferrets cultured for 9 days demonstrated a significant 

increase (p < 0.01) in IL-6 secretion when compared to wild-type islets, and proposed that this 

secretion was not coming from endocrine cells but other cells within islets (Sun et al., 2017). 

This study also demonstrated the presence of activated PaSCs in CF ferret pancreas via α-

SMA+ and desmin+ staining compared to a quiescent state in wild-type CF ferrets (Sun et al., 

2017).  Together, these findings align with literature findings demonstrating that activated 

stellate cells are α-SMA+ and vimentin+ and secrete ECM proteins including COL1A1, 

inflammatory markers such as TGF-β, IL-1, IL-6, IL-8, TNF-α and CXCL and CCL 

chemokines (Elsässerm et al., 1989; Apte et al., 1998, 1999; Bachem et al., 1998; Kuroda et al., 

1998; Gabbiani, 2003; Erkan et al., 2012; Zhao et al., 2018).  

4.4.3 The impact of ISC secretome on β-cell viability and function 

Initially, experiments setting out to investigate the impact of ISC secretome on INS-1E cell 

metabolic activity using MTT assay, as an indicator of cell viability, showed no significant 

change in mean cell viability of treated cells compared to the Control (1:1) (Figure 4.19). These 

results contradicted the findings of Zha et al., (2014) where INS-1E cell metabolic activity, 

assessed using cell counting kit-8 (CCK-8) following PaSCs secretome treatment, was 

observed to decrease INS-1E cell viability. Although both studies used the secretome in a 1:1 

dilution, some of the factors that may have contributed to the difference in observed in the 

results include the source of stellate cells, whereby Zha et al., (2014) study used stellate cells 

derived from a rat pancreas, whereas we used stellate cells derived from isolated human islets. 

There were also differences in treatment time (24 h in our study and 48 h in Zha et al., (2014) 

study) and in the viability assays used (MTT assay in our study and CCK-8 assay in Zha et al., 

(2014) study). Both cell viability assays used assess cell metabolic activity, yet CCK-8 assay 
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uses water-soluble tetrazolium-8, whereas MTT uses water-insoluble tetrazolium that requires 

solubilisation solvents such as isopropanol to dissolve formazan crystals, which are used as 

indicative marker of metabolically active cells in both assays.  

EndoC-βH1 cells used in this study were also treated with ISC secretome in a 1:1 dilution for 

72 h and their viability was assessed using an MTS assay. Incubation of EndoC-βH1 cells 

treated with Day 7 ISC secretome led to a significant decrease in mean cell viability when 

compared to EndoC-βH1 cells treated with Day 1 ISC secretome (Figure 4.25). Cytokine 

combinations including IL-1β, INF-γ and TNF-α have been reported to decrease EndoC-βH1 

cell viability (measured using neutral red uptake assay) in a time-related manner, whereby a 24 

h cytokine treatment reduced the viability by ~25% and by ~45% following 48 h cytokine 

treatment (Oleson et al., 2015). Moreover, studies have reported that cytokine combination of 

IL-1β, INF-γ and TNF-α demonstrated a reduction of human islet cell viability in a time-

dependent manner (Rabinovitch et al., 1990; Corbett et al., 1993; Eizirik et al., 1994; Arnush 

et al., 1998). The impact of ISC secretome on EndoC- βH1 cell viability could be mediated by 

the cytokines within the secretome and potentially those identified by MSD assay. Interestingly, 

EndoC-βH1 cells treated with Cytokine Mix, showed no change in cell viability when 

compared to Control (1:1). 

ISCs are considered as a subgroup of PaSCs and both have been reported to be associated with 

islet fibrosis and islet cell dysfunction as they enhance β-cell apoptosis and reduce β-cell 

function (Li et al., 2016; Zha et al., 2016). Previous rodent studies have reported that activated 

PaSCs could reduce β-cell viability, reduce insulin secretion and induce cell death and 

apoptosis, when β-cell lines either directly co-cultured with activated PaSCs or treated with 

conditioned medium of activated PaSCs (Kikuta et al., 2013; Zha et al., 2014; Zang et al., 2015). 

PaSC co-culture mediated β-cell apoptosis has been associated with mitochondrial 

depolarization and the activation of the caspase pathway (Kikuta et al., 2013). Studies 

investigating the impact of PaSCs or ISCs conditioned medium on human β-cell lines has not 

been tested previously, which further strengthens the findings reported in this chapter.   

EndoC-βH1 insulin secretion in the presence of high glucose was significantly reduced 

following a 72 h treatment with Day 3, 5 and 7 ISC secretome compared to Day 1 ISC 

secretome (Figure 4.27 C). Following these findings, insulin content was assessed and was 

also decreased suggesting that insulin biosynthesis might have been impacted (Figure 4.28 B). 

Therefore, proinsulin measurements were evaluated. Proinsulin secretion was found 
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unchanged but there was a significant decrease (p < 0.05) in proinsulin content in EndoC-βH1 

treated with Day 5 and 7 ISC secretome (Figure 4.29 C and Figure 4.30 B). The reduction in 

proinsulin content as well as insulin content could be due to decreased biosynthesis and 

decreased processing due to possible ER stress. It could be suggested that ER stress was 

induced in response to ISC secretome containing proinflammatory cytokines produced by 

activated ISCs, impacting on proinsulin folding. Previously reported, proinflammatory 

cytokines such as IL-1β, INF-γ and TNF-α have been implicated in β-cell dysfunction during 

early stage and progression of diabetes (Eizirik et al., 1996; Donath et al., 2003; ; Eizirik et al., 

2009). In line with these observations, EndoC-βH1 cells treated with the Cytokine Mix (1 ng/ml 

IL-1β, 20 ng/ml INF-γ, 20 ng/ml TNF-α) had reduced in insulin secretion, insulin content and 

proinsulin content when compared to the Control (1:1) (Figure 4.27 A, Figure 4.28 A and 

Figure 4.30 A).  

The increase in proinsulin:insulin ratio observed in EndoC-βH1 cells treated with ISC 

secretome Day 5 (at 20 mM) and treated with the Cytokine Mix (at both 1 mM basal and 20 

mM stimulated glucose concentrations) along with increased levels of secreted proinsulin in 

the later treatment (Figure 4.31 and Figure 4.29 A), could further support the idea that a defect 

in proinsulin processing is associated with decreased insulin secretion and increased EndoC-

βH1 cell dysfunction. It is suggested that the increase in secretory demands on β-cells in 

response to high glucose levels during diabetes, may contribute to the increase in 

proinsulin:insulin ratio, yet the main mechanisms behind this is still questioned in the literature 

(Mezza et al., 2018). In people with CF, the progression towards CFRD has been associated 

with impaired insulin secretion along with increased β-cell stress demonstrated by elevated 

fasting proinsulin:insulin ratio (Nielsen et al., 2023). The current studies suggest a role for 

intrapancreatic cytokines in mediating this stress and that ISCs may be a source of these 

mediators in the CF pancreas.  

In summary we have successfully established a 2D human primary islet-derived stellate cell 

(ISC) model in vitro and demonstrated activation through α-SMA and vimentin positive 

immunofluorescence staining, the increased expression of selected genes and collagen / 

profibrotic molecule secretion. Findings in this chapter demonstrated that ISCs secretome 

exhibited an impact on β-cell viability and function. Further investigations are required to 

uncover the underlying mechanisms and understand the potential signalling molecules within 

the ISCs secretome and the pathways leading to β-cell dysfunction, reduced insulin secretion 

and ultimately development of T3c diabetes. These studies could foster the development of 
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therapies that could target the activation of PaSCs and ISCs to prevent islet fibrosis and limit 

β-cell dysfunction.  

4.4.4 Study limitations 

The work presented in this chapter could be further improved by limiting some of the factors 

that might have influenced the results. For example, additional repeats of ISC secretome studies 

using secretome of ISCs from different human islet donors, to reduce biological variability 

induced by batch difference. ISCs could be cultured using EndoC-βH1 medium to limit the 

impact of different medium constitution on EndoC-βH1 cell function, which could enable the 

comparisons of ISC secretome of different days to a 100% EndoC-βH1 medium as a more 

‘healthy’ control.  Also, studies could be repeated more than three times to ensure that they are 

truly representative. 
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Chapter 5: Transcriptomic analysis of human CF post-mortem 

pancreatic tissue and EndoC-βH1 cells following incubation with 

ISC secretome 

5.1 Introduction  

The work presented in this chapter follows on from the Chapter 3 and 4 studies, aiming to delve 

deeper into the molecular mechanisms and pathways underlying the results reported in the 

previous chapters. 

5.1.1 CF molecular mechanisms 

Architectural remodelling and morphological changes observed in CF and CFRD pancreata as 

the disease progress include ductal lumen dilatation, exocrine parenchyma loss and 

replacement with fibrotic tissue and/or adipocytes (Löhr et al., 1989; Olivier et al., 2012; Sun 

et al., 2014; Yi et al., 2016; Bogdani et al., 2017; Rotti et al., 2018; Rickels et al., 2020). The 

systematic pattern-based approach I established and reported in Chapter 3 highlighted how 

these morphological observations changed across the different pathological patterns as the 

disease progressed. However, there have been no previous deeper transcriptomic analysis 

studies providing more detail regarding the changes in gene expression associated with these 

progressive pathological changes. In addition, there is limited information on the mechanisms 

and cellular phenotypes which contribute to β-cell impairment and ultimately lead to the 

development of CFRD.  

The NanoString nCounter analysis platform provides a useful tool to enable transcriptome 

profiling on CF pancreatic samples due to its high sensitivity, specificity, and power for the 

investigation of molecular mechanisms and disease pathways. NanoString technology uses a 

direct digital fluorescent barcode system to enable the detection and measurement of a specific 

nucleic acid in a single panel, with no further amplification (Veldman-Jones et al., 2015; 

Pedrosa et al., 2023). Another advantage of using NanoString is its ability to enable gene 

expression profiling in samples with poor RNA quality such as FFPE samples (Veldman-Jones 

et al., 2015).  

The pancreas is one of the most challenging organs for meaningful transcriptomic analysis due 

to exocrine enzymatic activity that could impact on molecular integrity. Initially I extracted 

RNA from post-mortem CF tissue for bulk RNA sequencing, but RNA quality was 

unfortunately of insufficient quality. The high sensitivity and specificity of NanoString 

nCounter analysis made the technique a more suitable approach to provide detailed molecular 
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information from our very limited post-mortem CF tissue. It is clearly important to gain further 

understanding of the changes in gene expression which underlie the different CF patterns 

reported in Chapter 3. This chapter aimed to utilise the historic CF human tissue for 

transcriptomic analysis. 

5.1.2 Bulk cell RNA-Sequencing of EndoC-βH1 cell following ISC secretome treatment 

The underlying mechanisms of islet fibrosis development, pancreatic β-cell dysfunction and 

apoptosis in T3c diabetes are still unknown. Activated PaSCs and ISCs have been shown to 

play a critical role in the development of islet fibrosis with a postulated impact on β-cell 

dysfunction (Li et al., 2016; Zha et al., 2016). However, the gene expression changes leading 

to altered β-cell phenotype, function, and survival following incubation with ISC secretome 

remain unknown. After successfully establishing the ISC model and investigating the impact 

of secretome on β-cell function in Chapter 4, I set out to undertake RNA sequencing in EndoC-

βH1 cells following incubation with ISC-conditioned medium.  

5.2 Aim 

The studies reported in this chapter aimed to conduct transcriptomic phenotyping of CF 

pancreatic tissue and EndoC-βH1 cells following treatment with ISC secretome. 

• Objective 1: Investigate the differentially expressed genes and identify possible 

signalling pathways associated with the morphological and cellular changes across CF 

pancreatic tissue of different morphological patterns, by performing a NanoString 

nCounter analysis. 

• Objective 2: Investigate the impact of ISC secretome on EndoC-βH1 cell transcriptome 

by performing bulk-RNA sequencing and exploring possible upregulated and 

downregulated gene expression pathways.  
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5.3 Results 

5.3.1 NanoString nCounter analysis in control and CF human tissue samples 

NanoString nCounter analysis was performed successfully in three controls and nine CF 

samples (Chapter 2 Table 2.4). Sample selection was carried out based on morphological 

patterns, previously reported in Chapter 3, and each pattern was represented by three samples 

for RNA extraction. Two blocks from each of CF Case 22 and 29, one with Pattern 2 

histopathology and one with Pattern 3 were chosen (Table 2.2). Hence, the nine CF samples 

were derived from seven CF cases. NanoString analysis was carried out using the nCounter® 

Human Fibrosis V2 Panel which captures the key pathways and processes defining fibrosis 

comprising 760 predefined target genes along with 10 internal reference genes, 6 of which were 

used for data normalisation (ACAD9, ARMH3, CNOT10, GUSB, MTMR14, NUBP1). Data 

were analysed using the ROSALIND® program which uses the NanoString nCounter® 

Advanced Analysis protocol. ROSALIND® was developed by ROSALIND, Inc. (San Diego, 

California, USA).  

5.3.1.1 Gene expression analysis by NanoString 

An initial exploration of the transcriptome profile of the samples was enabled using a 

multidimensional scaling (MDS) plot, revealing the separation between control and CF 

samples as observed in Figure 5.1. Pattern 1 CF samples clustered separately from later-stage 

CF samples with closer co-localisation of Pattern 2 and Pattern 3 samples.  
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Figure 5.1: Multidimensional scaling (MDS) plot demonstrated an initial exploration of NanoString 

gene expression data a clear separation of three control samples and nine CF samples. 

Control samples (1-3) highlighted in grey. CF Pattern 1 samples (CF-P1.1, CF-P1.2 and CF-

P1.3) highlighted in green. CF Pattern 2 samples (CF-P2.1, CF-P2.2 and CF-P2.3) 

highlighted in orange. CF Pattern 3 samples (CF-P3.1, CF-P3.2 and CF-P3.3) highlighted in 

steel blue.  
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5.3.1.2 Differential analysis of gene expression in CF compared to Control tissue blocks  

Heatmaps were generated to visualise the differentially expressed genes in CF, which were 

significantly (p < 0.05) upregulated (by ≥ 1.5-fold change) or downregulated (by ≤ -1.5-fold 

change) compared to control (Figure 5.2). In total there were 55 upregulated genes in CF 

compared to control. Venn diagrams were designed to enable the visualisation of the 

distribution of the differentially expressed genes as the disease progressed. Compared to 

control, in early-stage CF Pattern 1 (fibroatrophic pattern) samples, 34 genes were upregulated 

(Figure 5.2 A), 40 genes were upregulated in advanced-stage CF Pattern 2 samples 

(fibroatrophic and lipoatrophic pattern) (Figure 5.2 B), whereas, 36 genes were upregulated in 

end-stage CF Pattern 3 samples (lipoatrophic pattern) (Figure 5.2 C).  

Twenty-three of these genes were upregulated in all CF patterns compared to control. The 

differentially expressed genes were grouped based on the associated pathways reported in the 

nCounter® Human Fibrosis V2 Panel used. Genes were associated with pathways including 

epithelial-mesenchymal-transition (EMT) pathway (TGF-β1, ACTA2, CXCL-12 and CXC 

receptor-4: CXCR4), Extracellular matrix (ECM) synthesis and degradation pathway (COL4A1, 

COL4A2, COL5A3 and COL16A1), Adenosine pathway (Phosphodiesterase: PDE2A and 

Heparan sulphate proteoglycan 2: HSPG2), Phosphoinositide 3-kinase protein kinase B (PI3K-

Akt) pathway (B-cell lymphoma-2: BCL2 and Platelet-derived growth factor receptor beta: 

PDGFRB), Hippo pathway (Angiomotin  like-2: AMOTL2), Notch pathway (Neurogenic locus 

notch homolog protein 3: NOTCH3) and Peroxisome proliferator-activated receptor (PPAR) 

signalling (Fatty acid-binding protein -4: FABP4) (Figure 5.2).  

Genes that were only upregulated in CF Pattern 1 compared to control (10 genes) included 

genes associated with pathways such as collagen biosynthesis and modification and ECM 

synthesis and degradation pathways (COL1A1, COL7A1 and COL3A1), EMT and 

myofibroblast regulation pathways (Periostin: POSTN) and genes associated with hypoxia 

including hypoxia-inducible factor 3 alpha: HIF3A  (Figure 5.2 A).  

Genes that were only upregulated in CF Pattern 2 compared to control (eight genes) included 

genes associated with pathways such as EMT pathway (Neuropilin-2: NRP2 and Matrix 

metalloproteinase-2: MMP2) and genes in TGF-β pathway (Thrombospondin-1: THBS1 and 

Ring-box protein-1: RBX1) (Figure 5.2 B). 

Genes that were only upregulated in CF Pattern 3 compared to control (five genes) included 

genes associated with pathways such as TGF-β pathway (Casitas B-lineage lymphoma: CBL), 
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insulin resistance (Nuclear receptor interacting protein-3: NRIH3), Notch pathway (Delta-like-

4: DLL4) and Mechanistic target of rapamycin (mTOR) pathway (Ring Finger protein- 152: 

RNF152 and ATPase H+ transporting V1 subunit E1: ATP6V1E1) (Figure 5.2 C). 

Compared to control, CF Pattern 1 and CF Pattern 2 shared one upregulated gene that is 

associated with ECM synthesis (Nidogen-2: NID2) (Figure 5.2 A and B). Later-stage CF 

Patterns 2 and 3 shared eight upregulated genes including the gene Insulin-like growth factor 

1 (IGF1), which is associated with insulin signalling, mTOR pathway and PI3K-Akt pathway. 

Other genes are associated with EMT pathway (VIM), Do Novo lipogenesis pathway (Fatty 

acid synthase: FASN), ECM degradation pathway (Laminin C1: LAMCI) and autophagy 

(Microtubule-associated protein 1  light chain 3 alpha: MAPILC3A) (Figure 5.2 B and C).
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Figure 5.2: Visual illustrations of the 55 differentially upregulated genes in CF Patterns 1, 2 and 3 vs Control. 

Heatmaps demonstrated differentially expressed (DE) genes in (A) Control vs CF Pattern 1 (CF-P1), (B) control vs CF Pattern 2 (CF-P2) and (C) control vs CF 

Pattern 3 (CF-P3). Venn diagram illustrated the distribution of the 55 DE genes upregulated by ≥ 1.5-folds in CF Patterns 1, 2, and 3 compared to control (D). 

p < 0.05.

D C 
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Compared to control samples, 12 genes were downregulated in CF samples (≤ -1.5-fold 

change). Four genes were downregulated in early-stage CF Pattern 1 samples (Figure 5.3 A), 

eight genes were downregulated in advanced-stage CF Pattern 2 samples (Figure 5.3 B), 

whereas, 11 genes were downregulated in end-stage CF Pattern 3 samples (Figure 5.3 C). In 

all CF patterns, four genes were downregulated compared to control, including the gene MMP7 

which is associated with collagen biosynthesis and modification, ECM degradation, EMT and 

Wnt pathways. Four genes were downregulated in CF Pattern 3 compared to control samples, 

including Prolyl 4-hydroxylase beta subunit (P4HB) gene which is associated with collagen 

biosynthesis and modification, oxidative stress and proteotoxic stress. Another down-regulated 

gene is Presenilin (PSEN2) which is associated with the Notch pathway. Compared to control, 

later-stage CF Pattern 2 and CF Pattern 3 shared three downregulated genes that are associated 

with the EMT pathway (Ocludin: OCLN), fatty acid metabolism (Acyle-CoA synthetase 

medium-chain family member-3: ACSM3) and adenosine pathway and Complementary 

activation complement component-5 (C5). 
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Figure 5.3: Visual illustrations of the 12 downregulated genes in CF Patterns 1, 2 and 3 vs Control. 

Heatmaps demonstrated differentially expressed (DE) genes in (A) Control vs CF Pattern 1 (CF-P1), (B) control vs CF Pattern 2 (CF-P2) and (C) control vs CF 

Pattern 3 (CF-P3). Venn-diagram illustrated 12 differentially expressed (DE) genes downregulated by ≤ -1.5-folds in CF patterns 1, 2, and 3 compared to control 

(D). p<0.05.
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5.3.1.3 Differential gene expression analysis between CF pathology patterns 

Further analysis was undertaken to investigate the gene composition across CF patterns as the 

disease progresses. These comparison analyses were built whereby later-stage CF Patterns 2 

and 3 were each compared to early-stage CF Pattern 1 (CF-P2 vs CF-P1 and CF-P3 vs CF-P1), 

and advanced-stage CF Pattern 2 was compared with Pattern 3 (CF-P3 vs CF-P2) (Figure 5.4).  

Compared to early-stage CF samples, there were 28 upregulated genes in later-stage CF 

samples (≥ 1.5-fold change). Ten of these genes were upregulated in both advanced- and end-

stage CF patterns compared to early-stage CF. These genes were associated with fatty acid 

metabolism pathways and gluconeogenesis: (Alcohol dehydrogenase 1B: ADH1B), fatty acid 

metabolism pathway and insulin resistance (Acetyl-CoA carboxylase beta: ACACB), ECM 

synthesis and TGF-β pathway (Serpin family G member-1: SERPING1) and PPAR signalling 

(Angiopoietin-like-4: ANGPTL4 and Perilipin-4: PLIN4) (Figure 5.4 A and B).  

Nine genes were upregulated in CF Pattern 2 compared to CF Pattern 1. These included genes 

associated with EMT pathway (Signal transducer and activator of transcription-5: STAT5 and 

Early growth response-1: EGR1), Wnt pathway (Serpin family F member-1: SERPINF1) and 

insulin resistance (Sterol regulatory element-binding transcription factor-1: SREBF1) (Figure 

5.4 A). Three genes were upregulated in CF Pattern 3 compared to CF Pattern 1, these genes 

are associated with EMT pathway (Germlin-1: GREM1) and insulin resistance, PI3K-Akt 

pathway and PPAR signalling (Phosphoenolpyruvate carboxykinase-1: PCK1) (Figure 5.4 B).  

In CF Pattern 3, three genes were upregulated compared to CF Pattern 2, including genes 

associated with fatty acid metabolism pathway (Adiponectin receptor-1: ADIPOR1) and 

adenosine pathway (Glucagon-like peptide-1 receptor: GLP1R) (Figure 5.4 C). Three genes 

were only upregulated in CF Pattern 3 compared to both CF Patterns 1 and 2, these genes 

included genes associated with inflammation (C-reactive protein: CRP), neutrophil degradation 

(Fc gamma receptor 1A and 3B: FGCGR3A/B) and platelet degranulation and TLR-signalling 

(Fibrinogen alpha chain: FGA) (Figure 5.4 B and C).  
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Figure 5.4: Visual illustrations of the 28 upregulated genes among CF Patterns 1, 2 and 3. 

Heatmaps demonstrated differentially expressed (DE) genes upregulated in (A) CF Pattern 2 

vs CF Pattern 1 (CF-P2 vs CF-P1), (B) CF Pattern 3 vs CF Pattern 1 (CF-P3 vs CF-P1) and 

(C) CF Pattern 3 vs CF Pattern 2 (CF-P3 vs CF-P2). Venn diagram illustrating 28 

differentially expressed (DE) genes upregulated by ≥ 1.5-folds among CF patterns according 

to the previously mentioned comparisons (D). p < 0.05. 
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Compared to early-stage CF samples, there were 18 downregulated genes in advanced-stage 

CF samples (≤ -1.5-fold change) (Figure 5.5). Five of these genes were downregulated in both 

advanced-stage CF patterns compared to early-stage CF (Figure 5.5 A and B). These genes 

were associated with collagen biosynthesis and modification, ECM degradation and synthesis 

and PI3K-Akt pathway (COL1A1), ECM synthesis (Elastin: ELN), Hippo pathway (Ww 

domain containing-1: WWC1), and autophagy (Vesicle associated membrane protein-8: 

VAMP8) (Figure 5.5 A and B).  

Only three genes were downregulated in CF Pattern 2 compared to CF Pattern 1 These genes 

included genes associated with platelet degranulation (Titin: TTN) and adenosine pathway 

(Faciogenital dysplasia 2: FGD2) (Figure 5.5 A). Three genes were downregulated in CF 

Pattern 3 compared to CF Pattern 1 including a gene associated with Notch pathway (PSEN2) 

and the CFTR gene (Figure 5.5 B).  

In CF Pattern 3, six genes were downregulated compared to CF Pattern 2, including genes 

associated with NF-κB pathway (Phospholipase C gamma-2: PLCG2 and Vascular cell 

adhesion molecule-1: VCAM1). One gene associated with fatty acid metabolism 

(Methylmalonyl-CoA mutase: MMUT) was downregulated in CF Pattern 3 compared to both 

CF Patterns 1 and 2 (Figure 5.5 C).  
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Figure 5.5: Visual illustrations of the 18 downregulated genes among CF Patterns 1, 2 and 3. 

Heatmaps demonstrated differentially expressed (DE) genes downregulated in (A) CF Pattern 

2 vs CF Pattern 1 (CF-P2 vs CF-P1), (B) CF Pattern 3 vs CF Pattern 1 (CF-P3 vs CF-P1) 

and (C) CF Pattern 3 vs CF Pattern 2 (CF-P3 vs CF-P2). Venn diagram illustrating the 18 

differentially downregulated by ≤ -1.5-folds among CF patterns genes according to the 

previously mentioned comparisons (D). p < 0.05. 
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5.3.2 Bulk RNA-Sequencing of EndoC-βH1 cells following incubation with ISC secretome 

To investigate EndoC-βH1 gene expression profile following 72 h treatment with ISC 

secretome, bulk RNA-Sequencing was conducted. Briefly, EndoC-βH1 cells were seeded at a 

density of 180,000 cell/well in a coated 48-well plate and were incubated overnight prior to 

starting the 72 h treatment with Control 1:1 dilution medium (labelled as Ctrl 2 in the following 

reported results), and ISC secretome collected at Days 1, 3, 5 and 7, which were prepared in a 

1:1 ratio with EndoC-βH1 culture medium (Chapter 2 2.3.5 and 2.3.6). ISC secretome samples 

were obtained from three ISC batches (three separate donors: LDIS 328, LDIS 335 and LDIS 

355). A Cytokine Mix comprising 1 ng/ml IL-1β, 20 ng/ml TNF-α and 20 ng/ml INF-γ was 

also used as a positive control. RNA extraction was carried out as described in Chapter 2 (2.3.12) 

and RNA-sequencing was performed to generate over 30 million single-end reads of 100 base 

pairs in length per sample. This was undertaken by the Genomic Core Facility, Newcastle 

University. Initial data analysis was undertaken by the Bioinformatics Support Unit, Newcastle 

University and I conducted further pathway analysis using Ingenuity Pathway Analysis (IPA) 

software (Qiagen, Valencia, California, USA).  

5.3.2.1 Bulk RNA-Sequencing un-biased data analysis 

Principal Component Analysis (PCA) was used as an exploratory measure to visualise the 

variability of gene expression in different samples (EndoC-βH1 cells treated with Ctrl 2 

medium and ISC secretome collected at different days) deriving PC1 and PC2. PC1 reported 

59.2% of variance within samples, whereas PC2 reported 33.4% (Figure 5.6). Ctrl 2 samples 

appeared to be clustered together, whereas EndoC-βH1 cells treated with ISC secretome 

collected at different days appeared to exhibit biological variation based on donors, whereby 

samples were grouped together according to donor ID. EndoC-βH1 cells treated with ISC 

secretome from Donor LDIS328 showed greater variability compared to the other samples 

(Figure 5.6). Another PCA plot containing EndoC-βH1 cells treated with ISC secretome of 

different days, Cytokine Mixture and Ctrl 1 (100% DMEM medium) was included in Appendix 

(Figure 7.1).  
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Figure 5.6: Principal Component Analysis (PCA) plot showing the variation of samples (EndoC-βH1 

cells treated Ctrl 2 and ISC secretome of days 1, 3, 5 and 7) along the PC1 (59.2%) and PC2 (33.4%) 

axis. 

Highlighted areas for EndoC-βH1 treated Ctrl2 (grey). EndoC-βH1 treated with LDIS328 ISC 

secretome (light yellow), LDIS335 ISC secretome (light orange) and LDIS355 ISC secretome 

(light blue).  

Heatmaps of differentially expressed genes of Ctrl 2 vs treatment are included in Appendix 

(Figure 7.8 - Figure 7.12).  The analysis reported that, compared to Ctrl 2, some of the 

differentially downregulated genes (p < 0.05) in EndoC-βH1 cells treated with ISC secretome 

include: β-cell identity genes: PDX1, MafA and NKX 6.1 (NK6 homeobox 1), ER stress gene 

X-box Binding Protein 1 (XBP1). Also, there was an upregulation in ER stress markers such 

as DNA Damage Inducible Transcript 3 (DDIT3) along with XBP1 in Cytokine-treated EndoC-

βH1 cells. Both treatments exhibited an increase in Caspase 3 gene expression (CASP3) which 

is associated with the caspase pathway.  
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Pathway analysis was conducted using the IPA Software for each treatment condition vs Ctrl 2 

and the top upregulated and downregulated pathways were graphed. For Ctrl 2 vs ISC 

secretome comparisons, the top five up- or down-regulated pathways for each condition were 

plotted based on significant gene expression (p < 0.05) of ± >1.5-fold change. Gene expression 

changes in EndoC-βH1 cells treated with all ISC donor conditioned media collected at all days 

of ISC culture were  averaged and the top 10 significantly upregulated pathways and top five 

significantly downregulated pathways were plotted (Figure 5.7 and Figure 5.8). To compare 

Ctrl 2 vs Cytokine Mix (1 ng/ml IL-1β, 20 ng/ml TNF-α and 20 ng/ml INF-γ), pathway analysis 

was conducted based on significant gene expression (p < 0.05) of ± 3-fold change due to the 

high variation in gene expression compared to Ctrl 2. The top five significantly upregulated 

and downregulated pathways are presented in Figure 5.9 and Figure 5.10. Graphical 

summaries of each treatment condition vs Ctrl 2 provided an overview of the key biological 

themes in the IPA analysis (See Appendix Figure 7.3 - Figure 7.7). This shows visually the 

most significant genes identified during the core analysis and outlined their interactions with 

each other to provide a comprehensive picture of the cellular mechanisms, pathways, and key 

genes.  

 

 

Figure 5.7: Top ten upregulated pathways in EndoC-βH1cells treated with ISC secretome. p<0.05. 
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Figure 5.8: Top five downregulated pathways in EndoC-βH1 cells treated with ISC secretome. p<0.05. 

 

 

Figure 5.9: Top five upregulated pathways in EndoC-βH1 cells incubated with Cytokine Mix (1 ng/ml 

IL-1β, 20 ng/ml TNF-α and 20 ng/ml INF-γ). p<0.05. 
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Figure 5.10: Top five downregulated pathways in EndoC-βH1 cells incubated with Cytokine Mix (1 

ng/ml IL-1β, 20 ng/ml TNF-α and 20 ng/ml INF-γ). p<0.05. 

Pathogen Induced Cytokine Storm Signalling Pathway was one of the upregulated pathways in 

EndoC-βH1 cells of ISC secretome treatment vs Ctrl 2 and Cytokine Mix treatment vs Ctrl 2. 

Examples of the pathway are illustrated for both treatments (Figure 5.11 and Figure 5.13). 

Some of the top upregulated genes in this pathway associated with ISC secretome treatment 

included COL3A1, COL5A2, COL6A2, COL9A1, STAT3 and TGF-β1. Whereas top upregulated 

genes associated with the Cytokine Mix treatment included COL22A1, COL24A1, COL4A4, 

COL9A1, CXCL10, STAT1, STAT3 and CASP7/8.   
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Figure 5.11: Illustration of the key genes involved in the Pathogen Induced Cytokine Storm Pathway in EndoC-βH1 cells treated with ISC secretome of Day 5. 

The diagram is subdivided into four sections that are magnified in Figure 5.12. Orange colour indicates predicated activation, blue: predicated inhibition. The 

darker the colour the greater increase/decrease in differential gene expression. Predicted relationships illustrated with lines: orange (leads to activation), blue 

(leads to inhibition), yellow (findings inconsistent with regards to downstream impact). Dashed lines indicate indirect relationship, whereas solid lines indicate 

direct relationship. The activation of IL-6 is enhanced by the upregulation of STAT3 and NF-κB (indicated by blue stars in sections 1,2 and 3). Further, the IL-6 

influences the expression of STAT3 in Endothelial cells (indicated by a green star in section 3) which positively influences the expression of different genes such 

as CCL2, CXCL-8 and VEGF, that are associated with the recruitment of monocytes, neutrophils and disruption of endothelial barrier, respectively.    
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Figure 5.12: Magnified diagrams of the key genes involved in the Pathogen Induced Cytokine Storm Pathway in EndoC-βH1 cells treated with ISC secretome of Day 5. 

Magnified diagrams of Figure 5.11. Orange colour indicates predicated activation, blue: predicated inhibition. The darker the colour the greater 

increase/decrease in differential gene expression. Predicted relationships illustrated with lines: orange (leads to activation), blue (leads to inhibition), yellow 

(findings inconsistent with regards to downstream impact). Dashed lines indicate indirect relationship, whereas solid lines indicate direct relationship. The 

activation of IL-6 is enhanced by the upregulation of STAT3 and NF-κB (indicated by blue stars in sections 1,2 and 3). Further, the IL-6 influences the expression 

of STAT3 in Endothelial cells (indicated by a green star in section 3) which positively influences the expression of different genes such as CCL2, CXCL-8 and 

VEGF, that are associated with the recruitment of monocytes, neutrophils and disruption of endothelial barrier, respectively.  
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Figure 5.13: Illustration of the key genes involved in the Pathogen Induced Cytokine Storm Pathway in EndoC-βH1 cells treated with Cytokine Mix (1 ng/ml IL-1β, 20 

ng/ml TNF-α and 20 ng/ml INF-γ). 

The diagram is subdivided into four sections that are magnified in Figure 5.14. Orange colour indicates predicated activation, blue: predicated inhibition. The 

darker the colour the greater increase/decrease in differential gene expression. Predicted relationships illustrated with lines: orange (leads to activation), blue 

(leads to inhibition), yellow (findings inconsistent with regards to downstream impact). Dashed lines indicate indirect relationship, whereas solid lines indicate 

direct relationship. The activation of IL-6 is enhanced by the upregulation of STAT3 and NF-κB (indicated by blue stars in sections 1,2 and 3). Further, the IL-6 

influences the expression of STAT3 in Endothelial cells (indicated by a green star in section 3) which positively influences the expression of different genes such 

as CCL2, CXCL-8 and VEGF, that are associated with the recruitment of monocytes, neutrophils and disruption of endothelial barrier, respectively.    
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Figure 5.14: Magnified diagrams of the key genes involved in the Pathogen Induced Cytokine Storm Pathway in EndoC-βH1 cells treated with Cytokine Mix (1 ng/ml IL-

1β, 20 ng/ml TNF-α and 20 ng/ml INF-γ). 

Magnified diagrams of Figure 5.13. Orange colour indicates predicated activation, blue: predicated inhibition. The darker the colour the greater 

increase/decrease in differential gene expression. Predicted relationships illustrated with lines: orange (leads to activation), blue (leads to inhibition), yellow 

(findings inconsistent with regards to downstream impact). Dashed lines indicate indirect relationship, whereas solid lines indicate direct relationship. The 

activation of IL-6 is enhanced by the upregulation of STAT3 and NF-κB (indicated by blue stars in sections 1,2 and 3). Further, the IL-6 influences the expression 

of STAT3 in Endothelial cells (indicated by a green star in section 3) which positively influences the expression of different genes such as CCL2, CXCL-8 and 

VEGF, that are associated with the recruitment of monocytes, neutrophils and disruption of endothelial barrier, respectively.   
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5.4 Discussion  

5.4.1 Overview 

The molecular mechanisms leading to impaired insulin secretion in CF and the development 

of diabetes remain virtually entirely unknown. The work reported in this chapter aimed to 

undertake transcriptomic analysis to investigate differentially expressed genes in CF vs normal 

pancreas and a human β-cell line treated with ISC-conditioned medium to explore the potential 

signalling pathways associated with the morphological changes reported as CF progresses and 

the potential role of activated α-SMA+ cells. Also, to investigate changes in key transcripts 

reflecting EndoC-βH1 cell identity and survival following treatment with ISC secretome. 

5.4.2 Why NanoString nCounter analysis?   

Initially, it was intended to analyse RNA samples extracted from human CF tissue via bulk 

RNA-sequencing. But unlike the RNA samples extracted from QUOD controls, the library 

preparation procedure in the RNA samples extracted from the post-mortem Klöppel CF 

samples failed as seen in Appendix Figure 7.2. This could be due to poor RNA integrity of CF 

samples due to them being post-mortem samples with possible prolonged ischaemia time. This 

may have yielded them fragile and susceptible to RNA degradation and unsuitability for reverse 

transcription necessary for cDNA synthesis and amplification.  This unsuccessful method of 

investigating the transcriptome of CF samples led me to consider the use of more highly 

sensitive technique. NanoString nCounter analysis was undertaken, being highly sensitive / 

specific and capable of profiling gene expression in samples with poor RNA quality with no 

further additional steps such as cDNA synthesis and amplification (Veldman-Jones et al., 2015; 

Pedrosa et al., 2023). NanoString nCounter platform has been used in various clinical and 

research studies (Scott et al., 2013; Martin et al., 2014; Saba et al., 2015; Veldman-Jones et al., 

2015; Pedrosa et al., 2023).  

5.4.3 NanoString profiling of CF tissue enabled identification of possible associated 

pathways and biomarkers  

NanoString nCounter analysis successfully undertaken on CF human fixed tissue was 

performed using the nCounter® Human Fibrosis V2 Panel consisting of 760 genes that 

encompass key fibrosis pathways and processes. Differential gene expression analysis of 

control and CF samples identified 55 key genes that were significantly (p < 0.05) overexpressed 
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(≥1.5-fold change) in CF tissue and were linked with various pathways (Figure 5.2). The EMT 

pathway appeared to be a key pathway regulating the different changes observed in CF tissue 

with many upregulated genes involved in EMT pathway such as TGF-β1, ACTA2, CXCL-12 

and CXCR4. Compared to control, CF Pattern 1 and 2 biopsies were associated with fibrosis-

associated changes in gene expression also revealing elevating levels of other EMT markers 

such as POSTN, NRP2 and MMP2. Interestingly, later-stage CF exhibited another EMT marker 

VIM and upregulated genes associated with the de novo lipogenesis pathway (FASN), ECM 

degradation pathway (LAMCI) and autophagy (MAPILC3A), further reflecting the fibrotic 

changes observed within the diseased tissue. In CF, there was a reduction in genes associated 

with ECM degradation and biosynthesis pathways, which could explain the severe fibrotic 

changes represented by the abnormal deposition of collagen observed within the exocrine 

parenchyma and loss of normal tissue remodelling / repair (Figure 5.3).  

Hart et al. (2018) investigated key transcripts associated with endocrine cell identity, 

maintenance and hormone secretion in islets isolated from five CF donors using whole-islet 

RNA sequencing (Hart et al., 2018). The study reported no gene expression changes in islets 

from CF donors when compared to control and suggested that the islet’s genetic identity was 

preserved despite CF (Hart et al., 2018). This study had some limitations including the small 

sample size and the isolation procedure of islets which might have artefactually influenced islet 

gene expression and function and masked the true effect of CF in vivo (Hart et al., 2018). 

Having shown the presence of activated PaSCs in islets of CF ferrets, RNA expression analysis 

of isolated and cultured islets reported an increased levels of genes associated with PaSCs 

activation, fibrosis and inflammation including acta2, IL-6 and tgf-β1, in keeping with a role 

for α-SMA positive cells within and around islets in driving endocrine cell dysfunction (Sun et 

al., 2017).  

Up to date, no previous studies have reported bulk transcriptomic analysis of human CF 

pancreata. Our NanoString analysis has provided powerful new insights into potential cellular 

mechanisms and genes associated with CF changes and progression. The data of early- versus 

later-stage CF illustrated elevated levels of EMT and TGF-β associated genes that are possibly 

mediating the exocrine changes leading to destructive fibrotic tissue remodelling. Advanced- 

and end-stages CF exhibited an upregulation of genes associated with lipogenesis and fat 

metabolism pathways which could provide further insight into disease pathogenesis towards 
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global adipocyte replacement. The data also demonstrated reduction in genes associated with 

healthy ECM biosynthesis and degradation.  

These gene signatures could serve as initial biomarkers for further studies that aim to 

investigate other genes associated within reported signalling pathways, which could contribute 

to β-cell impairment and eventually the development of CFRD. This promises potential 

development of pathway-specific targeted therapeutics which could prevent the onset of 

diabetes in CF.  

5.4.4 Bulk RNA-Sequencing of EndoC-βH1 cells following ISC secretome treatment 

EndoC-βH1 cells were treated for 72 h with ISC secretome collected at Days 1, 3, 5 and 7 in 

culture followed by RNA extraction and bulk RNA-Sequencing. PCA plot demonstrated 

different gene expression profiles of ISC secretome-treated versus control samples but also the 

variability in gene expression between donors rather than according to different duration of 

ISC culture, demonstrated significant variability between individual ISC donor cultures.  

Differential gene expression analysis (Heatmaps in Appendix Figure 7.8 - Figure 7.12) 

revealed significant (p < 0.05) downregulation of some key β-cell identity genes (PDX1, MafA 

and NKX 6.1) in EndoC-βH1cells treated with ISC secretome. Beta-cell autophagy-related 

genes such as BECN1 and MAP1LC3B were significantly increased in EndoC-βH1cells treated 

with ISC secretome as well as in the cytokine-treated positive control. These genes have been 

reported previously as markers of β-cell autophagy (Fujitani et al., 2009; Watada & Fujitani, 

2015). Increased expression of the ER stress marker DDIT3 (also known as CHOP) was seen 

during exposure of EndoC-βH5 cells to INF-γ alone (Frørup et al., 2023). ER stress induction 

in β-cells upon the exposure to our positive control could have taken place as there was a 

significant upregulation of DDIT3 expression. XBP1 is another ER stress gene that was 

upregulated in both of our study treatments.   

Compared to the control, the upregulation of CASP3 gene expression, encoding for caspase-3, 

in EndoC-βH1 cells treated with ISC Day 5 and the Cytokine Mix, could suggest the activation 

of the caspase pathway. Kikuta et al. (2013) have demonstrated that β-cell apoptosis was 

induced and was associated with the activation of the caspase pathway evidenced by increased 

levels of caspase-3 and caspase-9, when PaSCs were co-cultured with RIN-5F cells (Kikuta et 

al., 2013). Although CASP9 gene expression was not significantly upregulated in EndoC-βH1 
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cells treated with ISC Day 5 and the Cytokine Mix, CASP7 was significantly upregulated in 

the latter treatment, which supports another study reporting that EndoC-βH5 treated with the 

same cytokine treatment led to apoptotic caspase activation via cleaved and activated CASP7 

(Frørup et al., 2023).  

Ingenuity pathway analysis elucidated the top up and down regulated biological pathways 

influenced by changes in gene expression in response to ISC secretome and Cytokine Mix 

treatments. The analysis explored the detailed molecular changes and revealed several 

significantly enriched pathways (p < 0.05), including the Pathogen Induced Cytokine Storm 

Pathway, which was significantly upregulated in both treatments (Figure 5.11 and Figure 5.13). 

The pathway illustrated an activation of key molecules including STAT3, which is a key 

mediator of inflammatory processes.  Yet, other differentially expressed genes in each pathway 

demonstrated a degree of variation (Figure 5.11 and Figure 5.13). Interestingly, unlike the 

Cytokine Mix treatment, the graphical summaries (See Appendix Figure 7.3 - Figure 7.7) of 

ISC secretome treatments, indicated some cellular events associated with proliferation and 

stimulation of connective tissue pathways, cell transformation, cell proliferation of fibroblasts 

in addition to other markers such as STAT3, IL-6, IL-1β. It could be suggested that EndoC-

βH1 were responding to the stress induced by ISC secretome upon them through cytokine 

synthesis, whereby they themselves became proinflammatory and profibrotic rather than 

simply being the recipient of inflammatory and fibrotic signalling.  

Rodent PaSC and ISC secretome-related studies reported primarily insulin-secretion analysis 

rather than transcriptomic analysis when investigating the impact of PaSCs and ISC secretome 

treatments on β-cell lines (Kikuta et al., 2013; Li et al., 2016; Zang et al., 2015; Zha et al., 

2014). Following the treatment with ISC secretome, the reduction in β-cell function exhibited 

by decreased insulin secretion and insulin content observed in Chapter 4 studies, could be due 

to the downregulation of PDX1, MafA and NKX 6.1 gene expression observed in this chapter. 

These genes could be further investigated at a protein level to provide detailed insight into how 

ISC secretome impacts on β-cell function and survival.  

In summary, the NanoString data presented in this chapter revealed key genes overexpressed 

in CF tissue such as TGF-β1 and ACTA2 and other EMT and ECM markers. These data could 

contribute greatly to the understanding of the gene expression pathways underlying the 
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morphological changes observed in CF pancreata as the disease progresses. Following Chapter 

4 studies reporting the impact of ISC secretome on EndoC-βH1 function, the RNA-seq data 

provided an insight into changes in EndoC-βH1 transcriptome and the possible activation of 

cytokine associated pathways in respond to the stress they are exposed to.  

5.4.5 Study limitations 

The work presented in this chapter has some limitations. No pancreatic tissue from very young 

control donors was available. Only nine samples (seven cases) were used from the CF tissue 

blocks provided kindly by Professor. Klöppel due to other factors that might influence the 

results such as the presence of lymph nodes, large blood vessels and grossly dilated ducts. The 

use of a fibrosis panel was a good choice considering the fibrotic changes observed in diseased 

tissue, yet a designed panel consisting of genes that are associated with β-cell identity and 

function could be further established. EndoC-βH1 studies were undertaken by myself in 

Sweden under Prof. Eliasson’s guidance over a limited time, which only allowed three 

biological replicates of the studies. More repeats using ISC secretome from different donors 

could minimise the impact of biological variation within generated data.  
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Chapter 6: General Discussion 

6.1 Overview 

In 1938 “Cystic fibrosis of the pancreas” was first described by an American pathologist Dr. 

Dorothy Anderson, while working on autopsy studies of infants dying with malnutrition 

(Andersen, 1938) . Cystic fibrosis of the pancreas is characterised by ductal obstruction due to 

the build-up of mucus, which leads to acinar atrophy alongside fibrotic and lipoatrophic 

changes within the exocrine parenchyma (Lohr et al., 1989). As a result, 85-90% of CF cases 

develop exocrine pancreatic insufficiency and approximately around 2% of CF children, 20% 

of CF adolescents and 50% of CF adults develop CFRD (Baker et al., 2005; Kalnins et al., 

2007; Moran et al., 2009; Hegyi et al., 2016; Kelsey et al., 2019; Olesen et al., 2020). Due to 

the limited access to human CF and CFRD pancreatic tissue and the difficulties in learning 

more from blood analytical tests or imaging of the diseased pancreas, the physiological, 

molecular and cellular mechanisms that play a role in the disease progression and exocrine-

endocrine cross-talk leading to β-cell dysfunction and eventually the development of diabetes 

are not yet fully understood.  

This thesis investigated morphological changes of fibrosis and fat replacement within human 

CF post-mortem pancreata as the disease progresses, and its relation to age. The natural history 

of the disease was elucidated through a designed semi-quantitative scoring system that assessed 

histopathological changes such as ductal dilation, acinar atrophy and ductal loss, and a robust 

AI quantitative analysis (HALO), which characterised the changes and possible associated 

drivers such as fibrosis and cellular players such as PaSCs within the exocrine and endocrine 

compartments of CF tissue. Following on from this, I established an in vitro primary human 

islet stellate cell (ISC) model to mimic the cell-mediated ‘stress’ environment which islets are 

exposed to in CF and/or CFRD pancreata. This model was used to assess β-cell function under 

the impact of proinflammatory mediators within the ISC secretome released following 

activation of ISCs in culture. Finally, I undertook transcriptomics phenotyping of human CF 

post-mortem pancreatic tissue and EndoC-βH1 cells following treatment with ISC secretome.  

6.2 CF progression supported by exocrine changes 

Löhr et al. (1989) have previously reported that the early- and end-stage of CF were represented 

by the fibrotic and the lipoatrophic patterns, respectively, to reflect the morphological changes 
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observed within the exocrine parenchyma. However, this thesis proposes that the disease 

progresses from an early-stage represented by fibrotic pattern alone, to the advanced-stage 

represented by a mixed fibrotic/lipoatrophic pattern to the end-stage represented by total 

replacement of the exocrine compartment with fatty tissue, progressing linearly with age 

(Figure 6.1). This could more meaningfully and accurately delineate the natural history of CF 

progression and the time-course associated with age and severity of pathological changes 

within the diseased tissue. The semi-quantitative analysis and AI-driven quantification based 

on phenotypic classification of the CF tissue further demonstrated the steady progression of 

the disease through ductal dilation/loss; acinar atrophy, exocrine pancreas fibrosis and islet 

remodelling. The loss of acinar area mirrored the increase in abnormal collagen deposition area 

which was then superseded by fatty tissue replacement.  

Young CF pancreata (Premature–14-year-old) represented the early-stage of CF and were 

classified by CF Pattern 1, which exhibited fibroatrophic changes only. These cases revealed 

the preservation of the exocrine parenchyma with some mild alteration to pancreatic lobule 

structure, presence of intra-lobular collagen deposition, mild ductal dilation and mild acinar 

lumen dilation and acinar atrophy (Figure 6.1). These cases illustrated the absence of exocrine 

fat replacement or severe ductal dilation, which was also observed in young CF children of age 

< 1 year old in a study by Iannucci et al. (1984).  

The advanced- and end-stages of the disease were illustrated by more severe changes within 

the exocrine parenchyma and CF tissue blocks (3–27-year-old). These were classified as CF 

Pattern 2 of a mixed pattern of fibrosis and fatty tissue replacement or the latter alone (CF 

Pattern 3). There was an observed extensive loss of exocrine parenchyma along with severe 

ductal dilation (mainly in CF Pattern 2) and ductal loss (mainly in CF Pattern 3) (Figure 6.1). 

The loss of acinar tissue, presence of ductal dilation and total replacement of the exocrine 

parenchyma were also observed in CF post-mortem pancreata during a qualitative 

analysis(Löhr et al., 1989). Although this and other studies before the current work have 

concluded that there may be two alternative end-stages (fibro-atrophic or lipo-atrophic) without 

reporting an inevitable sequential progression to global fat replacement 

NanoString spatial analysis revealed associations between CF and key genes mediating pro-

fibrotic EMT (TGF-β1, ACTA2 and CXCL-12) and ECM synthesis / degradation pathways. As 
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disease progresses to later-stages, expression of genes associated with adipogenesis (FABP4 

and FASN) increased.  

 

Figure 6.1: Diagram illustrating pancreatic changes as CF progresses. 

Early-stage represented by CF Pattern 1: Fibroatrophic. Advanced-stage represented by CF Pattern 2: 

Fibroatrophic and lipoatrophic. End-stage represented by CF Pattern 3: Lipoatrophic. 

6.3 CF progression supported by endocrine changes 

Islets in early-stage CF were of varied sizes and shapes with presence of peri-islet fibrosis 

around some solitary islets. Islets in advanced- and end-stage CF appeared spared, varied in 

sizes (some are larger than early-stage CF islets) but disrupted and surrounded / infiltrated by 

collagen strands with adjacent adipocytes.  These histological observations and increased islet 

remodelling with disease stage assessed by semi-quantitative scoring were supported by AI 

data showing islet diameter and median islet area of CF Pattern 2 and Pattern 3 to be higher 

compared to early-stage CF. Islets of CFRD pancreata have been reported to exhibit different 

sizes with a disorganised appearance (Iannucci et al., 1984, Abdul-Karim et al., 1986). In 
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addition, greater altered islet morphology was associated with lipoatrophic changes (Bogdani 

et al., 2017). CD31 quantification illustrated a reduction in islet vascularisation as the disease 

progressed. Together these findings associated with islet remodelling supported our proposed 

progression of the disease.  

Although endocrine area and islet density remained unchanged in CF across Patterns 2 and 3 

when compared to control pancreata, islet density of young donors was higher compared to the 

other two patterns and control. Yet, β-cell area and α-cell area represented by insulin+ and 

glucagon+ area [%], respectively, were decreased throughout CF stages even at birth (premature 

cases), suggesting that initial abnormalities contributing to islet dysfunction have taken place 

during in utero development. Beta-cell area is decreased in CF pancreata of young CF (< 4 

years) and adult donors (Bogdani et al., 2017; Hart et al., 2018). There are contradicting 

findings of whether β-cell area is reduced in CFRD when compared to CF cases (Iannucci et 

al., 1984; Abdul-Karim et al., 1986; Soejima and Landing, 1986; Löhr et al., 1989; Bogdani et 

al., 2017). Alpha-cell area in human CF islets with and without CFRD have been reported to 

be increased (Löhr et al., 1989; Bogdani et al., 2017; Hart et al., 2018; Hull et al., 2018). 

Delta-cells assessed by somatostatin + area [%] were increased in CF compared to control and 

this increase was mainly observed in the early-stage CF. This was supported by elevated δ-cell 

area in young CF (< 4 years) compared to control in Bogdani et al. (2017) study. Other studies 

reported the increase in δ-cell area in adolescent and adults with CF compared to control 

(Abdul-Karim et al., 1986; Löhr et al., 1989; Bogdani et al., 2017). Also, δ-cell area in 

adolescent and adults with CFRD compared to CF without diabetes was higher (Iannucci et al., 

1984; Abdul-Karim et al., 1986; Soejima and Landing, 1986). Yet this finding was contradicted 

by Bogdani et al. (2017) reporting no change between CFRD and CF δ-cell area (Bogdani et 

al., 2017). AI quantification of pancreatic polypeptide+ area [%] illustrated no significant 

changes in CF compared to control. Other studies have shown an increased in pancreatic 

polypeptide+ area in young, adolescent and adults with CF (Löhr et al., 1989; Bogdani et al., 

2017; Hull et al., 2018).  

These findings highlight the importance of further investigating exocrine-to-endocrine cell 

cross-talk during disease progression moving beyond cross-sectional association studies, to be 
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able to elucidate the mechanisms behind the functional defects despite relatively preserved islet 

mass.  

6.4 In vitro CF model mediated by stellate cells activation  

In people with CF, impaired insulin secretion due to reduced β-cell function is central to the 

development of CFRD (Moran et al., 1991; Mohan et al., 2009; Merjaneh et al., 2015; Sheikh 

et al., 2017).  Using CFTR knock out ferrets, total insulin content was lower in CF isolated 

islets compared to wild-type islets (Sun et al., 2017). Using a CF mouse model, possible defects 

in proinsulin processing and reduction in exocytosis and the number of insulin-containing 

granules at the cell membrane have been reported (Edlund et al., 2019).  

In Chapter 3, it was demonstrated that insulin [%] area was reduced in CF along with increased 

presence of peri- and intra-islet fibrosis and observations of activated stellate cells expressing 

α-SMA within the fibrotic tissue and around the dilated ducts within the CF tissue. In Chapter 

5, NanoString data revealed an increase in EMT markers such as ACTA2 and VIM   and ECM 

genes, which further supported stellate cell activation within the diseased tissue. However, 

cellular mechanisms impacting on β-cell function could not be elucidated as the generated data 

remain cross-sectional. Therefore, in Chapter 4 an in vitro primary human ISC model was 

established via culturing human islets (isolated from non-diabetic donors) over a course of 7 

days in 2D adherent culture. Stellate cell presence and activation was confirmed by positive 

immunofluorescence staining for α-SMA and vimentin and increased gene expression of key 

transcripts of stellate cell activation and function - ACTA2, VIM and COL1A1 via rtq-RT PCR 

analysis. ISC medium analysis confirmed COL1A1 secretion to be increased by 10-fold over 

the 7-day culture period. Additional ISC secretome analysis for selected fibrosis-associated 

peptides was conducted using MSD assay, confirmed the secretion of proinflammatory 

cytokines associated with fibrotic signalling such as TGF-β1, TGF-β2, IL-1, IL-6, IL-8 and 

TNF-α and secretion of chemokines and inflammatory biomarkers including CXCL-1, CXCL-

10, CXCL-12, CCL-2 and MIP-1α over 7-days in culture. Together, these findings were 

supported by existing literature reporting that activated stellate cells are α-SMA+ and vimentin+ 

and secrete ECM proteins including COL1A1, inflammatory markers such as TGF-β, IL-1, IL-

6, IL-8, TNF-α and CXCL and CCL chemokines (Elsässerm et al., 1989; Apte et al., 1998, 
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1999; Bachem et al., 1998; Kuroda et al., 1998; Gabbiani, 2003; Erkan et al., 2012; Zhao et al., 

2018).  

Having analysed the ISC secretome for the presence of inflammatory markers, functional 

studies using the EndoC-βH1 human β-cell line were conducted. EndoC-βH1 cells treated with 

ISC secretome exhibited a reduction in insulin content and secretion, which could be due to 

decreased reduced proinsulin biosynthesis possibly due to 1) Downregulation of PDX1, MafA 

and NKX 6.1 gene expression. 2) The upregulation of β-cell autophagy-related genes such as 

BECN1 and MAP1LC3B. 3) Upregulation of XBP1gene associated with ER stress. EndoC-βH1 

cells treated with the Cytokine Mix reduced insulin content and secretion as well as proinsulin 

secretion and this could be due to elevated ER stress genes such as XBP1 and DDIT3.  Day 5 

ISC secretome-treated and cytokine treated EndoC-βH1 exhibited an increased 

proinsulin:insulin ratio which could be due to defects in proinsulin processing. Elevated fasting 

proinsulin:insulin ratio is associated with impaired insulin secretion during an oral glucose 

tolerance test in people with CF (Nielsen et al., 2023).  

Having demonstrated an increase in TGF-β1 in CF fixed tissue and the activation of stellate 

cells within the ISC model, we propose that TGF-β signalling may be driving stellate cell 

activation within the pancreas with cytokines such as IL-6 and IL-1β within the ISC secretome 

(but not necessarily TGF-β itself) mediating β-cell dysfunction. The IPA analysis of RNA-Seq 

data suggested that EndoC-βH1 cells were responding to the stress induced upon ISC secretome 

treatment through cytokine synthesis, whereby the treated endocrine cells became 

proinflammatory and pro-fibrotic rather than exclusively being the ‘recipient’ of inflammatory 

and fibrotic signalling from the ISC secretome. The current studies suggest a role for 

intrapancreatic cytokines in mediating this stress and that ISCs may be a source of these 

mediators in the CF pancreas. 

Interestingly, pericytes lining small blood vessels and capillaries are also α-SMA+ and 

vimentin+. (Kramann et al., 2015; Sakhneny et al., 2021; Tamayo et al., 2022). These cells have 

been reported to be a source of progenitor cells which can further transdifferentiate into 

myofibroblasts in response to injury and are potential mediators of organ fibrosis (Kramann et 

al., 2015). It will be important to further characterise and investigate α-SMA+ and vimentin+ 
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cells which may be activated stellate cells or pericytes driving peri- and intra-islet fibrosis 

environment by secreting profibrotic mediators and chemokines.  

This ISC model established within this thesis has further potential for dynamically studying 

the interplay between pro-fibrotic stellate cells, the associated CF fibrotic environment and β-

cell dysfunction. Co-culture systems could be set up and key changes in gene expression 

explored at the protein level.   

6.5 Further experiments to test the hypotheses generated   

Next steps to progress these studies could include: 

1.  Design of further AI pipelines and training classifiers to quantify additional changes 

within severely damaged CF tissue.  

2. Further spatial analyses on the remaining human post-mortem CF tissue using a 

NanoString bespoke panel consisting of β-cell identity and function genes. 

3. Spatial investigation and dynamic in vitro studies of the association between islet cell 

identity and function in CF pancreas to understand the mechanisms behind β-cell failure 

and α-cell dysfunction within CF and CFRD pancreata.  

4. Assessment of ISC secretome content using ISC cultures established from more donors 

with no known pancreatic pathologies.  

5. In vitro studies to assess potential for stellate cell transdifferentiation into adipocytes, 

then assess the impact of this adipogenic environment on β-cell lines.  

6. Investigation of islet microvascular cells and pericytes as a potential source of stellate 

cells. 

Our group is currently working on optimisation of a tissue imaging technique called 

MACSima, whereby tissue sections from donors with type 3c diabetes are being multiplex 

IF stained with specific protein markers associated with inflammation and fibrotic changes 

with the tissue as well as immune cells and endocrine phenotypic markers. Spatial 

relationships are being explored. 

6.6 Conclusion 

In conclusion, this thesis has enabled development and validation of novel approaches to 

study the patho-aetiology of CFRD including systematic approaches to semi-quantitative 
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tissue analysis and establishment of human in vitro models for dynamic functional studies 

of stellate cell collagen secretion / profibrotic signalling and the impact on β-cell gene 

expression in addition to (pro)insulin biosynthesis, processing and secretion. This work has 

provided a range of tools and approaches for further studies towards deeper understanding 

of underlying signalling pathways and ultimately development of novel therapeutic 

approaches with the aim of preventing progression to diabetes and the need for insulin 

therapy in people living with CF.  
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Chapter 7: Appendix 

 

Figure 7.1: Principal Component Analysis (PCA) plot showing the variation of samples (EndoC-βH1 

cells treated EndoC-βH1cells medium (Ctrl 1), control 1:1 dilution (Ctrl 2), ISC secretome of Days 

1, 3, 5 and 7 and Cytokine Mix (CM) along the PC1 (78.2%) and PC2 (11. 
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Figure 7.2: Library preparation traces for control and CF samples to undertake bulk RNA 

Sequencing. 

(A) Ten control samples B1-C2 and twenty CF samples (A) D2-H2 and (B) B1-H2. Ladder A1 in both 

(A) and (B).  
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Figure 7.3: Graphical summary of EndoC-βH1cells treated with ISC secretome of Day 1 illustrated 

the key biological themes in the IPA analysis using the most significant genes identified in the core 

analysis. 
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Figure 7.4: Graphical summary of EndoC-βH1 cells treated with ISC secretome of Day 3 illustrated the key biological themes in the IPA analysis using the most significant 

genes identified in the core analysis. 
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Figure 7.5: Graphical summary of EndoC-βH1 cells treated with ISC secretome of Day 5 illustrated the key biological themes in the IPA analysis using the most significant 

genes identified in the core analysis. 
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Figure 7.6: Graphical summary of EndoC-βH1 cells treated with ISC secretome of Day 7 illustrated the key biological themes in the IPA analysis using the most significant 

genes identified in the core analysis. 
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Figure 7.7: Graphical summary of EndoC-βH1 cells treated with Cytokine Mix (1 ng/ml IL-1β, 20 ng/ml TNF-α and 20 ng/ml INF-γ) illustrated the key 

biological themes in the IPA analysis using the most significant genes identified in the core analysis. 
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Figure 7.8: Differentially expressed genes of EndoC-βH1 cells treated with ISC secretome Day 1. 
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Figure 7.9: Differentially expressed genes of EndoC-βH1 cells treated with ISC secretome Day 3. 
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Figure 7.10: Differentially expressed genes of EndoC-βH1 cells treated with ISC secretome Day 5. 
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Figure 7.11: Differentially expressed genes of EndoC-βH1 cells treated with ISC secretome Day 7. 
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Figure 7.12: Differentially expressed genes of EndoC-βH1 cells treated with Cytokine Mix (1 ng/ml 

IL-1β, 20 ng/ml TNF-α and 20 ng/ml INF-γ).  
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