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Abstract 
 

As the first line of defence against noxious luminal contents, the oesophageal mucosa plays 

an important role in the pathogenesis of gastroesophageal reflux disease (GORD). We 

hypothesised that the heterogeneity of symptom perception between heartburn patients may 

be dependent on the interactions between neuronal and inflammatory cells in the oesophageal 

mucosa.  

Studies were conducted with endoscopic oesophageal biopsies from GORD patients (N=83) 

to characterise the phenotype of afferent mucosal nerve endings by assessing expression of 

ion channels TRPV1, ASIC3, and TRPM8 involved in pain transduction.  Neuro-immune 

interactions in the oesophageal mucosa of heartburn patients and healthy individuals (N=14) 

was studied by assessing the expression of inflammatory cytokine receptors CXCR2, TNFR1, 

IL1R, IL6R, and RAMP1. Infiltration of immune cell populations was characterised among 

GORD groups. Mast cell co-expression of NGF was also studied. Cytokine release profiles 

were measured in supernatant from mucosal biopsies from ERD patients and healthy controls 

exposed to acid using a multiplex assay. RNA extracted from mucosal GORD biopsies and 

healthy controls were bulk-sequenced to assess the differences in the molecular gene 

signature between patients with heartburn and asymptomatic subjects, and among GORD 

phenotypes.  

TRPV1 was expressed only on mucosal superficial sensory afferent nerve endings of NERD 

patients, while ASIC3 was most frequently expressed on oesophageal epithelial cells in NERD 

and ERD patients. CXCR2 was localised on epithelial cells surrounding the papillae in all 

GORD phenotypes and healthy controls, but was also detected on deep sensory afferent 

nerves innervating papillae in FH patients. NGF expression was significantly higher in mast 

cells in patients with GORD compared to healthy controls, and these mast cells were detected 

in close proximity to sensory deep afferent nerves in patients with ERD. IL8 secretion was 

increased with acid exposure in both healthy control oesophageal mucosa and ERD, while 

NGF was released at higher levels with acid exposure from ERD oesophageal mucosa. RNA 

sequencing detected important differences in expression of genes with structural and 

regenerative roles between NERD, ERD and BO oesophageal mucosa and asymptomatic 

subjects.  

We demonstrated distinct sensory phenotypes in the oesophageal mucosa of patients with 

ERD, NERD, BO, FH, and healthy controls. These phenotypes include differences in mucosal 

afferent innervation, immune cell profiles, cytokine release when challenged with acid, and 

gene expression signatures. Collectively, these findings may contribute to heartburn 
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pathogenesis in the oesophageal epithelium of GORD patients. Improved understanding of 

mucosal targets identified in this study, including TRPV1, ASIC3, and NGF, in functional 

studies will enable development of targeted topical treatments to alleviate heartburn 

symptoms.  
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1 Introduction  
 

Gastroesophageal reflux disease (GORD) is a condition that develops following reflux of 

gastric contents into the oesophagus leading to troublesome symptoms and/or complications 

[1]. In most GORD patients, it presents as troublesome heartburn and regurgitation which 

worsen after eating or lying down [2]. It has global impact on health and quality of life, affecting 

20% of Western populations [3]. Most patients respond well to the standard therapy of proton 

pump inhibitors (PPIs) which are prodrugs that suppress gastric acid secretion by inhibiting 

H+/K+-ATPase on parietal cells [4]. However, attention is now being directed to the 30-40% of 

GORD patients who do not respond adequately to acid suppressant therapy [5]. Heartburn is 

the most common and important symptom of GORD, but remains a challenge to treat due to 

our incomplete knowledge of oesophageal pain sensing mechanisms [1]. Moreover, 

prevalence of the disease appears to be increasing, not only in the conventionally affected 

Western populations, but also in Eastern parts of the world including Asia [6]. The economic 

burden of GORD is significant, with annual healthcare expenditure for oesophageal diseases 

totalling $18 billion, and GORD being among the top three outpatient diagnostics in the Unites 

States [7]. Thus, GORD presents a significant burden to healthcare economy, has a negative 

effect on health-related quality of life, and a sub-set of patients with chronic GORD develop 

Barrett’s oesophagus and oesophageal adenocarcinoma [8]. Thus, GORD is a growing global 

problem that leads to significant impairment of quality of life, making it essential to understand 

the cellular mechanisms underlying symptom generation.  
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1.1 Pathophysiology of GORD 

1.1.1 The Anti-Reflux Barrier  

 

The high prevalence of GORD can be explained by the proximity of the acid and pepsin 

secreting mucosa of the stomach to the squamous mucosa of the oesophagus at and above 

the gastroesophageal junction (GOJ). While the columnar mucosa of the stomach is designed 

to withstand low pH and the high proteolytic activity of gastric acid and pepsin, the stratified 

squamous mucosa of the oesophagus is readily digested and damaged when exposed to this 

chemical environment [9]. Under normal physiology, excessive reflux exposure is prevented 

by the anti-reflux barrier which is a complex anatomical structure made up of several 

components at the GOJ including the lower oesophageal sphincter (LOS), extrinsic crural 

diaphragm, and the gastro-intestinal flap valve (Figure 1).  

The GOJ is designed to facilitate the flow of acid secreted from the proximal gastric mucosa 

into the stomach, and not up to the distal oesophageal mucosa [10]. This function is served in 

large by the LOS which acts as a one-way valve during swallowing to allow the passage of 

bolus from the oesophagus to the stomach, while simultaneously exerting pressure to prevent 

retrograde flow towards the oesophagus [11]. The resting tone of the LOS varies between 10-

30 mmHg among healthy individuals, relative to intragastric pressure, providing a barrier to 

offset the pressure gradient across the GOJ. This pressure is modified by myogenic and 

Figure 1 Anatomy of the gastroesophageal junction (GOJ) [10] 

Diagram demonstrating the structure of the GOJ, where the lower oesophageal sphincter 

prevents retrograde flow of bolus from the stomach into the oesophagus.  
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neurogenic factors which are affected by many factors including food, medication, peptides, 

hormones, intra-abdominal pressure, and gastric distention. Thus, the LOS prevents ingested 

material refluxing into the oesophagus during fluctuations of the GOJ pressure gradient [12]. 

When these protective mechanisms are compromised, the deleterious effects are additive.  

The physiology of the anti-reflux barrier occurring at the GOJ is complex, and can be involved 

in inducing reflux when associated with factors such as increased intra-abdominal pressure 

[11]. Studies suggest that transient lower oesophageal sphincter relaxations (TLOSRs) are 

the most common mechanism by which reflux occurs during periods of normal LOS pressure 

(>10 mmHg) [2], [13]. During a TLOSR both the intrinsic and extrinsic oesophageal sphincter 

relaxes and longitudinal smooth muscle contracts, causing the GOJ to move proximally into 

the thorax by 2-8cm [14]. This stimulates the intraganglionic lamellar endings (IGLEs) of vagal 

afferents which project to the nucleus  tractus solitarii in the brainstem, and subsequently the 

vagal dorsal motor nuclei [15]. Neurons of the dorsal motor nucleus then project to inhibitory 

neurons in the myenteric plexus of the distal oesophagus which induces a motor response to 

cause tension-mediated relaxation of the LOS and crural diaphragmatic inhibition, and costal 

diaphragmatic contraction [2], [13]. 

While most patients with a normal GOJ experience reflux almost exclusively via TLOSRs, 

patients who present with hiatus hernia can experience swallow-induced reflux, as well as 

during periods of LOS hypotension [15]. Many patients with severe reflux disease show 

evidence of having a hiatus hernia which is where the GOJ is displaced proximally, moving 

the intrinsic LOS proximally to the hiatus formed by the crural diaphragm [16]. Thus, a portion 

of the proximal stomach lies in the chest above the diaphragm, forming a sac (Figure 2) [17]. 

Hiatus herniation has been shown to induce reflux through various mechanisms including 

trapping of acid within the hernia sac. Ambulatory pH studies which recorded pH in different 

regions of the gastrointestinal tract using pH sensors 1 cm apart found that the pH in the region 

just below the GOJ remains highly acidic post prandially, and does not undergo buffering like 

the rest of the stomach [19], [20]. This post-prandial gastric juice layer of unbuffered acid is 

known as the acid pocket. Importantly, in patients with hiatus hernia the acid pocket provides 

a large reservoir of unbuffered acid which becomes available to reflux when the LOS fails [21]. 

However, acid pockets are not the only mechanism through which hiatus hernia promotes acid 

reflux. Other mechanisms include impaired oesophageal clearance, re-refluxing following a 

peristaltic wave, and decreased sphincter pressure [22], [23]. 
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1.1.2 The Gastric Refluxate and gastro-oesophageal mucosa 

 

The mucosal glands of the gastric body contain parietal cells which secrete gastric acid for the 

breakdown of proteins in the stomach, solubilisation of food components, and promotion of 

nutrient absorption [24]. Parietal cells contain the hydrogen (H+)/potassium (K+)-ATPase (more 

commonly known as proton pump), which transports H+ out of the cell and K+ from the gastric 

lumen into the cell.  The chloride (Cl-) component of hydrochloric acid (HCl) is secreted 

separately by Cl channels in the stomach [25]. Gastric juice is a noxious blend of HCl, bile, 

and digestive enzymes that collectively create an acidic environment in the stomach that 

induces the conversion of proenzyme pepsinogen to pepsin [26]. Pepsin is an endopeptidase 

which breaks down proteins into smaller peptides that can later be processed and absorbed 

Figure 2: The gastroesophageal junction, without and with hiatus hernia (right)  

In patients with hiatus hernia, the GOJ is displaced proximally. This moves the intrinsic LOS 

several cm proximally to the hiatus formed. The proximal stomach lies above the diaphragm, 

which compromises the function of the crural diaphragm due to its axial displacement [16] 
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in the small intestine [27]. The physiological functions of gastric acid also extend to protection 

of the gastrointestinal tract (GIT) by reducing bacterial colonisation of the stomach and 

duodenum as many pathogens are inactivated or killed at an intragastric pH of 1-2 [28]. 

Not only is the gastric mucosa lined by columnar epithelium, but also contains mucous neck 

cells which secrete mucus that line the gastric and duodenal epithelium [29]. The mucus layer 

serves as both a lubricant and a protectant against mechanical and chemical injury from 

gastric acid [30]. Mucus is composed of glycoproteins which have high molecular weight giving 

it viscoelastic properties, which prevent the penetration of pepsin into the underlying 

epithelium [31]. Despite the squamous oesophageal epithelium being considered to be non-

mucus secreting, the expression of mucin (MUC) genes was detected in the submucosal 

glands and squamous epithelium of the normal oesophagus with in situ hybridization and 

northern blot [32].  MUC gene expression also correlated with oesophageal cell differentiation, 

with MUC5AC, the most enzymatically protective mucin in the intestine, and MUC6 expression 

being associated with gastric differentiation as a protective mechanism against acid in the 

form of Barrett’s oesophagus [32]. Thus, MUC genes could be considered a phenotypic 

marker of oesophageal cell differentiation, even in the absence of a mucus layer in the 

oesophagus [32], [33].  

The presence of surface bicarbonate ions (HCO3
-) in the stomach and duodenum acts as 

another pre-epithelial defence mechanism [33]. While mucus blocks pepsin diffusion into the 

epithelium, it is not an effective barrier to H+. However, HCO3
- residing in the water layer of 

the lumen neutralizes H+ as it penetrates the mucous layer before reaching the epithelium 

[34]. The capacity of HCO3
- to act as an alkaline sink has been demonstrated in animals and 

humans [35], [36]. These studies passed pH-sensitive electrodes from the lumen to the 

epithelium and showed a luminal pH of 2, while the pH at the epithelial surface ranged from 

5-7. In contrast, the pH measured 2 both at the oesophageal lumen and the oesophageal 

epithelial surface [36]. The lack of HCO3
- at the oesophagus is due to the inability of the 

unspecialised cells of the stratified squamous epithelium to secrete HCO3
- [37]. Moreover, the 

absence of a mucus layer in the human oesophagus leaves it vulnerable to the injurious threat 

posed by gastric acid, loading a major burden on the epithelial layer to mount a defence 

mechanism against gastric refluxate [37]. 

The stratified squamous epithelial lining of the oesophagus, as seen in Figure 3, provides a 

tight protective barrier separating luminal contents (including food and gastric reflux) from 

having close contact with neurons and other cells (e.g. secretory glands). Oesophageal 

epithelial apical cell membranes have junctional complexes which are composed of tight 

junctions, adherens junctions, and desmosomes which act as a barrier to the movement of 
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ions [38]. However, unlike the acid and pepsin-secreting columnar mucosa of the stomach 

which are designed to withstand very low pH and high proteolytic activity, unspecialised cells 

of the oesophageal mucosa can be damaged when exposed to chemical stimuli [8]. The threat 

imposed by a high luminal acid concentration is normally met by mucosal defence 

mechanisms such as local homeostatic repair initiated by acid-sensing cells including 

epithelial cells and acid-sensitive neurons. Acid-related diseases including GORD may ensue 

when these defence systems are defective or suboptimal [39]. Importantly, normal 

concentrations of gastric juice components are sufficient to cause mucosal injury when 

oesophageal exposure is increased [17].  

Figure 3 Histology of the oesophageal mucosa and submucosa 

Figure taken from the Histology Guide, highlighting the mucosa and submucosa of the normal 

oesophagus [40] Scale bar represents 500μm. 

 

The cells in the most luminal part of the oesophageal epithelium are the oldest in the epithelial 

layer and are at varying stages of degeneration. This layer may thus provide some mechanical 

protection, but gives little protection against H+ [33]. Besides acid, other noxious components 

of gastric juice, such as pepsin, can also damage the oesophagus and induce symptoms [40]. 

Bile acids can disrupt cell function by damaging membrane structure, which in turn alters the 

integrity of the mucosal barrier [42]. However, while pepsin and bile are important noxious 

factors which cause mucosal damage, it is difficult to target these components, and treatment 

remains limited predominantly to acid suppression therapy in the form of PPIs [17]. 
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Several studies have highlighted the loss of mucosal barrier function in patients with GORD 

as a potential peripheral mechanism underlying oesophageal hypersensitivity to reflux (see 

section 1.4 Peripheral pathways of pain sensation in the oesophagus). Impairment of 

oesophageal mucosal integrity can even be seen in macroscopically normal tissue, apparent 

in the histologic finding of so-called dilated intercellular spaces (DIS): a widely accepted 

morphologic model of GORD pathophysiology. This model describes the increased space 

between neighbouring epithelial cells in the oesophageal mucosa which has been suggested 

to result in a more ‘leaky’ epithelium facilitating the easy passage of noxious refluxate [42]. 

The constituents of the refluxate including H+ are therefore proposed to be able to reach nerve 

endings in the deeper oesophageal mucosa and submucosa and stimulate acid-sensitive 

receptors more easily, as demonstrated in Figure 4 [17].  

DIS has been suggested to be initially caused by an increase in permeability to Cl- which is 

closely followed by water which osmotically flows through the epithelium, filling intercellular 

spaces and causing dilation [43]. This ultrastructural change is sometimes also accompanied 

by functional changes in the epithelium. In vitro Ussing chamber studies in our group have 

previously shown a decrease in transepithelial electrical resistance (TER) in human 

oesophageal biopsies upon exposure to acid solutions, suggesting that patients with heartburn 

in the absence of mucosal damage have mucosal vulnerability to acid [45]. Continuous 

measurement of TER as a functional marker of mucosal integrity gives a dynamic 

measurement of changes in integrity in response to acid exposure over time, unlike DIS which 

is a static, all-or-nothing measurement [44]. Although PPI treatment has been reported to 

Figure 4: Impaired oesophageal mucosal integrity in GORD [39] 

This schematic representation of the oesophageal mucosa shows defects in the intercellular 

junctional complex between epithelial cells at the lumen of the stratified squamous 

epithelium. This allows passage of gastric acid into the intercellular space, causing dilation 

and subsequent DIS. Within this space, acid encounters nerve fibres which become activated 

and transmit signals to the brain via the spinal cord, inducing heartburn.  
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improve DIS, its occurrence in both health, and non-reflux disorders like eosinophilic 

oesophagitis alludes to the possibility of DIS being a non-specific response to epithelial injury, 

rather than a mechanism of reflux symptom generation [45], [46].  

In line with the association between increased epithelial permeability and GORD 

pathophysiology, animal studies have described the dysregulation of claudin-dominated tight 

junction and e-cadherin-dominated adherens junctions [47], [48]. A study investigating the 

molecular mechanisms for the acid-induced increase in paracellular permeability found an 

association between increased fluorescein flux and reduced TER with the cleavage of the 

adherens junction protein e-cadherin [49]. Western blot analysis revealed the presence of the 

C-terminal fragment of e-cadherin, and immunostaining highlighted A disintegrin And 

Metalloproteinase (ADAM-10) as the metalloproteinase responsible for the cleavage [49]. 

Moreover, a rat model of erosive reflux disease identified interleukin-6 as the mediator for 

defective desmosomes and hence cell-cell contacts [48]. Thus, the molecular mechanisms 

underlying defects in barrier function involve changes in the structure and function of adhesion 

molecules at the oesophageal epithelial surface.  

The integrity of the oesophageal epithelial barrier has paramount importance in protection 

against gastric reflux-induced symptoms. When gastric juice enters the oesophagus, several 

protective factors help to clear the refluxate to protect the mucosa. It is the breakdown of these 

factors that promotes the onset of reflux disease. However, heartburn symptoms can also 

occur in individuals with a normal reflux burden, possibly when there is poor epithelial 

resistance and increased visceral sensitivity [17]. Recent studies suggest that oesophageal 

hypersensitivity contributes to symptom perception in patients with physiological levels of acid. 

Taken together, the pathogenesis of reflux disease is undoubtedly very complex, and 

determined by interactions among multiple aggressive and defensive factors. A deeper 

characterisation of the sensory mechanisms which determine the relationship between reflux 

exposure and symptom generation is fundamental to an improved understanding of GORD 

pathophysiology.   
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1.2 Diagnostic evaluation of GORD                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

 

While the relationship between reflux episodes and symptom generation is incompletely 

understood and varies, there are clinical tests in place to aid the diagnostic evaluation of 

patients presenting with heartburn. GORD can be divided into several phenotypes based upon 

the severity of oesophageal mucosal damage, the severity of oesophageal acid exposure, and 

the association of reflux events with symptom manifestation (Figure 5) [51]. Accurate 

phenotyping can be done by endoscopy, and by ambulatory reflux monitoring. Endoscopy 

distinguishes erosive reflux disease (ERD) and Barrett’s oesophagus (BO), while 96-hour pH 

impedance monitoring enables objective assessment of gastro-oesophageal reflux (usually 

only required in patients with normal endoscopic appearances). The severity of reflux 

assessed with a 96-hour pH measurement often correlates with the severity of mucosal 

damage, as patients with oesophagitis usually have higher total oesophageal acid exposure 

than patients without macroscopic lesions [52]. However, there is important variability within 

this, as patients with similar levels of acid exposure can sometimes exhibit very different 

macroscopic appearances.  

In patients with macroscopic damage and inflammation (ERD), the cause of symptoms is 

relatively easy to understand. However, in 70% of GORD patients, the macroscopic 

appearance of the oesophagus is normal, with no obvious erosion (non-erosive reflux disease, 

NERD) [53]. Importantly, NERD can only be diagnosed when there are no abnormalities at 

endoscopy, and when the 96-hour pH monitoring provides objective evidence for pathological 

acid exposure being responsible for patients’ symptoms [51]. Studies have also identified 

patients with oesophageal acid exposure within physiological limits, but with a clear 

association between reflux events and heartburn perception [54], [55]. These patients are also 

considered to have GORD, and are categorised as having a hypersensitive oesophagus 

according to Rome IV criteria [53]. Moreover, some patients experience a lot of heartburn that 

does not appear to be associated with gastro-oesophageal reflux and are classified as 

functional heartburn (FH). Conversely, patients with Barrett’s oesophagus often do not present 

with heartburn despite having had years of high acid reflux levels, suggesting oesophageal 

hyposensitivity (Figure 5).  

1.2.1 Oesophageal Sensitivity of GORD 

Differences in oesophageal sensitivity significantly affect symptom presentation during reflux 

episodes [54]. Increased sensitivity to gastrointestinal reflux has been implied in NERD 

patients who are refractory to acid suppression therapy. Bernstein acid perfusion studies 

demonstrated a heightened sensitivity to oesophageal acid perfusion in patients with NERD 
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and ERD compared to healthy controls [56], [57]. NERD patients are suggested to be more 

sensitive than their erosive counterparts, showing hypersensitivity to saline infusion in some 

cases [58], [59].  

In contrast to this hypersensitive NERD group, patients with Barrett’s have been suggested to 

be much less sensitive to oesophageal acid perfusion, reporting relatively mild reflux 

symptoms or being fully asymptomatic [51]. Acid perfusion tests in BO patients showed 

patients to be less sensitive to the perfused acid solution compared to other GORD 

phenotypes [60]. However, these findings are not universal. BO patients were reported to be 

Figure 5: Subgroups of GORD based on the severity of the oesophageal mucosal 

damage, the severity of the oesophageal acid exposure, and the relation between reflux 

events and symptoms  

Patients with macroscopic damage and inflammation at endoscopy are diagnosed as erosive 

oesophagitis or erosive reflux disease (ERD). In 70% GORD patients, the endoscopy is 

negative, with no obvious erosion but pathological acid exposure; these patients are classified 

as non-erosive reflux disease (NERD). A proportion of patients experience painful perception 

to a normal level of reflux (hypersensitive oesophagus). Some patients have high levels of 

heartburn but no association with acid reflux (functional heartburn, FH). Patients with Barrett’s 

oesophagus (BO) sometimes do not present with heartburn despite having the highest acid 

exposure.  
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hyposensitive to mechanical, thermal, and electrical pain stimuli in a study which recorded the 

stimulation intensity and evoked brain potentials from both the normal and metaplastic part of 

the BO [61]. Another study by the same group detected hyposensitivity in BO patients to 

mechanical, thermal and electrical stimulation, but hypersensitivity to acid stimuli in these 

same patients [62]. This finding of acid hypersensitivity correlates with the finding of decreased 

mucosal baseline impedance in BO compared to healthy controls, but also sheds light to the 

apparent existence of symptomatic and asymptomatic subgroups within BO [62].  The analysis 

of the association between noxious gastric acid with GORD lesions suggest that the presence 

and severity of ERD is dependent predominantly on acid reflux, while there is a suggestion 

that both bile and acid exposure influence development of BO [63], [64]. Moreover, the 

mechanism underlying hyposensitivity to acid exposure in BO remains unclear. The multi-

layered epithelium, comprised of both squamous and columnar cells and thus thickened 

mucosa, may partially explain the reduced symptom severity seen in BO patients [65]. Figure 

6 summarises the current general understanding of oesophageal sensitivity among GORD 

phenotypes [51]. These observations support the role of oesophageal sensitivity in 

determining GORD symptoms and suggest that the mechanism of reflux among phenotypes 

may represent different ends of a spectrum rather than distinct pathophysiological 

mechanisms [10], [55].  

  

Figure 6: A representation of the association of oesophageal sensitivity with 
different GORD phenotypes.  

A spectrum of oesophageal sensitivity among GORD phenotypes, with reflux 

hypersensitivity patients on one end of the spectrum having heightened sensitivity to normal 

levels of acid exposure, and hyposensitivity in BO with much higher exposure to noxious 

gastric content at the other end. (Figure adapted from [22])   

Reflux 

Hypersensitivity 
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1.3 Central pathways of pain sensation in the oesophagus  

 

Oesophageal sensation is regulated by the strength of sensory receptor activation in the GIT, 

and the processing in the central nervous system (CNS) which often leads to the amplification 

or suppression of the afferent signal that gets transmitted to the cortical regions causing 

perception [66].   Peripheral and central mechanisms both play a role in the pathogenesis of 

oesophageal hypersensitivity by increasing signal transmission following stimuli [66].  Central 

mechanisms are signals that alter the sensitivity of dorsal horn neurons in the spinal cord and 

high centres which process incoming (afferent) signals from the oesophagus [17]. These 

central processes can involve the amplification of the incoming signal, as well as a lack of 

inhibition by descending pathways. Factors such as stress and anxiety affect these central 

mechanisms and control the downstream regulation of the signal [54]. Most GORD patients 

report that increased stress aggravates their symptoms [67]. A study which assessed 

emotional and perceptual responses to intraoesophageal acid during auditory stress stimuli in 

ERD and NERD patients demonstrated how acute auditory stress can augment heartburn 

symptoms in GORD patients [68]. The study found a significant reduction in the lag time to 

initial symptom perception, increased intensity, and increased sensitivity during the stress 

period in both patient groups compared to healthy controls, which was associated with higher 

emotional responses to the stress stimulus [68]. More recent studies have suggested that 

oesophageal hypervigilance, a psychological process that results in the increased awareness 

and amplification of oesophageal symptoms and sensations, is positively associated with 

increased symptom severity, irrespective of acid burden [69], [70]. A retrospective study on a 

cohort of patients with reflux symptoms who underwent 96-hour pH monitoring and were 

stratified into groups based on positive acid exposure time demonstrated that hypervigilance 

significantly predicted symptom severity [69]. This suggests that hypervigilance results in a 

systemic stress response via activation of the sympathetic nervous system, and thus 

represents an independent factor contributing to the onset and maintenance of oesophageal 

symptom perception [71].  

Psychosocial comorbidities have also been found to determine the severity of symptoms. 

Sleep deprivation was shown to be hyperalgesic in a study which measured sensitivity to acid 

perfusion after sleep deprivation compared with a good night’s sleep. Healthy control subjects 

showed no differences in stimulus response between good sleep and sleep deprivation, 

whereas GORD patients showed a significant rise in the intensity rating and acid perfusion 

sensitivity score in the symptom report [72]. In a prospective study which assessed anxiety 

and depression levels in patients with FH and hypersensitivity, increased levels of anxiety 

were associated with more severe heartburn and reduced quality of life [73]. The impact of 
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sleep deprivation, anxiety, and depression on increasing sensitization in the oesophagus can 

be said to reflect the decreased activity of anti-nociceptive pathways which normally prevent 

afferent painful stimuli from reaching the GIT [66], [74].  

While the GIT possesses intrinsic neural plexuses that allow a degree of autonomy over 

gastrointestinal (GI) functions including digestion and nutrient absorption, the CNS provides 

extrinsic neural outputs which control and modify these functions [76]. The sympathetic 

nervous system primarily exerts an inhibitory effect on gastrointestinal muscle and regulates 

blood flow via splanchnic efferents [66]. In contrast, the parasympathetic nervous system 

exerts both excitatory and inhibitory control over GI motility, implying a more complex influence 

over GI functions [76]. The vagus nerve is a major component of the parasympathetic nervous 

system and facilitates brain and GIT communication [77]. In humans, a high percentage of the 

LOS tone is due to cholinergic vagal efferent innervation [78]. In a study which retrogradely 

labelled sensory cell bodies by fast blue injection into striated and smooth muscle of the cat 

oesophagus and LOS, more vagal afferent fibres were labelled than spinal afferents [79]. 

Moreover, proximal stomach distension during LOS relaxation is known to stimulate IGLEs 

which project to the dorsal motor nuclei of the vagus, suggesting that the swallow induced 

relaxation of the LOS is modulated by the dorsal motor nucleus of the vagus nerve [80]. 

Sensory information from the oesophagus is conveyed from the GIT to the CNS via two 

important and distinct afferent pathways [81]. Action potentials generated by noxious stimuli 

in the oesophageal mucosa are transmitted to the CNS via either vagal or spinal afferent 

nerves (Figure 7) [82]. Cell bodies of the vagal afferent neurons reside in jugular or nodose 

ganglia and vagal afferent fibres innervate all layers of the oesophageal wall except the distal 

oesophagus [83]. Vagal nerve density is highest in the upper cervical region of the 

oesophagus and decreases in distal regions in rats [84]. Vagal afferents connect to central 

pathways through their axons which project to the solitary tract nucleus in the brainstem [82].   

In contrast, cell bodies of spinal afferents are in the cervical and thoracic dorsal root ganglia, 

with central endings in the spinal dorsal horn [83].  Spinal afferent innervation extends from 

the cervical to the spinal cord’s upper lumbar segment through thoracic spinal nerves and 

splanchnic nerves [85]. Their nerve endings reach the lamina propria and the epithelial layer 

of the oesophagus. Calcitonin gene-related protein (CGRP) stains for both spinal afferent and 

vagal afferent nerves in the oesophagus, revealing a fine network of nerve fibres in the mucosa 

[86], [87].  

Acid has been shown to be a potent stimulator of primary afferent neurons [88]. There are two 

types of proton-gated inward currents in DRG neurons. The first is a fast, rapidly inactivating 

current carried by Na+ which is highly sensitive to protons seen in most DRG neurons where 

the threshold activation can occur at pH7 [89]The second is a slow, non-desensitising current 
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carried by Na+, Ca2+, and K+ which is less sensitive to H+ and activated only at pH levels below 

6.2 [90], [91]. While the fast and highly proton-sensitive current resembles that carried by acid-

sensing ion channels (ASICs), the second and slower current resembles the acid-evoked 

current carried by the transient receptor potential channel of vanilloid type 1 (TRPV1), and is 

only seen in neurons activated by capsaicin [92], [93]. Acid-induced activation of sensory 

neurons in the GIT evokes two systemic responses: the local release of neuropeptides such 

as CGRP from the peripheral axons in the tissue, and pain sensation [94]. 

 

The process whereby primary afferent nerve fibres of the somatosensory system detect 

noxious stimuli is called ‘nociception’ [95]. Noxious stimuli including chemical (acid-induced 

heartburn), mechanical (balloon distention), and thermal (cold and hot fluid-induced chest 

pain) stimulation of the oesophageal mucosa activate nociceptive (pain-sensing) receptors on 

peripheral nerve endings to generate action potentials (AP) [96]. Sensitisation of these 

oesophageal afferent fibres is thought to occur following acid-induced inflammation as 

Figure 7: The two major afferent sensory pathways (vagal and spinal) from the 

oesophagus to the brain.  

In the vagal pathway, noxious information gets transmitted to the nucleus tractus solitarius 

through the nodose ganglia. In the spinal nerve pathway, the AP is transmitted to the dorsal 

horn of the spinal cord via the DRG, and then gets transmitted to the thalamus of the brain [81].   
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nocifensive mechanisms to prevent tissue damage leads to visceral hypersensitivity [97], [98]. 

However, symptom severity does not always correlate with the degree of macroscopic 

inflammation, so the management of reflux pain with acid suppression is not always sufficient 

[81].  

Repetitive generation of APs within the oesophageal mucosa also activates intracellular 

signalling mechanisms in neurons of the spinal dorsal horn as seen in Figure 8, leading to 

central sensitisation. This results in an amplified response to noxious stimuli, and subsequent 

hyperalgesia [99]. The presynaptic release of neurotransmitters such as substance-P (SP), 

glutamate and brain-derived neurotrophic factor (BDNF) triggers intracellular calcium 

signalling upon binding their respective receptors [100]. There is an increased level of 

intracellular calcium and subsequent calcium-dependent activation of protein kinases A and 

C. Activated protein kinases then phosphorylate N-methyl-D-aspartate (NMDA) receptors 

which induces a change in receptor kinetics, decreasing the voltage-dependence of the 

magnesium block. As a result, the responsiveness to glutamate is increased [101].  

 

In addition to the intracellular effects, central sensitisation also activates adjacent spinal 

neurons through previously silent nociceptors, leading to hypersensitivity in somatic and 

Figure 8: Molecular mechanisms of central sensitisation [63] 

Incoming APs induce the release of neurotransmitters (BDNF, SP, 5-HT, PG) and 

neuromodulators which act via G-protein-coupled receptors and ligand-gated ion channels.  

Subsequent intracellular increase of calcium and activation of protein kinases A and C causes 

phosphorylation of NMDA receptors which reduces the voltage-dependence of the 

magnesium block. This induces a response to glutamate and eventual central sensitisation in 

the neuron and those adjacent to it (secondary hyperalgesia).  
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visceral areas [65]. This mechanism is known as secondary hyperalgesia. Studies 

investigating the association between responses of vagal afferents innervating the 

oesophagus and brainstem neurons after acute infusion of acid and pepsin in cat oesophagus 

have shown central sensitisation following noxious stimulation [102], [103]. Infusion of acid 

and pepsin into the cat oesophagus significantly increased AP firing rate indicating that 

brainstem neurons, recorded extracellularly by making an incision into the cisterna magna to 

expose the caudal brainstem, undergo central sensitisation [103]. Furthermore, the role of 

NMDA receptors in central sensitisation was confirmed in another cat model which showed 

the upregulation of the NR1 subunit of the NMDA receptor in the thoracic DRG and nodose 

ganglia as a result of long-term acid infusion into the oesophagus [104]. Patients with 

heartburn symptoms report longer periods of visceral pain hypersensitivity compared to 

healthy volunteers upon acid infusion into the oesophagus suggesting the contribution of 

central sensitisation to enhance sensory transfer in visceral pain disorders [105]. For example, 

the prostaglandin E2 receptor-1 (PGE2) antagonist ZD6416 attenuates secondary 

hyperalgesia in a randomized, placebo-controlled crossover study suggesting that 

prostaglandin E2 contributes to visceral hypersensitivity [106]. PGE2 levels increase following 

inflammation in both the inflamed tissue and the spinal cord, where it facilitates 

neurotransmitter release from the central terminals of nociceptors [107]. Moreover, PGE2 can 

increase neuronal excitability by inducing depolarisation of the membrane of dorsal horn 

neurons through the activation of a nonselective cation channel, as seen in Figure 8 [108]. 

Another randomized, placebo-controlled study investigated the role of NMDA in the 

modulation of visceral hypersensitivity. The NMDA receptor, located within dorsal horn 

neurons in the spinal cord, prevented and reversed the induction of oesophageal 

hypersensitivity by acid when blocked by its antagonist ketamine [109]. These findings 

collectively reinforce the role of central sensitisation as a mechanism of visceral pain 

hypersensitivity following noxious stimulation in the oesophageal mucosa [65]. 
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1.4 Peripheral pathways of pain sensation in the oesophagus  

 

Several hypotheses have been proposed to explain the mechanism of visceral hypersensitivity 

in the oesophagus [99]. Peripheral sensitisation of afferent nerves in the GIT also plays a key 

role in the pathogenesis of pain sensation [66]. To understand the underlying molecular 

peripheral sensitisation pathways, it is important to first describe the functional anatomy of the 

afferent peripheral innervation. 

The GIT is unique compared to other peripheral organs in having its own intrinsic nervous 

system named the enteric nervous system (ENS) [110]. The GIT is innervated by both intrinsic 

enteric neurons located within the GIT wall, and extrinsic afferent and efferent neurons. 

Although the ENS can control GI functions such as motility, local blood flow and transmucosal 

movement of fluids separately from the CNS, it is not completely autonomous as there is 

bidirectional flow between the two nervous systems [111]. The ENS is composed of 

aggregations of nerve cells, two major layers of ganglia named the myenteric and submucosal 

plexuses, and neural connections between these ganglia [112]. The myenteric plexus resides 

between the circular and longitudinal muscle layers of the GIT, where it regulates the 

contraction and relaxation of these muscle layers [109]. In the oesophageal body, motility is 

controlled and modulated by both the ENS and CNS together. However, damaged vagal nerve 

endings in the proximal oesophagus prevented food propulsion, suggesting that the CNS 

provides the primary control of proximal oesophageal motility [114].  

The extrinsic afferent innervation of the oesophagus is predominantly via vagal afferent nerve 

endings known as IGLEs. A study in the guinea-pig oesophagus investigated whether IGLEs 

are chemically activated by neurotransmitters or via mechano-gated ion channels. In this 

study, extracellular recordings were performed from mechanically sensitive vagal afferent 

branches, and demonstrated that chemical transmission is not involved [115]. Thus, IGLEs 

directly respond to mechanical stimuli via low intensity stretch-activated ion channels, and are 

distributed homogenously along the length of the oesophagus in animal models [14]. Other 

types of vagal afferent endings include intramuscular arrays (IMAs) which are specialised 

terminal structures with parent axon branches innervating circular and longitudinal muscle 

layers [116]. In smooth muscle layers, IMA endings create a distinct pattern of parallel 

elements known as the interstitial cells of Cajal (ICCs) which mediate the communication 

between the autonomic nervous system and smooth muscle [117].  

Vagal afferent nerves innervate the whole GIT except the distal colon [66]. Sensory 

information from the distal colon is transmitted to the spinal cord through the lumbar splanchnic 

nerves (LSN) and sacral pelvic nerves (SPN) as demonstrated in retrogradely labelled colonic 
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sensory rat neurons which functionally express 5-HT3 receptors on their peripheral ends [119]. 

The response of these mechanosensitive afferent nerves from the LSN and SPN to 

mechanical stimuli in the form of probing, circular stretch, and mucosal stretching was 

electrically recorded using an in vitro preparation from a mouse colon. This identified five 

classes of afferent nerves, each of which responded to different mechanical stimuli. The five 

categories of sensory afferent fibres were defined by the location of their mechanoreceptive 

field: mucosal, muscular (tension receptor), muscular-mucosal, serosal, and mesenteric 

afferents [120]. Thus, the mechanosensory properties of afferent neurons are diverse, and 

comparable to those which innervate the skin [121]. In the oesophagus, afferent fibres which 

terminate in the muscle layers respond to intraluminal distention and are thus known as 

tension-sensitive afferent fibres. They are mostly unmyelinated C-fibres or thinly myelinated 

Aδ-fibres carried in both the vagus and the spinal nerves [122].  

Spinal afferent fibres are equally important in pain perception because spinal nociceptors have 

a wide dynamic range which makes them capable of transmitting high intensity pain [111]. 

Two subtypes of afferent fibres have been described in cat oesophagus: 1. isolated bundles 

of fibres in myenteric connectives, and 2. fibres within the myenteric ganglia [123]. A study 

that selectively labelled spinal primary afferent fibres in the cat GOJ found labelled fibres in 

the squamous oesophageal epithelium, suggesting a local mechanosensory and nociceptive 

role via release of neurotransmitters such as SP and CGRP that act on myenteric neurons 

[124]. These tension-sensitive fibres have also shown sensitivity to chemical stimuli; 15-30% 

of muscle afferents in animal models displayed excitation to intraluminal acid perfusion [103], 

[125], [126]. While pepsin infusion alone did not change the resting firing of afferent fibres, 

there was increased firing in response to acute acid and pepsin exposure in the cat 

oesophagus [127]. An electrophysiological study in human visceral afferents demonstrated 

sensitivity of serosal afferents to key algesic mediators including bradykinin and Adenosine 

Triphosphate (ATP), while muscular afferents were largely insensitive to chemical stimuli 

[128]. In contrast, muscle afferents in mice were not excited by HCl, but responded to chemical 

mediators such as 5-HT and agents like capsaicin when applied to the mucosal surface [129]. 

Thus, spinal afferents are distributed evenly throughout the oesophagus, and consist mainly 

of Aδ fibres and unmyelinated C-fibres which are normally silent but may become activated 

by chemical and noxious stimuli [130].  

Studies investigating the peripheral nervous system have highlighted the molecular events 

underlying peripheral sensitisation of these afferent neurons (Figure 9) [66]. Excessive 

noxious stimulation and eventual tissue damage leads to the release of inflammatory 

mediators such as histamine, bradykinin, ATP, and prostaglandins which reduce the 

transduction threshold of nociceptors (Aδ fibres and unmyelinated C-fibres) and increase the 
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magnitude of response (Figure 9b) [131]. In vitro single-fibre recordings of propagated APs 

from cutaneous sensory nerve endings in the mouse skin revealed two classes of nociceptor 

activated by noxious stimuli [132]. Nociceptors can be subcategorised based on their receptor 

expression and cell content [133]. Analysis of sensory neurons in gene-targeted mice showed 

that 70-80% DRG neurons contain neuropeptides such as SP and/or CGRP and are hence 

named ‘peptidergic’. These peptide nerves are further defined by the expression of the nerve 

Figure 9: Molecular mechanisms of peripheral sensitisation [66] 

A) A common pathway to an AP generation in nociceptors when exposed to acid. Cations 

leak from ion channels, leading to a less negative membrane potential which activates 

sodium channels and subsequent axonal firing. B) 3 mechanisms of peripheral sensitisation 

upon exposure to noxious stimuli such as inflammatory mediators. 1: G-protein-coupled 

receptor releases cAMP upon activation by inflammatory mediator, subsequent 

phosphorylation of ion channels which reduces its transduction threshold. 2: Upregulation of 

ion channel expression in response to NGF, subsequent transport to the cell body and finally 

to the nerve terminals. 3: Neuroimmune interactions; SP release by nociceptor activates 

mast cells to release NGF, leading to a bidirectional cycle.  
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growth factor receptor trkA [134]. The second subpopulation of nerves express the 

phospholipid label isolectin-B4 (IB4), and are further defined by the expression of RET, the 

receptor for glial cell line-derived neurotrophic factor (GDNF) [134].   

Importantly, a more recently established route to hyperalgesia includes the activation of 

sodium channels NaV1.7-1.9 on nociceptors. This is when inflammatory mediators such as H+  

induce a leakage of cations, causing the resting potential at the peripheral nerve terminal to 

become less negative [135]. In Nav1.8-null mice, there was normal nociception in response to 

acute noxious stimulation by intracolonic saline stimulation, but blunted pain and no 

hyperalgesia in response to intracolonic capsaicin and mustard oil [136]. Taken together, 

these findings highlight an important role for sodium channels in inducing spontaneous activity 

in sensitised nociceptors (Figure 9a). The increased expression of receptors which play a role 

in the sensation of reflux could be another important peripheral mechanism underlying 

oesophageal hypersensitivity [17].  
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1.5 Ion channels in pain sensation 

 

Increasing evidence from molecular biology studies demonstrate the ability of primary afferent 

neurons expressing various membrane-bound receptors/channels capable of  responding to 

thermal, mechanical, and chemical stimuli [137]. Voltage-gated ion channels are one of the 

most studied class of cell surface proteins expressed on sensory neurons and have a key role 

in determining neuronal excitability and sensory transduction [138]. Studies which have 

investigated ion channels in nociception and hypersensitivity over the last 20 years have 

shown that changes in expression, biophysical properties, and distribution of ion channels 

underlies aberrant afferent activity in preclinical neuropathic models of pain [133], [139]. 

Ion channels are multimeric proteins which reside in the plasma membrane of excitable cells 

such as neurons and form a passageway from one side of the membrane to the other [140], 

[141]. As shown in Figure 9, some ion channels can directly induce transduction (TRP 

channels), while others (like NaV1.8) act indirectly. These ion channels are expressed 

throughout the GIT, and human biopsies from patients with functional GIT disorders such as 

irritable bowel syndrome (IBS) revealed altered expression of various types of ion channels 

including: 5-HT3 receptor, P2X receptors, transient receptor potential (TRP) channels, and 

acid-sensing ion channels (ASICs) [142].  

Briefly, 5-HT is a vital paracrine signalling molecule in the brain-gut axis, with the GIT storing 

over 80% of the total body 5-HT and its receptor.  While most serotonin receptors belong to 

the family of G protein-coupled receptors (GPCRs), the 5-HT3 receptor is the only ligand-gated 

ion channel. When serotonin binds the 5-HT3 receptor, its ion-conducting pore opens and 

enables cations to flow into the neuron leading to an excitatory response [143]. The 5-HT3 

receptor antagonist Alosetron significantly reduced pain perception induced by colonic 

distension in IBS patients, suggesting a pathogenic role of 5-HT3 in IBS [144]. P2X (P2X1-

P2X7) purinoreceptors are another type of ligand-gated cation channel that open when their 

ligand, extracellular ATP is bound [145]. In a rat model, chronic oesophageal acid exposure 

was found to increase P2X3 protein expression in the DRG [146], while in the inflamed human 

bowel, peripheral P2X receptor expression was increased in the subepithelial layer [147].  

In contrast, TRP channels are activated by the generation of a transient depolarisation in 

response to an influx of cations into the cell and are expressed by both vagal and spinal 

afferents throughout the GIT of animal models and humans [148]. In a chronic rat reflux model, 

TRPV1 expression was increased in response to acid exposure, and ulceration was reduced 

with TRVP1 antagonists [149]. Of further relevance to acid-related disorders are acid-sensing 

ion channels (ASIC1-3) which belong to the voltage-insensitive, amiloride-sensitive epithelial 
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Na+ channel family of cation channels [66]. The changes in transgenic animal responses to 

mucosal acid exposure [150], and the upregulation of ASICs with inflammation in the GIT 

suggest a nociceptive role of ASIC channels in the GIT [151]. As the most commonly studied 

ion channels in oesophageal hypersensitivity, TRP and ASIC channels will be the focus for 

the remainder of this section.   

1.5.1 Transient receptor potential (TRP) channels 

 

TRP channels are one of the most promising receptor superfamily of ion channel targets for 

visceral hypersensitivity. These nonselective cation channels are diverse, with varied 

physiological functions ranging from thermo-sensation to magnesium and iron transport [152]. 

In mammals, TRP channels are subclassified into 6 groups: TRP channel subfamily V 

(vanilloid; TRPV), TRP channel subfamily A (ankyrin; TRPA), TRP channel subfamily C 

(canonical; TRPC), TRP channel subfamily M (melastatin; TRPM), TRP channel polycystin 

subfamily (TRPP), and TRP channel mucolipin subfamily (TRPML) [153]. The latter two TRP 

channels were named after the diseases they are associated with; TRPP for polycystic kidney 

disease, and TRPML for mucolipidosis. The TRPM1, the first member of the TRPM subfamily 

to be found, was identified through comparative gene analyses of benign and malignant 

melanoma [154]. TRPA1, the only member of the TRPA channel subgroup was so named 

because of its high number of ankyrin repeats at the amino terminus of the protein. The TRPV 

group was identified as a result of expression cloning of TRPV1- the receptor for the vanilloid 

irritant capsaicin [155].  

There is little structural similarity among TRP channel subfamilies, as seen in Figure 10 [148]. 

Most TRP channels comprise of 6 putative transmembrane domains, and large intracellular 

amino and carboxyl termini at either end [156], [157]. It is these terminal domains which 

contain very different motifs (Figure 10).  Like other 6 transmembrane (TM) pore-forming 

channel proteins, functional TRP channels assemble to form cation-permeable pores [158]. 

Unsurprisingly, these channels have functional, as well as structural versatility. While most 

TRP family members are non-selective calcium channels, there are exceptions like TRPV5 

and TRPV6  which are Ca2+-selective, and TRPM4 and TRPM5 which are Na+ selective [153]. 

Most TRP channels are suggested to function downstream of GPCRs as shown in Figure 9b. 

Agonist binding to its membrane receptor that is distinct from the TRP channel activates 

phospholipase C, inducing downstream secondary messengers such as diacylglycerol which 

lead to TRP channel activation and eventual Ca2+ influx [159]. The most important candidate 
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TRP channel receptors involved in sensing reflux in the oesophagus are TRPV1, TRPM8, and 

TRPA1 and will thus be discussed in further detail in this section.  

 

 

 

 

Figure 10: Structural diversity among TRP channel subfamilies [156] 

Figure emphasising the diversity of TRP cytoplasmic domains of the 6 TRP channel 

subfamilies. The selectivity filter is formed by amino acids that dip into the pore loops 

of the plasma membrane bilayer. The gating comprises the S5-S6 domains.  TRPV, 

TRPA, and TRPC families contain an ankyrin repeat (AnkR) domain in their amino 

terminal which are absent in other TRP families. The TRP box found in the TRPV, 

TRPM, and TRPC channels has been suggested to play a role in gating. TRPP and 

TRPML subfamilies have an endoplasmic reticulum (ER) retention domain that could 

be due to their functional localisation in intracellular organelles.  CC indicates a coiled-

coil domain; Numbers on the right indicate range in amino acid length; CIRB, 

calmodulin/inositol-1,4,5-tris-phosphate (Ins (1,4,5) P3 receptor binding domain; 

NUDIX, nucleoside diphosphate-linked moiety X; PDZ, acronym for postsynaptic 

density protein 95   
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1.5.2 TRPV1 

 

The TRPV subfamily, notably the vanilloid subfamily member 1 (TRPV1) activated by the 

vanilloid chilli extract capsaicin, is the most well-known TRP channel for pain [160]. TRPV1 is 

a non-selective Ca2+-permeant channel which is also activated by noxious heat (>43ºC), and 

endogenous H+ released during inflammation [155]. The thermal sensitivity of TRPV1 is 

enhanced by endogenous factors including bradykinin and nerve growth factor which 

hydrolyse inhibitors via phospholipase C (PLC) and release the inhibition of the channel [161]. 

TRPV1 activity can be modulated by several intracellular molecules including calmodulin 

(CaM) which interacts with the C and N terminals of the ion channel and induces 

desensitisation by cross-linking the termini [162]. Intracellular ATP can suppress the 

desensitising effect of CaM by competing to bind the overlapping ankyrin repeat domain of 

TRPV1, thereby augmenting TRPV1 currents [162]. Intracellular phosphatidylinositol-4,5-

bisphosphate (PIP2) is another molecule which can modulate TRPV1 activation. While the 

consensus for the mechanism of action of PIP2 on TRPV1 modulation remains paradoxical, 

there is growing evidence to suggest that PIP2 sensitises TRPV1 [163]. PIP2 has been shown 

to compete with CaM and bind the C terminus of the channel to enhance the TRPV1 current 

[163]. The dynamic balance of Ca2+-dependent phosphorylation and dephosphorylation is 

another important modulator of TRPV1 [164]. In mammalian cells, GPCRs catalyse the G 

protein nucleotide exchange which forms active Gα and Gβγ subunits which then activate 

phospholipase C (PLCβ), or in the case of tyrosine kinase receptors, they activate PLCγ [165]. 

PLC hydrolyses the membrane component PIP2 into soluble messengers including 

diacylglycerol (DAG) and inositol 1,4,5-triphosphate (InsP3) [166]. The InsP3 then binds its 

receptor on the endoplasmic reticulum of the cell, releasing intracellular Ca2+. Importantly at 

resting state, the cytosolic concentration of Ca2+ is considerably lower than outside the cell 

[157]. Thus, the influx of Ca2+ into the intracellular compartment of nociceptive neurons 

reduces the membrane potential to cause depolarisation, generating action potential firing and 

eventually resulting in pain [167]. While the activation of protein kinase A and C increase 

TRPV1 channel activity [168], the channel becomes desensitised through the activation of 

protein phosphatase calcineurin which causes dephosphorylation of the channel [169].  

TRPV1 was discovered through a mammalian cell expression cloning method on the basis of 

capsaicin triggering Ca2+ influx into sensory neurons in vitro [170]. VR1 is located on 

chromosome 17p13.3 and encodes a protein receptor of a length of 828 amino acids, 6 TM 

segments (S1-S6) with a short hydrophobic region between S5 and S6 which forms the pore 

[165]. There are 3 ankyrin repeats in the N terminal, and a TRP domain in the C terminus as 

shown in Figure 10. An in vivo study in mice disrupted the VR1 gene by deleting an exon 
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encoding S5 and S6 of the TM domain of the channel. The ability of vanilloid compounds to 

increase cytosolic Ca2+ was assessed in cultured DRG neurons from wild-type (WT) and VR1-

/- mice, where capsaicin induced rapid Ca2+ increase in the WT neurons, but was completely 

inactive in the VR1-/- neurons. Similarly, measurements of the membrane current of these 

neurons after exposure to an acidified solution of pH 5 showed inward currents in 75% of WT 

neurons, compared with only 7% in VR1-/- neurons. The VR1-/- neurons also exhibited clear 

deficits in heat-evoked responses, thus demonstrating that sensory neurons in VR1-/- mice 

were significantly deficient in their response to vanilloid compounds, protons, and noxious heat 

and supporting a tissue injury-induced role of TRPV1 in acute thermal nociception and 

hyperalgesia [171].   

TRPV1 is expressed on various cell types in both excitable and non-excitable tissues including 

sensory neurons [172]. Whilst being highly expressed by myelinated (Aδ) and unmyelinated 

(C) nociceptive fibres of the DRG and trigeminal ganglia, spinal and peripheral nerve terminals 

and cutaneous sensory nerve fibres, TRPV1 is also expressed by multiple non-neural cell-

types like epidermal keratinocytes, and various immune cells including mast cells [173]. 

TRPV1 is localised on the plasma membrane [172]. TRPV1 expression has been well 

described in different animal species. The role of TRPV1 expression in primary sensory 

neurons was investigated in a study which induced pancreatitis in mice by injecting caerulein 

over a period of 12 hours, with one group of mice receiving the TRPV1-antagonist 

capsazepine at 4-hour intervals [174]. The study demonstrated endogenous SP release in 

mice which received repeated caerulein administration, whereas the pharmacological 

antagonism of TRPV1 significantly suppressed SP release and reduced the severity of 

pancreatitis, and suggested an important role of TRPV1 expression on sensory neurons in the 

inflammatory response to tissue injury in pancreatitis [174]. Similarly, TRPV1 expression in 

primary afferent neurons in the bladder was also found to be critical in cystitis-induced visceral 

pain in a study which compared the effect of cystitis on bladder function betweenTRPV1-/- mice 

and WT mice [175]. Cystitis was only induced in the bladder of WT mice, but not in the 

knockout mice which also lacked an increase in the mRNA expression of inflammatory 

mediators nerve growth factor, nitric oxide synthase, and bradykinin [176]. Moreover, TRPV1-

positive spinal nerve fibres have been described in each layer of the GIT in mouse, rat, and 

guinea pig, and these immunoreactive fibres often co-expressed CGRP [177]. 

Evidence from visceral pain studies in the lower GIT highlight a nociceptive role for TRPV1. In 

the stomach, an in vivo rat study found that noxious mechanical stimulation with gastric 

distention caused an increase in ERK1/2 phosphorylation (p-ERK1/2) in small-diameter 

neurons [178]. In a previous study, p-ERK1/2 was reported to increase in response to 

peripheral noxious stimulation [179]. Importantly, the present study also showed TRPV1 co-
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expression in the p-ERK1/2-immunoreactive neurons after noxious gastric distention, thus 

suggesting a role of TRPV1 in mediating nociception in the stomach [178]. In the intestine, 

electrophysiological readings in mesenteric afferent nerve preparations from WT and TRPV1 

knockout mice found that the afferent response was significantly lower for both mechanical 

distention and intraluminal HCI in the TRPV1-/- mice [180]. Another study investigated the roles 

of TRPV1 and CGRP in the context of lipopolysaccharide (LPS)-induced sepsis in the mice 

ileus [181]. LPS injection has been previously shown to induce a cellular inflammatory 

response by activating resident intestinal macrophages in the muscle layer which causes 

dysmotility in the intestine [182]. While inflammatory mediators such as NO can directly hinder 

activity in the smooth muscle, they can also activate afferent nerves which trigger inhibitory 

neuronal pathways that in turn disturb motility throughout the whole GIT [183]. In the present 

study, the administration of CGRP and TRPV1 antagonists (CGRP8-37 and BCTC, 

respectively) were found to reverse the LPS-induced delay in gastric emptying, suggesting 

involvement of afferent neurons in endotoxin-induced dysmotility through CGRP and TRPV1 

signalling [181].  

In the colon, inflammation-induced TRPV1 sensitisation has been extensively studied [81]. An 

ex vivo preparation of the mouse colon recorded sensory neurons during colonic distension, 

and in the presence and absence of noxious stimulants. From the two populations of colonic 

afferents identified, only TRPV1-positive neurons with a low-firing frequency were sensitised 

by capsaicin and H+. While neurons with a high-firing frequency were sensitised by distension 

at a lower threshold, they were unresponsive to capsaicin and H+ [184]. In a study which 

investigated the role of TRPV1 in a trinitrobenenesulfonic acid (TNBS)-induced colitis model 

in the rat colon, TRPV1 immunoreactivity was assessed in the thoraco-lumbar and lumbo-

sacral DRG neurons. In the group of rats which received TRPV1 antagonist JYL1421 

administration, microscopic colitis was found to be significantly decreased, thus suggesting 

an active role of TRPV1 during the development of inflammation [185]. Moreover, a study in 

humans compared TRPV1 expression between inflammatory bowel disease (IBD) patients 

with abdominal pain to asymptomatic IBD patients and controls using rectosigmoid biopsies. 

They found a significantly higher number of TRPV1-immunoreactive fibres in biopsies from 

patients with IBD experiencing abdominal pain symptoms compared with controls and 

asymptomatic patients [186]. Taken together, these findings reinforce the notion that TRPV1 

may contribute to the pathophysiology of visceral pain throughout the lower GIT.  

Functional studies of TRPV1 in the human oesophagus are relatively limited. However, TRPV1 

expression in sensory neurons and afferent nerve endings has been well described in the 

oesophagus of different animals [65]. A study which investigated the role of TRPV1 in 

surgically induced oesophagitis in WT and TRPV1 knockout mice found that TRPV1-/- mice 
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exhibited significantly less histological damage, SP receptor endocytosis, and 

myeloperoxidase activity following acid exposure compared to WT mice. Moreover, 

inflammatory parameters were considerably reduced following acid suppression and 

administration of the TRPV1 antagonist capsazepine in WT mice, suggesting that acid-

induced oesophagitis may act through TRPV1 [187]. Similarly in a rat oesophagitis model, 

TRPV1 expression was shown to be significantly increased with acid-induced oesophagitis in 

both SP and isolectin B4-immunoreactive sensory neurons innervating the oesophagus [149]. 

The acid-induced excitation of vagal sensory afferents in rats with oesophagitis was blocked 

by the TRPV1 antagonist AMG9810, suggesting that TRPV1 may play a role in sensitizing 

acid-sensitive nerve fibres and thus reflux hypersensitivity [188]. A more recent study 

investigating the role of TRPV1 in a murine model of NERD found that pharmacological 

blockade of TRPV1 reduced acid-induced damage to the mucosal integrity of the epithelium 

[189]. While the murine oesophageal mucosa demonstrated an acid-induced decrease in 

TER, this was suppressed upon administration of the TRPV1 antagonist SB366791 and long-

term TRPV1 desensitisation by resiniferatoxin. In addition, the basal permeability to 

fluorescein was also significantly reduced with the blockade and deletion of TRPV1, 

suggesting a potential role for TRPV1 in mucosal barrier impairment in NERD [189]. 

Furthermore, a recent study looking at acid-induced inflammation in the cat oesophagus 

demonstrated TRPV1 expression in oesophageal epithelial cells, where it was found to release 

substance P and CGRP through intrinsic neurons when exposed to HCl [190]. Moreover, in 

the mucosal supernatant, a HCl-induced increase in platelet activating factor (PAF) was found 

[190]. PAF is a chemoattractant for immune cells and has an important role in mediating 

inflammation [191]. PAF also selectively induces eosinophil transmigration through the 

basement membrane, as well as their adherence to vascular endothelial cells and eosinophilic 

release of reactive oxygen species [192]. Importantly, PAF has also been shown to play a role 

in oesophageal mucosal damage [193]. The epithelial cell lining was directly exposed to acid 

reflux, suggesting a possible catalyst role of PAF release by epithelial cells for the triggering 

of the inflammatory cascade. Using the oesophageal epithelial cell line HET-1A, another study 

also demonstrated epithelial cell expression of TRPV1 and highlighted its potentially pivotal 

role in initiating the inflammatory process, disproving the previous consensus that TRPV1 was 

only expressed by neurons in the submucosa [191]. A study by Wu et al showed how the 

activation of protease-activated receptor-2 (PAR2) in cultured human oesophageal epithelial 

cells plays a role in pain sensation and inflammation by modulating the sensitivity of TRPV1 

[194]. This study demonstrated epithelial cell release of ATP upon acid exposure which was 

significantly attenuated after treatment with the TRPV1 antagonist 5-iodoresiniferatoxin. 

Treatment of the oesophageal epithelial cells with the PAR2 agonist trypsin or mast cell 
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tryptase also increased acid-induced ATP release, and this effect was also blocked by 5-

iodoresiniferatoxin. Taken together, these results suggest that PAR2 activation sensitises 

oesophageal epithelial cells to acid through TRPV1 phosphorylation [194]. Thus, the 

expression pattern of TRPV1 and the inflammatory response to acid activation may differ 

between GORD phenotypes, and may shape future therapeutic targets.  

In the human oesophagus, RNA studies have shown a higher expression of TRPV1 in the 

inflamed oesophageal mucosa and in the mucosa of NERD patients compared to normal 

[195]. The distribution of TRPV1-expressing nerve fibres was studied in oesophageal biopsies 

from patients with ERD and control subjects. This study demonstrated the presence of TRPV1-

immunoreactive nerve fibres in the papilla of both healthy controls and ERD patients, but a 

marked increase in the percentage of papilla positive for TRPV1 in the ERD biopsies [196]. 

TRPV1 activation has since been shown to evoke pain sensations including heartburn by 

releasing neurotransmitters such as substance P and CGRP which activate postsynaptic 

receptors in the spinothalamic tract neurons and induce neurogenic inflammation [197]. Taken 

together, these findings highlight TRPV1 as a target with therapeutic potential for the treatment 

of visceral pain. Whilst systemic therapy with TRPV1 antagonist failed, possibly due to the 

difficult balance between efficacy of the drug and systemic side effects, topical therapy would 

avoid this [198]. Further studies in the oesophagus of patients with different phenotypes of 

GORD are therefore needed for an improved understanding of its mechanism of action and 

potential pathophysiological role in causing heartburn.  

 

 

Figure 11: TRP channels in vagal and spinal afferent nerves in the GIT [81] 

Figure showing the stimulants and localisation of TRPV1, TRPA1, and TRPM8 in the plasma 

membrane. The cross-section on the right shows neuronal innervation of the GIT by both 

vagal and spinal afferent neurons which express these TRP channels. Once the ion channels 

are activated by a noxious stimulus in the GIT, the nerve fibre becomes excited and transmits 

the signal (pain) to the CNS in the form of an AP via the nodose or dorsal root ganglion, 

respectively.  
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1.5.3 TRPA1 

 

Transient receptor potential ankyrin-1 (TRPA1) is a permeable cation channel which is 

activated by both endogenous and exogenous stimuli including noxious cold temperatures 

(below 17ºC) and  allyl isothiocyanate (constituent of mustard oil), regulating numerous cellular 

processes including pain [199],[200]. TRPA1 is the sole member of the TRPA gene subfamily 

in mammals. Structurally, the TRPA1 (ANKTM1) channel is characterised by approximately 

14 ankyrin repeats on the N terminus, as seen in Figure 10 and Figure 11 [201]. The 

mechanism of action of mustard oil was discovered through a study which used calcium 

imaging to investigate whether allyl isothiocyanate (at 20 µM) activates disassociated sensory 

neurons from the rat trigeminal ganglia. Mustard oil was found to induce Ca2+ influx into 35% 

of sensory neurons, while all neurons activated by mustard oil were also sensitive to capsaicin. 

This led to the hypothesis that mustard oil activates a Ca2+-permeable ion channel in neurons 

which express TRPV1 [202]. A different study which combined bioinformatic and expression 

analysis searched for cDNA sequences containing both multiple ankyrin domains and 6TM 

domains found TRPA1 in a small sub-population of DRG neurons [203]. Importantly, 97% of 

the TRPA1-expressing neurons also expressed CGRP and TRPV1, but only 30% of TRPV1-

positive neurons expressed TRPA1. Conversely, the other cold receptor TRPM8 was not co-

expressed with CGRP and TRPV1 in DRG neurons [204]. In situ hybridization reinforced this 

finding by demonstrating no expression overlap between TRPA1 and TRPM8, leading to the 

indication that TRPA1 is expressed in a subgroup of nociceptive neurons that express TRPV1, 

but not the cold-activated TRPM8 [203]. Moreover, a study in TRPA1-/- mice demonstrated a 

lack of acute pain-related behaviour following topical mustard oil application. Cultured sensory 

neurons from TRPA1-deficient mice also remained insensitive to mustard oil, showing failed 

activation and lack of Ca2+ influx. Taken together, these studies demonstrate that TRPA1 

channel activation by mustard oil induces Ca2+ influx into sensory neurons and subsequent 

release of neuropeptides such as CGRP and SP from nerve endings which activate 

neurogenic inflammation in a way that closely resembles TRPV1 [205].  

At a molecular level, electrophysiological data demonstrates TRPA1 to be coupled to 

bradykinin signalling through PLC downstream, suggesting a nociceptive role for TRPA1 

[206]. Bradykinin is an inflammatory mediator released during tissue injury and inflammation, 

and has been shown to induce acute excitation in sensory neurons by acting through its GPCR 

[207]. Specifically, bradykinin activates the PLC signalling pathway as described in section 

1.5.1 [208]. PLC activation regulates the downstream activity of many TRP channels including 

TRPA1 by breaking down PIP2 into DAG and IP3, which then releases Ca2+ from the ER and 

causes Ca2+ influx into sensory neurons. The present study found that the DAG analog 1-
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oleoyl-2-acetyl-sn-glycerol (OAG) activated TRPA1-expressing DRG cell cultures, suggesting 

a potential mechanism by which bradykinin signalling and TRPA1 activity are connected [206]. 

The GIT has been extensively studied with regards to the nociceptive and inflammatory role 

of TRPA1 [209]. In a chemically induced mouse model of colitis, TRPA1 agonists were found 

to amplify visceral hypersensitivity in afferent nerves, reinforcing a sensitising role of TRPA1 

during inflammatory conditions [210]. GPCR-induced activation of protease-activated 

receptor-2 (PAR-2) has also been shown to induce colitis. Importantly, in rat DRG neurons, 

PAR-2 and TRPA1 have been observed to be colocalised, and TRPA1 was shown to be 

activated downstream of PAR-2 signalling, suggesting TRPA1 regulation by PAR-2 [211]. In 

line with the observation described with bradykinin, PAR-2 also sensitises TRPA1 via the PLC 

signalling pathway, which is suggested to be activated in various GI disorders [209]. In a 

visceral pain study in mice, intracolonic PAR-2 activating peptide was found to induce 

hyperalgesia in TRPA1+/+ mice, but not in TRPA1-/- mice. The same study demonstrated that 

the inflammatory agent trinitrobenzene sulfonic acid-induced colitis caused an increase in 

visceromotor responses to colorectal distention, and activated c-fos in spinal neurons in 

TRPA1+/+ mice only [212]. Thus, TRPA1 has an important role in visceral nociception in the 

colon and could be a potential therapeutic target for visceral pain. Paradoxically, a recent 

study reported an unexpected anti-inflammatory role of TRPA1 in CD4+ T lymphocytes. 

Double immunofluorescence staining between TRPA1 and TRPV1 showed co-localisation 

between the two channels in wild-type (WT) CD4+ T cells suggesting their direct interaction, 

whereas TRPV1 channel activity was increased in Trpa1-/- CD4+ T cells [213]. Moreover, the 

adoptive transfer of Trpa1-/- and Trpa1-/-Trpv1-/- CD4+ T cells to Rag-/- recipient mice showed 

more severe colitis in the Trpa1-/- T cells [213]. These findings highlight that TRPA1 expressed 

on CD4+ T cells decreases the severity of colitis, suggesting an unexpected anti-inflammatory 

role by restraining TRPV1 channel activity [213]. 

In the oesophagus, PAR-2 has been shown to sensitise sensory nerves and induce 

hyperalgesia via mast cell activation. A study in the guinea pig oesophagus showed co-

expression between TRPA1 and PAR-2 on 80% of TRPA1-positive sensory neurons [214].  

Moreover, the mechanical response of C-fibres to oesophageal distention was found to be 

significantly increased by both mast cell activation and by the PAR-2 activating peptide [214]. 

TRPA1 inhibition significantly decreased mechanical hypersensitivity by either mast cell 

activation or PAR-2 activating peptide, suggesting that TRPA1 is sensitised through PAR2 

activation and has a regulatory role in hypersensitivity caused by mast cell activity in vagal 

nodose C-fibres [214]. Another study in the guinea pig oesophagus performed extracellular 

recordings of APs from vagal nodose and jugular neurons following oesophageal distension 

and allyl isothiocyanate perfusion. Neuronal activation by bradykinin was found to significantly 
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increase following oesophageal distension, and was prohibited by the bradykinin receptor 

antagonist WINK64338 [215]. In addition, the TRPA1 inhibitor HC-030031 reduced bradykinin-

induced hypersensitivity in the oesophagus, further suggesting TRPA1 may have a role in 

mediating inflammatory nociception [215]. Taken together, the studies discussed in this 

section highlight the contribution of TRPA1 ion channels in sensory neurons in the GIT to 

acute and inflammatory pain, and reveal its potential as a neuronal target underlying 

oesophageal hypersensitivity.  

1.5.4 TRPM8 

 

Transient receptor potential melastatin 8 (TRPM8) is a Ca2+-permeable, nonselective cation 

channel which is activated by cold (temperatures between 8-23ºC) and cooling compounds 

such as menthol and icilin [216]. The trp-p8 gene was originally discovered in a cDNA 

screening of prostate-specific genes, where a 5694-base pair cDNA encoding 1104 amino 

acids was found to compose a putative protein with 7TM domains [217]. The sensory role of 

this protein was uncovered by a study which isolated and cloned the menthol receptor from 

trigeminal sensory neurons and demonstrated its activation by thermal stimuli in the cool range 

[218]. A high throughput mutagenesis screening study highlighted the S1-S2 TM segments as 

the determinants of sensitivity to TRPM8 agonists [219]. This corresponds to the binding site 

on the TRPV1 receptor, suggesting that the gating mechanisms for sensitisation are 

conserved amongst TRP channels [220].  

TRPM8 is widely expressed, but its most renowned function is as a cold and menthol-induced 

sensory transducer in a subgroup of TrkA+ primary sensory neurons [218]. Multiple studies in 

mice have independently demonstrated the lack of response to cold stimuli in TRPM8 null 

mice [221], [222]. Fluorometric calcium imaging demonstrated a significant decrease in the 

response of sensory neurons derived from TRPM8-/- mice to cold (18ºC) and menthol (100 

µM) stimuli [222]. Thus, TRPM8 is a potent detector of cool temperatures in vivo, suggesting 

a possible role in nociception and development of analgesia [153].  

While TRPV1, TRPA1, and TRPM8 channels all interact with inflammatory GPCRs, 

inflammatory mediators including bradykinin inhibit TRPM8 in sensory neurons. Upon TRPM8 

binding to a Gq-coupled receptor, a novel signalling pathway is activated which directly inhibits 

TRPM8 [223]. Another signalling mechanism for TRPM8 involves the menthol induced Ca2+ 

influx which activates downstream PLC signalling. Activation of PLC results in the breakdown 

of the membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2), which 

shifts the voltage dependence of the TRPM8 channel and causes desensitisation to its ligands 

[224], [225]. Moreover, PLC also activates PKC downstream which initiates the 
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dephosphorylation of TRPM8 and results in the channel’s inactivation [226]. The activation of 

PKA downstream of PLC is yet another mechanism by which the TRPM8 channel becomes 

desensitised  [227]. Moreover, the TRPM8 agonist icilin was found to prevent desensitisation 

caused by the TRPV1 agonist capsaicin and the TRPA1 agonist allyl isothiocyanate, 

demonstrating that TRPM8 couples to TRPV1 and TRPA1 and suppresses their 

chemosensory and mechanosensory actions [228]. Taken together, the molecular 

mechanisms of TRPM8 activation and desensitisation explain the cooling sensation that 

menthol infusion has been reported to cause and highlight a possible nociceptive role in 

alleviating pain symptoms.  

Anatomical and molecular data have shown TRPM8 expression in colonic sensory neurons, 

where it induces initial activation followed by mechanical desensitisation. TRPM8 

immunoreactivity was observed in colonic nerve endings throughout the layers of the colon 

(mucosa, submucosa, muscle, and serosa) where it usually co-expressed CGRP [228]. The 

role of TRPM8 in nociception has been described in a DSS-induced mice colitis model where 

the administration of TRPM8 agonist WS-12 increased visceral pain-like symptoms [229]. 

Conversely, another study showed that distention-induced colonic CGRP release in TRPM8-

deficient mice decreased at higher distension pressure levels compared to TRPA1-deficient 

mice. This demonstrates that the TRPM8 channel has a different activation threshold 

compared to TRPA1, which may reflect TRPM8 expression in high threshold 

mechanosensitive fibres [230]. Studies have also highlighted a role of TRPM8 in colonic 

inflammation. CGRP levels were elevated in a TRPM8-/- DSS mice colitis model, while TRPM8 

activation by icilin (pre-treatment) blocked TRPV1-induced CGRP release and attenuated the 

severity of colitis, reinforcing the possible regulatory role of TRPM8 in neurogenic inflammation 

[231]. Moreover, Trpm8-/- mice were found to be hypersusceptible to colitis. TRPM8 and CGRP 

immunoreactivity in mucosal fibres were both significantly increased in DSS-treated mice 

compared with WT controls, suggesting that colitis activates TRPM8 signalling in a subset of 

mucosal sensory neurons and induces CGRP release [232]. CGRP is then suggested to 

attenuate the production of pro-inflammatory cytokines by CD11c+ dendritic cells, suggesting 

an indispensable role of TRPM8 signalling in innate immune responses via CGRP regulation 

[232]. The use of menthol for relief of abdominal pain and colonic inflammation further 

reinforces an immunoregulatory role for TRPM8 [233]. 

However, there are currently no studies of TRPM8 in the human oesophageal mucosa. A 

study in neurons from nodose and jugular ganglia from the guinea pig oesophagus highlighted 

a distinctive role of TRPM8 in oesophageal sensory transduction [234]. Acid perfusion evoked 

APs and suppressed the response to oesophageal distension in jugular C fibres, but not 

nodose C fibres, showing distinctive responses to acid in subtypes of vagal afferent nerves 
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[235]. Observations in humans have demonstrated that cold water induces oesophageal pain, 

while infusion of menthol into the oesophagus of GORD patients induces heartburn, 

suggesting a visceral nociceptive role of TRPM8 in the oesophagus [236]. Understanding 

TRPM8 function in afferent nerves in the oesophageal mucosa will not only elucidate the effect 

of menthol-induced relief on heartburn but may also be a potential therapeutic target in the 

oesophageal mucosa of GORD patients.  

1.5.5 Acid sensing ion channels  

 

Acid sensing ion channels (ASICs) belong to an epithelial Na+ channel/degenerin (ENaC/DEG) 

family of voltage-insensitive, amiloride sensitive cation channels [237]. ASICs are sensors of 

extracellular pH and have an activation threshold of pH 7.2, exhibiting diverse response 

dynamics ranging from fast and rapidly deactivating, to slow and sustained responses [238]. 

In mammals, proton-sensitive ASIC members are encoded by 3 different genes: ACCN1, 

ACCN2 and ACCN3. These genes are alternatively spliced to produce 5 subunits: ASIC1a, 

ASIC1b, ASIC2a, ASIC2b, and ASIC3. All these subunits are directly proton-gated as 

homomultimers except ASIC2b which only responds to increased acid exposure when 

expressed as a heteromultimer with ASIC3 [39]. Structurally, ASICs share the characteristics 

of other ENaC/DEG family members, with two hydrophobic TM domains, an extracellular 

cysteine-rich loop, and short intracellular N- and C- domains [239]. The channel’s proton 

sensor is proposed to be situated in multiple sites of the extracellular loop, but particularly His-

72 and Gly-430 [239], [240]. When activated by extracellular protons, the only known activator 

of ASICs, the channel becomes permeable to Na+ [92], [241]. Inflammatory mediators such as 

NGF have been shown to directly modulate ASIC3 gene expression in sensory neurons, 

suggesting an immunomodulatory role in determining the sensitivity of primary afferent 

nociceptors [242].  

Kress and Waldmann have described two principal mechanisms of sensitisation in sensory 

neurons: the first type involves a fast, rapidly inactivating Na+ current which is highly H+-

sensitive (activated at pH 7), while the second type is a slow current carried by Na+, K+ , and 

Ca2+ which is much less sensitive to H+ (activated at pH 6.2) [88]. The latter mechanism is only 

seen in DRG neurons activated by capsaicin, whereas the first mechanism which is fast and 

rapidly inactivating closely resembles the gating mechanism of ASICs [93]. Activation of ASIC 

channels leads to an influx of Na+, desensitising the neuron and initiating an AP which is fed 

into nociceptive pathways of the CNS. The evidence showing expression of ASICs on 

peripheral sensory neurons and spinal nociceptive pathways highlight ASICs as major sensors 

of acid-induced pain [243] ASIC3 was localised in sensory nerve endings of the skin in a study 
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in mice, which demonstrated decreased sensitivity to noxious pinch and acid infusion in 

ASIC3- deficient mice [244]. 

ASICs are predominantly expressed on the peripheral fibres of extrinsic primary afferent 

neurons originating from the DRGs and nodose ganglia [245]. However, a recent in vivo study 

by Akiba et al found ASIC1-3 expression in other cells including oesophageal epithelial cells, 

and ASIC3 expression in the muscularis mucosa [246]. In this study, the distal oesophageal 

mucosa of the rat was perfused with acid solutions via a mucosal perfusion chamber. 

Following continuous super-fusion of a Krebs buffer solution of pH7 to stabilise blood flow, the 

perfusate was changed to pH6.4 saline, a solution with high CO2 concentration, or an acid 

solution of pH 1, with or without the addition of various antagonists and inhibitors. While CO2 

challenge was found to induce hyperaemia, the generic ASIC inhibitor amiloride inhibited the 

CO2 response [246]. Moreover, immunofluorescence analysis revealed expression of ASIC1-

3 isoforms in the prickle cell layer of the oesophageal mucosa, as well as in nerve fibres in the 

muscularis mucosa [246]. Taken together, these results suggest that luminal CO2 diffuses and 

interacts with epithelial membrane-bound ASICs and activates these acid sensors, leading to 

signals being conducted to afferent nerves, resulting in hyperaemia [246].   

ASIC3 plays a major role in visceral hypersensitivity in the GIT following neurogenic 

inflammation. In a study which examined whether the knockout of ASIC2 or ASIC3 modified 

afferent signalling of a gastric acid insult in the inflamed stomach, acid-evoked expression of 

c-Fos in the brainstem during gastritis was found to be attenuated following the disruption of 

the ASIC3 gene. In contrast, ASIC2 gene knockout did not induce change in the afferent 

signalling causing inflammatory hypersensitivity, but was found to enhance c-Fos expression 

in response to acidification of the normal stomach [247]. This finding is consistent with the 

inference that the expression of ASIC3, but not ASIC3 and ASIC2 is increased in the colonic 

mucosa of patients with Chron’s disease [151].  

In the oesophagus, acid sensing mechanisms in epithelial cells and acid-sensitive afferent 

neurons have been demonstrated to initiate a rapid series of protective mechanisms including 

increase in thickness of mucous, HCO3
- secretion and mucosal blood flow following 

oesophageal exposure to excess acid  [94]. The detection of CO2 in epithelial cells sensed by 

carbonic anhydrases and ion transporters induces the hydration of CO2 into H+ and HCO3
-  

[248]. Consequently, there is intracellular acidification, interstitial pH decreases, and acid-

sensing afferent nerves release CGRP to induce vasodilation [249]. Importantly, the 

nociceptive responses of vagal afferent neurons to acidification at the oesophageal mucosa 

is likely to depend on the sensitisation and downstream activity of more than one acid-sensing 

ion channel [250], as the attenuation of acid-induced oesophageal vagal afferent nerve fibre 



45 
 

excitation was only seen when both ASIC3 and TRPV1 underwent knockout [251]. While there 

have been no functional studies of ASICs in humans in health or following acid exposure to 

date, Wu et al demonstrated a potential role for ASIC3 in the mechanism for heartburn 

sensation using cultured human oesophageal epithelial cells. This study demonstrated ATP 

release by these primary oesophageal epithelial cells upon exposure to weak acid (pH 5), and 

showed this effect to be significantly reduced when pre-treated with the ASIC3 antagonist 

amiloride [194]. Moreover, ATP release was enhanced when the primary cells were treated 

with PAR2 agonists trypsin and tryptase, and this effect was also blocked with amiloride or a 

PAR2 antagonist. PAR2 is a GPCR whose involvement has been reported in 

neuroinflammatory epithelial responses in the gut [252]. The results of this study suggest that 

PAR2 activation sensitises human oesophageal epithelial cells to weak acid, partially through 

the phosphorylation of ASIC3 [194]. The functional role of ASICs in peripheral nociception, as 

well as their involvement in the development of central sensitisation and pain hypersensitivity 

have highlighted ASICs as important transmitters in chronic pain sensation. Hence, ASICs are 

emerging potential therapeutic targets for visceral pain, and their role needs to be investigated 

in the oesophageal mucosa of GORD patients.  
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1.6 Mucosal neuroanatomy of the oesophagus  

 

There is limited data describing mucosal innervation of the human oesophagus. While the 

proximal oesophagus has been suggested to be more sensitive to chemical, electrical, and 

mechanical stimuli than its distal counterpart, oesophageal sensation is likely to have a 

multifactorial mechanism of action [253]. Our group previously examined biopsies from the 

distal and proximal healthy human oesophagus for the presence of mucosal sensory afferent 

nerves. The location of these afferent fibres were found to be significantly closer to the 

oesophageal lumen in the proximal oesophagus compared to the distal, as demonstrated by 

immunoreactivity for both CGRP and PGP 9.5 [254]. Increasing evidence from animal studies 

suggests that CGRP-positive mucosal fibres in the proximal oesophagus are vagal, and play 

a role in nociception which might be relevant to pain perception in GORD patients [84], [255]. 

The superficial nature of afferent nerves in the proximal oesophagus might mean that they are 

amenable to topical protectant therapies which could reduce their sensitivity and provide an 

effective alternative strategy to treating PPI-refractory GORD [254]. 

Furthermore, our group subsequently demonstrated that NERD patients have a greater 

density of superficial nerves in the proximal and distal oesophagus compared to healthy 

controls and patients with BO and ERD [256]. In keeping with the previous study, the proximity 

of nerves to the lumen was measured in terms of the number of intercellular junction layers, 

as this has been suggested to be a more accurate representation of the physiological barrier 

to diffusion compared to measuring the distance in micrometres [256]. In this way, the 

measurement avoided bias from basal cell hyperplasia which is a common feature of NERD, 

as well as the varying epithelial thickness that is often seen in oesophageal biopsies from 

GORD patients [257]. Mucosal afferent nerves in both the proximal and distal oesophagus 

were found to lie in closest proximity to the luminal surface in NERD patients, whereas the 

fibre location in ERD and BO was similar to that seen in healthy volunteers (Figure 12). While 

the precise function of these afferent nerves is yet to be fully understood in humans, their 

CGRP and substance P immunoreactivity suggests a possible nociceptive role. A previous 

study on oesophageal mucosal fibres in patients with NERD demonstrated TRPV1 expression 

on these fibres, and there is a plethora of evidence indicating that TRPV1-immunoreactive 

nerve fibres belong to a nociceptive spinal afferent pathway [258], [259]. Thus, acid 

hypersensitivity in patients with NERD might be partially explained by the increased proximity 

of their afferent nerves to the oesophageal lumen, and therefore greater exposure to noxious 

substances in the refluxate [256]. However, further studies are needed to investigate the 

nociceptive pathways related to these mucosal afferent nerves in the human oesophagus in 

greater detail.  
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Figure 12: Mucosal afferent nerve location in patients with NERD, ERD, 

and healthy controls.  

Mucosal afferent fibres are closer to the oesophageal lumen in NERD, whereas 

in ERD, the fibre location is similar to that seen in HC. Yellow structures 

represent nerve fibres, red structures represent tight junction protein occludins 

and green structures represent adherens junction protein e-cadherin[256]. 

HC & ERD NERD 
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1.7 Neuroimmune crosstalk in the oesophagus 

 

There is accumulating evidence highlighting an active role of non-neuronal cells such as 

immune cells in the pathogenesis and resolution of pain [260]. Acute/nociceptive pain is a 

cardinal feature of acute inflammation, with most inflammatory mediators inducing pain by 

binding their receptors located on sensory nerves that innervate the injured tissue [98]. On the 

other hand, chronic pain has been shown to be maintained by neuronal plasticity, with 

peripheral sensitisation of nociceptors regulating chronic pain [261]. Moreover, the relationship 

between pain and inflammation is bidirectional; nociceptive neurons are not only activated by 

signals from immune cells but can also directly regulate inflammation by producing 

inflammatory mediators such as SP and CGRP when activated by noxious stimuli [262]. 

Sensory neurons signal to tissue resident innate immune cells such as mast cells and dendritic 

cells during the early phases of inflammation. Anatomical studies have demonstrated a direct 

connection between these nerve terminals and mast cells and dendritic cells (DCs), where 

neuropeptides released from nociceptors induced the production of inflammatory cytokines in 

these immune cells [263], [264]. Functional assays on epidermal dendritic cells (Langerhans 

cells) showed that CGRP exposure enhanced antigen presentation on Langerhans cells to a 

Th2 clone, demonstrating enhanced DC function for Th2 responses in response to CGRP 

[267]. On the other hand, monocytes and macrophages induce pain by releasing inflammatory 

mediators such as interleukin-1β (IL-1β) which transduce pain by modulating ion channels like 

TRPA1 and TRPV1 [262]. Toll-like receptors (TLRs) have also been shown to be instrumental 

in their interactions between neurons and non-neuronal cells [261]. Although mainly 

expressed by immune cells, sensory neurons in the DRG also express various TLRs, and 

each TLR modulates a different sensory function. For example, tissue injury caused by 

bacterial infections releases pathogen-activated molecular patterns such as LPS [266]. TLR4 

has been shown to be functionally coupled to TRPV1 in the sensory neuron terminal, so LPS 

binding its receptor TLR4 leads to a Ca2+ influx in the neuron and subsequent pain [266], [267]. 

In the intestine, inflammatory mediators released by the mucosa of patients with IBS regulate 

the function of sensory nerves [268]. Several studies have suggested an overlap between 

GORD and functional disorders such as IBS through questionnaire-based diagnoses which 

showed a positive association between heartburn symptoms and IBS [269]. Dothel et al. 

analysed mucosal biopsies from IBS patients and healthy controls by measuring the levels of 

mucosal mediators using immunohistochemistry and enzyme-linked immunosorbent assays. 

This study demonstrated that mucosal nerve fibres had increased fibre sprouting and density 

in patients with IBS, as indicated by a higher expression of nerve growth factor (NGF) and 

tyrosine kinase receptor A (NTRK1) [268]. Increased neuronal sprouting was demonstrated 
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by the higher expression of GAP43, a neuronal membrane phosphoprotein involved in 

neuronal sprouting through polymerising actin monomers [270]. The results of this study also 

showed that NGF was predominantly expressed by tryptase-immunoreactive mast cells, 

demonstrating mast cells as an important source of this growth factor. NGF acts on its receptor 

NTRK1, which was found to be expressed on nerve fibres, as well as mast cells. NTRK1 is 

suggested to subsequently drive neuronal differentiation by increasing GAP43 transcription 

[271]. Moreover, a previous study highlighted a relationship between the frequency and 

severity of abdominal pain, and the close vicinity of mast cells to colonic mucosal nerves [271]. 

Taken together, these studies suggest that NGF produced by mast cells acts on receptors 

expressed by nerve fibres, leading to nerve sprouting and pathological pain transmission. An 

increase in NGF levels has also been shown to upregulate ASIC3 expression and ASIC3 

current amplitudes in sensory neurons during inflammation by directly interacting with the 

promoter region of the ASIC3 gene [242]. The important role of NGF in determining the 

sensitivity of afferent nociceptors leads to the concept that neuroimmune crosstalk may have 

a critical role in the pathophysiology of visceral hypersensitivity and pain persistence through 

the induction of neuroplastic changes [272].  

The role of inflammation on oesophageal conditions such as GORD is poorly understood.  

Despite recent evidence demonstrating the production of neurogenic mediators in the 

pathogenesis of GORD, the relationship between inflammation and oesophageal 

hypersensitivity remains unclear [273]. However, recent studies are beginning to describe 

mechanisms by which acid may induce an inflammatory state. For example, excessive acid 

stimulates oesophageal epithelial cells to secrete chemokines such as IL-8 which is 

transcribed via NF-κB signalling, and is closely associated with inflammation induced by 

neutrophils [274]. A study which evaluated histologic features of oesophageal inflammation in 

acute ERD by stopping PPI treatment for 2 weeks highlighted significant increases in 

intraepithelial lymphocyte infiltration characterised by T cells [275]. Moreover, inflammation 

characterised by neutrophil and eosinophil infiltration has been more commonly observed in 

ERD than NERD phenotypes [276]. Therefore, inflammatory mediators may mediate mucosal 

immune responses specific to different GORD phenotypes [277]. 

As described in section 1.5.2 TRPV1, acid-induced activation of TRPV1 receptors in the 

oesophageal mucosa increase the synthesis of PAF by oesophageal epithelial cells [278]. 

PAF acts as a chemoattractant for peripheral blood leukocytes which produce inflammatory 

mediators such as H202 which could be a potential mechanism for the initiation of acid-induced 

inflammation in GORD [196]. The activation of TRPV1 in primary afferent nerves also leads to 

the release of other neurogenic mediators, namely SP and CGRP, which can cause a burning 

pain sensation by inducing neurogenic inflammation [278]. Moreover, a histological study 
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found CGRP expression in Langerhans cells in the oesophageal mucosa, particularly during 

inflammation, highlighting an immunomodulatory role for CGRP in antigen presentation in vitro 

[279]. Thus, while there are gaps in our understanding of the neuro-immune interaction in the 

oesophageal mucosa, there is accumulating evidence suggesting a close link between 

nociceptors and non-neuronal cells in pain studies in different regions of the body. The neuro-

immune interaction in the oesophageal mucosa could be an important mechanism underlying 

heartburn symptoms in GORD, and must be investigated to better understand the mucosal 

pathogenesis of heartburn.  

1.7.1 Cytokine Receptors in Neuroimmune crosstalk  

 

It has become apparent that soluble mediators, including cytokines, contribute critically to the 

integration of the nervous and immune systems both in the healthy state and in pathological 

conditions [280]. Immune cytokines, including tumour necrosis factor (TNF), interleukin-1β (IL-

1β), IL6, and IL8 are important mediators of cell recruitment and activation, potentially driving 

pain transmission during local tissue damage, as evident in conditions such as inflamed 

arthritis [281]. Several mechanisms could be responsible for the link between these 

inflammatory cytokines and nociception. As reviewed in sections 1.3 Central pathways of pain 

sensation in the oesophagus and 1.4 Peripheral pathways of pain sensation in the 

oesophagus, many chemical stimuli, including those released during inflammation and tissue 

damage, can sensitise nociceptors. Thus, the ‘inflammatory soup’ that is detected by nerve 

endings is made up of many sensitising agents, including growth factors, cytokines, 

chemokines, protons, and ATP [97], [282]. Until recently, cytokines were assumed only to 

activate nociceptive terminals through inducing release of neurostimulators including kinins 

and amines from non-neuronal cells. However, recent data has shown the ability of cytokines 

to directly sensitise and mediate pain during inflammation [281], [283].  

With the increasing recognition of cytokines as important mediators of nociceptive pain, there 

are now two established mechanisms through which cytokines are known to induce nociceptor 

sensitisation. First, inflammatory cytokines can indirectly sensitise nerve endings though 

release of mediators which prime neurons and result in their increased responsiveness to 

otherwise innocuous stimuli. Second, such cytokines may directly activate neurons via their 

specific receptors expressed on the nerves themselves [280]. Recent RNA-sequencing data 

for cytokine receptor expression in purified murine DRG neurons has highlighted the 

importance of inflammatory cytokines acting on the CNS to process noxious stimuli in 

neuropathic pain [284]. The most important candidate inflammatory cytokine receptors 

involved in pain sensation will thus be discussed in further detail in this section.  
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1.7.2 Type I TNF Receptor (TNFR1)  

 

TNF is a pleiotropic cytokine which functions as an important regulator of many cellular 

responses ranging from apoptosis in tumour cells, to induction of inflammatory gene 

expression programmes, and stimulation of immune cell proliferation [285], [286]. The most 

well-known member of the TNF superfamily, TNFα, is the prototypic ligand of TNF which is 

expressed both as a single spanning transmembrane protein, and as a soluble variant which 

gets released from the transmembrane form [287]. Both of these forms interact with the two 

TNF receptors, type I TNF receptor (TNFR1) and type II TNF receptor (TNFR2), which are 

single-spanning type I transmembrane proteins with several characteristic cysteine-rich 

regions in their extracellular domain [288]. This N-terminal cysteine-rich domain regulates self-

association in the inactive state of the receptor prior to ligand binding, and has been named 

the pre-ligand binding assembly domain (PLAD) (Figure 13) [289]. Interestingly, alternate 

splicing has been described to result in soluble forms of TNFR1 and TNFR2, but these have 

been suggested to act as TNF inhibitors by competing with the TNF cytokine for binding the 

transmembrane form of the receptor [288], [290], [291]. Moreover, TNFR1 has been described 

as a ‘death receptor’ due to the death domain (DD) in its cytoplasmic region which associates 

the receptor with cytotoxic signalling pathways that trigger apoptosis or necroptosis [292]. 

However, studies have also highlighted the engagement of TNFR1 in pathways activating 

transcription factors such as NFκB and MAP kinases, suggesting a role for TNFR1 in 

proinflammatory gene-activating signalling [286], [293]. Although the transmembrane form of 

TNFα can bind and activate TNFR1 and 2 with high efficacy, soluble TNFα has been shown 

to result in TNFR1 activation only (Figure 13).  

Figure 13: The TNF-TNFR System 

TNFR1 and 2 both exhibit cysteine-rich domains (CRD) in their N terminals, known as pre-ligand 

assembly domain (PLAD). TNFR1 also has a death domain (DD) in its intracellular domain, 

while TNFR2 has a TRAF2 binding site (T2bs). TNFα can bind in two forms: a membrane-bound 

ligand (memTNF), and a soluble cytokine (sTNF). TACE can convert memTNF to sTNF. 

Although the transmembrane form of TNF can bind and activate both TNFRs, binding of the 

soluble form of TNF can only activate TNFR1 [289].  
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Following the binding of TNFα, TNFR1 activation occurs through the formation of a core 

signalling complex on the C-terminal of the receptor [294]. Initially, TNFR1 gets trimerized 

when bound by TNFα, enabling the DD to recruit TNFR1-associated death domain (TRADD) 

which acts as a scaffold [295]. Next, TNF receptor-associated factor (TRAF) 2 or 5, and 

receptor-interacting serine/threonine-protein kinase 1 (RIPK1) are recruited to the complex, 

allowing downstream signalling to occur [296], [297]. TRAF2 then recruits cellular inhibitor of 

apoptosis protein (cIAP) 1 and cIAP2, forming the core signalling complex of activated TNFR1. 

The signalling outcome is then determined by the ubiquitination of RIPK1: the complete 

ubiquitination of RIPK1 forms Complex I which ultimately activates NFκB, JNK, and p38 

pathways activate inflammatory cytokine signalling, and incomplete ubiquitination of RIPK1 

results in Complex IIa or IIb, leading to apoptosis pathways [298]–[300]. Cell culture studies 

and knockout studies in mice have shown that both proinflammatory and apoptotic pathways 

activated by TNFα and linked to tissue injury are mediated predominantly through TNFR1 

[301]. 

Whilst TNFR2 expression is restricted primarily to cells of haematopoietic lineage including 

immune cell subsets, fibroblasts, and endothelial cell types, TNFR1 is constitutively expressed 

by most cell types [302], [303]. In resting cells, TNFR1 resides in the Golgi apparatus, where 

it is suggested to act as a reservoir which gets mobilised to the cell surface to become 

activated [304]. Importantly, TNFRs are highly regulated by inflammatory tissue injury in vivo. 

In the kidney, where expression of TNFR1 is largely confined to microvascular and glomerular 

endothelial cells under normal conditions, TNFR1 expression is significantly reduced in 

endothelial cells in kidney allografts subjected to ischaemic injury [301]. Mediators such as 

nitric oxide have been shown to activate matrix metalloproteinases involved in the shedding 

of TNR1 [308]. Thus, TNFR1 shedding from the endothelial cell surface could be a result of 

inflammatory mediators in the injured tissue [306], [307]. The expression of both TNFR1 and 

2 have also been reported in 40-60% of DRG neurons of an antigen-induced arthritis model 

in rats. In this model, systemic neutralisation of TNF was found to rapidly attenuate mechanical 

and thermal hypersensitivities in the inflamed knee. Electrophysiological recordings 

highlighted that the response reduction of nociceptive sensory Aδ and C fibres to mechanical 

stimuli 30 minutes after injection of the TNFR fusion protein etanercept was found to be more 

rapid than the reduction of inflammation, suggesting TNF to induce arthritic pain by directly 

activating its neuronal receptor target [308]. TNFR expression in neurons has been further 

highlighted using immunohistochemistry and immunofluorescence approaches, whereby 

basal levels of both TNFR1 and TNFR2 in naïve rodent DRG neurons was shown to increase 

during nerve injury [309], [310]. Conversely, in situ mRNA hybridization data detected no basal 
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TNFR1 expression in naïve murine DRG neurons, but was only found after nerve injury [311], 

[312].   

The involvement of TNF in pain processing pathways has become increasingly clear, but how 

much neurons express TNFR1, and whether TNF acts directly on neurons alone or requires 

downstream mediators to induce pain, remains incompletely understood [280]. A study in 

isolated rat skin showed that administration of TNF augments the heat-evoked CGRP release 

from nociceptors [313]. Moreover, long-term TNFα exposure of cultured mouse and rat DRG 

neurons was found to enhance BDNF, tyrosine kinase B, and TRPV1 immunoreactivity [311], 

[314]. This effect was abrogated in cultured neurons obtained from tnfr1/2-/- and tnfr1-/- mice, 

but not tnfr2-/- mice. In this study investigating the somata of primary afferent fibres, TNFα-

induced increase of TRPV1 expression was found to involve the activation of ERK [314]. In 

an IL10-/- Chron’s colitis mouse which was bred with tnfr1-/- mice to create a double-knockout 

animal model, TNFR1 deletion induced colonic epithelial dysfunction, neutrophil infiltration and 

B cell depletion in the colonic mucosa, suggesting increased susceptibility to colitis [315]. This 

could partially explain the ineffective results seen with anti-TNF antibody treatments in patients 

with IBD [316], [317]. In another tnfr1-/- murine model of chronic ulcerative colitis, TNF was 

found to activate a p53-dependent pathway of apoptosis of intestinal epithelial cells. The 

inhibition of this apoptotic pathway could be one way to enable mucosal healing in ulcerative 

colitis patients treated with anti-TNF therapy [318]. Moreover, a histopathology study 

investigating the colons of tnfr1-/- and tnfr2-/- mice revealed that although both KOs had a 

similar histopathological damage score, tnfr1-/- mice had more severe colitis and reduced 

infiltration of macrophages compared to tnfr2-/- and WT mice [319]. The role of TNFα/TNFR1 

signalling has also been associated with an increased risk of gastric cancer, whereby a tnfr1-

/-Gan mouse model of gastric tumorigenesis demonstrated a significant suppression of tumour 

progression, highlighting the TNFα/TNFR1 pathway as a potential therapeutic target for gastric 

cancer [320].  

In the oesophagus, the role of TNFR has been highlighted in relation to BO and oesophageal 

adenocarcinoma. Importantly, analysis of oesophageal adenocarcinomas has suggested a 

correlation between reduced expression of the epithelial cell adhesion marker and tumour 

suppressant e-cadherin, and increased TNFα stimulation [321]. Moreover, 

immunohistochemistry and western blot analysis of oesophageal tissue showed an increased 

epithelial expression of TNFα with metaplastic progression of BO, suggesting an oncogenic 

role of TNFα in transcription of the c-myc pathway [322]. However, there is no literature on the 

potential role of TNFα/TNFR1 signalling in the oesophagus of patients with GORD, and its 

potential role in the processing of oesophageal pain needs to be investigated.  
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1.7.3 IL1R  

 

IL-1β is a prototypic pro-inflammatory cytokine that has been frequently implicated as a driver 

of many inflammatory and autoimmune disorders and pain [323]. Whilst having homeostatic 

functions including sleep and temperature regulation under physiological conditions, its 

overproduction has been highlighted in the progression of many inflammatory diseases such 

as rheumatoid arthritis, IBD, neuropathic pain, and Alzheimer’s disease [324], [325]. Recent 

studies have shed light on the complexity of the IL-1β secretory process during inflammation 

and pain via the inflammasome- an intracellular multi-protein complex that acts as a scaffold 

for proteolytic enzymes that cleave and secrete cytokines known as caspases [326]. IL-1β 

secretion, predominantly by circulating monocytes, is divided into two steps [327]: first, 

activation of TLR4 or 2 induces transcription of pro- IL-1β precursor protein, and second, 

conversion of pro- IL-1β into mature IL-1β via the inflammasome. The inflammasome complex 

forms upon the activation and oligomerisation of nod-like receptors by pathogen-associated 

molecular patterns or by nonmicrobial danger signals released by damaged cells [328]. The 

inflammasome then subsequently activates caspase-1, which cleaves and activates pro- IL-

1β into its bioactive IL-1β form [329]. Although literature suggests the existence of two IL-1 

receptors, IL-1R type 1 (IL-1R1) and IL-1 type 2 receptor (IL-1R2), IL-1β signals through 

binding IL-1RI, and IL-1RII is a decoy receptor which does not activate cell signalling when 

bound [330].  The binding of IL-1β to IL-1RI recruits an accessory protein (IL-1RAcP) to the 

cell membrane, forming a high affinity binding receptor complex [323]. This is followed by the 

rapid recruitment of adaptor protein myeloid differentiation factor 88 (MyD88) to the IL-1RI 

complex which also recruits interleukin-1 receptor-associated kinase 1 and 4 (IRAK1/4) to the 

receptor complex by interacting with the death domain of MyD88 (as shown in Figure 14) 

[331]. This subsequently activates the intracellular IL-1β signalling pathway, resulting in 

translocation of NF-κB to the nucleus, followed by transcription of proinflammatory genes, thus 

further perpetuating the inflammatory cascade [332], [333]. In this way, IL-1R can be 

considered an alarm receptor of the innate immune system which gets turned on by its 

endogenous alarmin (IL-1β) by indicating the breach of a barrier [334]. This is closely followed 

by the infiltration of leukocytes to the area of damage with the aim to repair this breach, 

resulting in acute inflammation at the site of injury via the canonical inflammasome signalling 

pathway [335], [336].   

Expression of IL1R1 has been widely described for many different cell types including immune 

cells such as macrophages, T cells, dendritic cells, and B cells, but also non-immune cells 

including most epithelial cells [331]. Moreover, studies conducting qRT-PCR and in situ 

hybridization in rat dorsal root ganglia also detected IL1R1 expression in sensory neurons, 
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where IL-1β was found to sensitise sensory neurons to noxious heat in an IL-1R-signalling 

complex-dependent mechanism [337], [338]. Another in vivo rat study also demonstrated IL-

1R1 colocalisation with NR1 subunit of the NMDA receptor in neurons of the spinal trigeminal 

complex using immunostaining experiments, suggesting the coupling of NMDA receptor 

phosphorylation through IL-1R signalling [339]. Moreover, recent literature has suggested the 

expression of IL-1R1 on almost all cells of the body, and its requirement of relatively little 

regulation.  

IL-1R signalling has been indicated in immune responses to inhaled particulate matter such 

as asbestos, whereby inhalation of such particles induced IL-1β secretion in the lung. 

Moreover, experiments using IL-1R-/- mice collectively suggested attenuated pulmonary 

inflammatory response to toxic airborne particles in the absence of IL-1β signalling [340], 

[341]. The involvement of IL-1β signalling has also been implicated in neuropathic pain 

generation in several studies in animal models of neuropathic pain, where IL-1β expression 

was found to increase upon injury to the sciatic nerve, DRG, and spinal cord [342], [343]. A 

mutant murine model with delayed immune response to nerve injury at the site of lesion also 

exhibited decreased expression of IL-1β in macrophages and Schwann cells [344]. There is 

also evidence highlighting the ability of IL-1β to directly induce neuronal excitability by 

regulating nociceptors including TRPV1, GABA receptors, and NMDA receptors [345]. One 

such evidence is presented by a study which administered IL-1β to an in vitro hind-paw skin 

preparation by a plantar injection and recorded action potentials of the rat DRG in response 

to mechanical and thermal stimulation [346]. This study demonstrated that IL-1β reduced the 

threshold pressure for neuronal firing by 58%, suggesting an important role for IL-1β in 

Figure 14 IL1R Signalling Complex Activation 

Agonist cytokine IL-1β binds its receptor IL-1R via the receptor domains D1/D2 and D3, 

which induces a conformational change and recruits the accessory protein IL-1RAcP. 

Signalling is activated when the TIR domains dimerise, MyD88 is recruited and binds IRAK1 

and 4 via its death domain. Figure adapted from Boraschi et al. 
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cutaneous hyperalgesia  [346]. Additionally, an in vitro study on a rat skin model demonstrated 

heat-induced release of CGRP from cutaneous nociceptors when administered with 2.7ng/ml 

IL-1β, further demonstrating an important role of IL1R signalling in hyperalgesia in the skin 

[313]. Importantly, the intrathecal administration of IL-1β neutralising antibody was found to 

significantly reduce allodynia in a mouse model of neuropathic pain, highlighting the possibility 

that IL-1β regulates neuropathic pain at several different sites in the organism [342]. These 

findings have been further supported by studies in genetically engineered mice models (IL1R1-

/- and mice overexpressing the naturally occurring IL1R antagonist in astrocytes) where both 

the knockout of IL1R1, and its antagonism were found to decrease thermal hyperalgesia and 

mechanical allodynia [347]. These collectively implicate the IL1R signalling pathway in painful 

and inflammatory settings both peripherally and centrally.  

In the intestine, the release of IL-1β from the inflammasome and subsequent activation of IL1R 

signalling has been shown to recruit neutrophils to prevent bacterial colonisation [348]–[350]. 

More recent studies assessed epithelial tight junction barrier permeability response in mice by 

administering intraperitoneal injections of IL-1β and measuring the marker inulin in intestinal 

tissue collected from mice with colitis and analysed immunohistochemically and with RT-PCR 

[351]. This study reported increased levels of IL-1β mRNA and decreased expression of 

occludin mRNA by enterocytes and subsequently increased barrier permeability and thereby 

increased penetration of luminal antigens into the intestinal mucosa [351].  Moreover, inhibiting 

this IL-1β-induced disruption to the intestinal epithelial tight junction barrier with an antagonist 

to MIR200C-3p, miRNA that binds to the occludin 3’UTR to decrease occludin mRNA, was 

found to protect against development of colitis [351]. This gives rise to the possibility that the 

barrier breach induced by IL-1β signalling contributes to intestinal inflammation [352].  

Similarly, in the oesophageal mucosa, expression of IL-1β highly correlated with 

histopathological grades of inflammation. In a study which performed PCR and 

immunohistochemical analysis of biopsy samples from patients with NERD, ERD, and BO, 

mRNA expression of IL-1β was upregulated 3-10-fold more than in NERD and BO samples 

[277]. Moreover, another study assessing the IL-1β expression in patients with long segment 

BO using an ELISA following organ culture of BO patient biopsies detected increased IL-1β 

expression following exposure of the BO oesophageal mucosal culture to acid and bile acid, 

which positively correlated with the histopathological inflammation score [277]. Despite the 

functional studies on IL-1β expression in the oesophageal mucosa of patients with BO and 

ERD, data on the localisation and function of IL1R in the oesophagus remains limited. Given 

IL1R’s role as an ‘alarm’ receptor of the innate immune response and the pivotal role it plays 

in sensing irregularities that requires the swift attention of the cells of the immune system in 
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other systems, and the therapeutic potential of IL-1β inhibition, IL1R is an important cytokine 

receptor whose function should be further investigated in the context of GORD.  

 

1.7.4 IL6ST   

 

IL6ST, also known as gp130, is a signal transducing receptor that forms part of a receptor 

complex with the non-signalling IL6 receptor (IL6R) for several cytokines including IL6 to 

mediate signal transduction [353]. Molecular cloning studies of gp130 cDNA revealed its single 

transmembrane domain, and increased affinity IL6-binding sites following IL6ST/gp130 

association with the non-signalling IL6R as shown in Figure 15 [354]–[356]. The binding of IL6 

to IL6R triggers the formation of a heterodimeric receptor complex with an IL6ST homodimer 

and two IL6R domains [357]. Janus kinases JAK1 and JAK2 are constitutively bound to IL6ST 

cytosolic domain, but receptor engagement of IL6 with IL6ST and IL6R induces their 

phosphorylation and subsequent activation [358]. JAK1/2 then phosphorylates STAT in turn, 

initiating its translocation to the nucleus and activation of gene transcription. However, as 

shown in Figure 15, the activation of IL6ST signalling can trigger the downstream activation of 

three different signalling cascades, with JAK-STAT pathway being the most common, and less 

being known about the IL6-mediated MAPK or PI3K/AKT pathways [353].   

Figure 15 IL6ST Signalling When Bound by IL6 

Diagram summarises IL6 signalling via IL6ST/IL6R complex. IL6-family of cytokines bind 

transmembrane IL6R complex, of which at least 1 strand is always IL6ST. Following the 

dimerization of the receptor, cytoplasmic tyrosine kinases (JAK) get activated which can trigger 

3 signalling pathways: JAK/STAT, MAPK/ERK, and PI3K/AKT signalling depending on the 

cytokine that binds the receptor complex. In the case of IL6, the cytokine binds IL6R which lacks 

cytoplasmic tyrosine kinase domains, leading to the formation of a heterodimeric signalling 

complex with the IL6ST homodimer. Figure from Martinez-Perez et al. 
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Although initially described in mice as a membranous glycoprotein on activated T cells, but 

not on resting lymphocytes, its expression has since been recognised on both haematopoietic 

and nonhematopoietic cells ubiquitously [353].  A study which assessed surface expression 

of IL6ST on peripheral T cells found them to be expressed in a regulated manner, with T cells 

being physiologically IL6ST+IL6R+, but downregulated upon T cell receptor engagement both 

in vitro and in vivo [359]. More recently, IL6ST expression has also been reported in gastric 

epithelial cells in a study which examined the effect of Helicobacter pylori infection of gastric 

epithelial cell lines AGS and MKN-28 by RT-qPCR [360]. Moreover, a luciferase reporter gene 

assay detected higher mRNA and protein expression levels of IL6ST in asthmatic airway 

epithelial cells compared to normal human bronchial epithelial cells. In this study, IL6ST was 

found to be a downstream target of miR-200c-3p, whereby miR-200c-3p inhibition 

downregulated IL6ST expression at both mRNA and protein level, thus suggesting a role for 

IL6ST signalling in asthmatic inflammation [361].   

IL6ST has been shown to be critically involved in a range of biological processes by studies 

which demonstrated development of myocardial and haematopoietic defects in IL6ST-/- mice 

embryos [362]. In the colon of mice with DSS-induced colitis, IL6ST mRNA was found to be 

upregulated in microRNA 31 (MIR31)-knockout mice with colitis compared to control mice, 

suggesting that the inflammatory response in murine colonic epithelium is activated when 

MIR31 loses its direct ability to suppress IL6ST and thus fails in suppressing the immune 

response [363]. Moreover, IHC of sections from a preclinical IL6STF/F gastric cancer model in 

mice demonstrated expression of phosphorylated STAT3+ cells in tertiary lymphoid structures  

formed in the gastric submucosa, suggesting the dependence of tumorigenesis on IL6ST 

signalling [364] Importantly, the role of IL6ST signalling has also recently been implicated in 

pain pathogenesis. An in vivo IL6ST-/- mouse model with selective deletion of IL6ST from 

peripheral sensory nerves alleviated heat hyperalgesia in these IL6ST-/- mice injected with 

CFA compared to IL6STfl/fl mice which remained hypersensitive [365]. Moreover, application 

of hyper-IL6 (HIL6) into the foot pad of a hindpaw in TRPV1-/- mice demonstrated a reduced 

paw withdrawal latency to heat stimulation in TRPV1 KO mice compared to WT, suggesting 

an important role for neuronal IL6ST expression in regulation of TRPV1 activation in 

inflammatory pain disorders [365]. These findings were further supported by a recent 

transgenic mouse model with conditional IL6ST depletion in Nav1.8+ neurons, which reported 

significantly less mechanical hypersensitivity in the von Frey test in vivo following nerve injury 

in the IL6ST-/- mice compared to WT [366]. In this study, the reduced mechanical 

hypersensitivity in afferent nerves was associated with a downregulation of TRPA1 mRNA, 

highlighting another nociceptive receptor regulated by IL6ST signalling in sensory nerves in 

neuropathic pain disorders. Furthermore, antigen-induced arthritis in a IL6ST-/- mouse model 
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recently highlighted significantly lower serum concentrations of CGRP and IL6, and presented 

with a lack of upregulation of CGRP in sensory neurons compared to IL6STfl/fl mice, suggesting 

a role of IL6ST signalling in neurogenic and joint swelling in arthritis. Thus, IL6ST signalling in 

sensory neurons is not only a regulator of pain pathogenesis but is also involved in modulating 

the inflammatory response. 

In the oesophageal mucosa, increased levels of IL6 secretion have been detected in BO 

segment compared to the squamous epithelium from adjacent sites in the same patients at 

both mRNA and protein level, and suggested to contribute towards the development of 

oesophageal adenocarcinoma [367]. In oesophageal squamous cell carcinoma, IL6 secreted 

by cancer associated fibroblasts was found to modulate chemoresistance by upregulating 

CXCR7 expression via the activation of the NF-ΚB pathway [368]. However, data on the role 

of IL6 signalling in the oesophageal mucosa of patients with BO, ERD, NERD, and FH in the 

context of heartburn pathogenesis is lacking. Given the bidirectional coordination of pain and 

inflammation via IL6ST signalling in the process of arthritis and models of neuropathic pain, 

the inflammatory and sensory role of this cytokine receptor should also be investigated in the 

oesophageal mucosa of patients with GORD.  

 

1.7.5 CXCR2 

 

C-X-C chemokine receptor 2 (CXCR2) is an important multifunctional receptor which has been 

increasingly highlighted as a mediator of inflammation, wound healing, tumorigenesis, and the 

development and maintenance of chronic pain through its activation by CXCL8 (IL8), the 

endogenous ligand for CXCR2 [369], [370]. Like all other chemokine receptors, CXCR2 is a 

GPCR with a DNA sequence containing a single long open reading frame encoding an amino 

acid sequence matching that of the rhodopsin superfamily of GPCRs, as identified by a study 

which isolated DNA encoding CXCR2 from human neutrophils [371]. A recent study which 

assessed the crystal structure of CXCR2 using cryo-electron microscopy demonstrated that 

IL8, can bind and activate CXCR2 in both a monomer and dimer form, with its ELR motif 

binding TM5 and TM6 regions of the receptor by forming hydrogen bonds and electrostatic 

interactions [315]. Original studies demonstrated CXCR2 coupling to cytoplasmic Gαi subunits 

by administering neutralising-Gαi peptides into human neutrophil suspensions which was 

found to completely block calcium release upon stimulation with IL8 [372]. Thus, CXCR2 

activation initiates intracellular signalling cascades by inducing the disassociation of Gαi from 

Gβγ subunits of its G protein as shown in Figure 16. A study investigating expression of 

different G protein subunits in COS-7 cells detected IL8-induced activation of endogenous 
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inositide-specific phospholipase C (PLC) when transfected with Gα subunits, suggesting Gα 

release from its βγ subunits to activate the PLC β2 isoform [373]. This was further reinforced 

by a recent study which detected a CXCR2/PLC-β2 macromolecular complex in neutrophils 

by co-immunoprecipitation and found this to be critical in calcium mobilisation and subsequent 

chemotaxis of neutrophils [374]. Thus, Gαi disassociation from Gβγ subunits of the G protein 

activates several downstream signalling cascades including rapid release of Ca2+ from the 

endoplasmic reticulum via the activation of phospholipase C-β2 (PLC-β2) (as shown in Figure 

16). Moreover, CXCR2 activation and Gαi/Gβγ disassociation has also been shown to induce 

rapid phosphorylation of growth kinases such as ERK1/2 in human neutrophils, as shown in 

Figure 16. This was demonstrated by a study which showed suppressed IL8-induced 

chemotaxis of polymorphonuclear leukocytes when treated with the MEK inhibitor PD98059 

in vitro [375]. Importantly, a structural cryo-electron microscopy study also used a highly 

selective allosteric CXCR2 antagonist (00767013) to assess the structure of inactive CXCR2, 

demonstrating a more compact extracellular region in the ligand activated form of CXCR2 

compared to the inhibited form, and suggested the possibility of pharmacological application 

of small molecule antagonism of CXCR2 to inhibit its pathological effects [315].  

Figure 16 IL8/CXCR2 Signalling Cascade 

IL8 binding CXCR2 can activate multiple G-protein mediated signalling mechanisms. Upon 

CXCR2 activation, Gαi subunit disassociates from the G protein βγ subunits, enabling 

subsequent phosphorylation of ERK1/2 to enable translocation of ERK1/2 to the nucleus 

and gene transcription to enable cell survival, proliferation, and chemotaxis. Moreover, Gβγ 

can also activate PLC-β2, inducing rapid release of Ca2+ from the endoplasmic reticulum. 

Figure created using BioRender.com  
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CXCR2 expression has been reported on a range of immune cells including granulocytes, 

monocytes, mast cells, and natural killer cells [370]. Double colour flow cytometry studies on 

human peripheral blood leukocytes reported variation in the level of CXCR2 expression among 

leukocyte subsets, with all neutrophils and monocytes, 7-42% CD8+ T cells, and 39-76% 

CD56+ NK cells being found to express CXCR2, while CD20+ B cells and CD4+ T cells 

exhibited no CXCR2 expression [376]. Moreover, another flow cytometry study on a B16F10 

tumour-bearing mouse model detected CXCR2 expression on CD45+Ly6G- bone marrow cells 

which increased in number in correlation with tumour growth. The same study also found 

compromised growth of macrophage progenitor cells which would otherwise regulate myeloid 

cell differentiation in the tumour microenvironment of CXCR2-deficient mice, suggesting a 

regulatory role for CXCR2 in tumour progression [377]. However, CXCR2 expression has also 

been demonstrated in the squamous epithelium of skin, oesophagus, and ectocervix in a 

membranous staining pattern, while epithelial cells in the stomach, small intestine, colon, lung, 

and kidney did not express any CXCR2 in archival neuroendocrine tissues [378]. Moreover, 

in a study which performed double staining IF and in situ hybridisation, CXCR2 expression 

was also detected on cultured spinal cord neurons which was upregulated at both mRNA and 

protein level with intraplantar CFA injection 3 days after injection [379], [380]. CXCR2 thus 

shows a highly variable expression pattern throughout inflammatory, pain and cancer settings 

and plays important regulatory roles in the tissue in which it is detected.  

In the maintenance of inflammatory pain, many studies have investigated the role of CXCR2. 

One such study knocked down CXCR2 in mouse DRGs by injecting CXCR2 specific small 

interfering RNAs (siRNA) into the perisciatic nerve, and demonstrated attenuation of CFA-

induced neuropathic pain symptoms including mechanical allodynia and heat hyperalgesia 

[381]. These findings have been further corroborated by studies in other neuropathic pain 

models including spinal nerve ligation and sciatic chronic constriction injury which reported an 

upregulation of CXCR2 in both peptidergic and nonpeptidergic neurons with IF, suggesting a 

regulatory role for CXCR2 signalling in peripheral mechanisms of neuropathic pain [382]. 

However, CXCR2 has also been widely suggested to regulate neutrophil chemotaxis from 

peripheral blood to inflamed tissue in the innate immune response [383]. In a murine model of 

autoantibody-induced arthritis, synovial fluid leukocytes isolated from the ankle joints were 

analysed for CXCR2 expression and demonstrated increased CXCR2 mRNA expression on 

neutrophils recruited into the joint, suggesting the preferential recruitment of CXCR2+ 

polymorphonuclear cells into the inflamed joint [384]. This study also revealed delayed 

initiation of arthritis in mice deficient for CXCR2 compared to WT mice, reinforcing the notion 

that CXCR2 is required for neutrophil chemotaxis into a site of inflammation [384].  Moreover, 

increased numbers of neutrophils within intestinal epithelial crypts in IBD patient mucosal 
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biopsies has been found to directly correlate with the severity of epithelial damage and clinical 

disease progression [385]. Thus, CXCR2-induced neutrophil migration could serve as an 

important marker of mucosal inflammatory disease activity and neuropathic pain 

pathogenesis.  

Unsurprisingly, oesophageal literature on the role of CXCR2 signalling in pain and 

inflammation exists predominantly in relation to the development of oesophageal squamous 

cell carcinoma. In a study which examined the relationship between IL8/CXCR2 expression 

by IHC analysis and oesophageal squamous cell carcinoma progression, increased 

IL8/CXCR2 was found to be directly associated with a shorter overall survival, thus highlighting 

CXCR2 as a prognostic marker in oesophageal cancer [386]. In another IHC study of CXCR2 

expression in archival specimens from oesophageal squamous cell carcinoma patients who 

underwent oesophagectomy, recurrence-free survival rates were significantly lower in patients 

who expressed CXCR2 compared to the CXCR2-negative group [387]. Moreover, in another 

study which transfected oesophageal cancer cell lines with siRNA against CXCR2, rates of 

cell growth and invasion were significantly reduced in oesophageal cancer cells with silenced 

CXCR2 compared to controls, highlighting CXCR2 as a therapeutic target for oesophageal 

cancer [388]. Although data on the role of CXCR2 in the oesophageal mucosa of patients with 

GORD is limited, recent studies have investigated mechanisms involved in IL8 production by 

human oesophageal epithelial cells (HEEC). In HEECs stimulated with bile acids and 

inflammatory cytokines and assessed with ELISA and qPCR, there was significantly higher 

IL8 secretion by epithelial cells stimulated with bile acids compared to neutral-pH media. 

Moreover, the same group also assessed biopsies from patients with heartburn, and detected 

a positive correlation between IL8 expression at mRNA level and the severity of oesophagitis 

and inflammatory cell infiltration [389]. Despite lower IL8 expression in NERD patients 

compared to ERD, NERD patients had higher IL8 expression than healthy controls, suggesting 

that IL8 expression in the oesophageal mucosa could be an important regulator of 

oesophageal inflammation, even in patients with NERD [390].  IL8/CXCR2 is thus an important 

marker involved in many complex pain and inflammatory mechanisms, and its role in GORD 

pathogenesis needs further investigation.  

  

1.7.6 RAMP1 

 

Receptor activity-modifying protein 1 (RAMP1) has been implicated as a contributor to the 

development of CGRP-induced chronic pain [391]. RAMP1 is a single membrane-spanning 

protein which forms part of the CGRP heterodimer receptor complex with seven 
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transmembrane spanning GPCR calcitonin receptor-like protein (CLR), and receptor 

component protein (RCP) as shown in Figure 17 CGRP Receptor Complex [392]. In the 

discovery of the CGRP receptor, CLR was long suspected to be the sole receptor for CGRP. 

However, expression-cloning of CLR in model cell line SK-N-MC from human neuroblastoma 

found that CLR did not traffic to the cell surface, making CGRP unable to bind and elicit cellular 

response [393].  Subsequent studies in Xenopus oocytes injected with complementary RNA 

from the model cell line recorded inward currents in response to CGRP application that were 

larger than the endogenous response in Xenopus oocytes without the SK-N-MC cRNA [393]. 

Repeatedly isolating the pool of clones according to their CGRP response identified a 148-

amino acid protein which is now known as RAMP1, and whose response was inhibited by a 

CGRP antagonist [393], suggesting that co-expression of RAMP1 with CLR was necessary to 

induce a substantial cellular response to CGRP. Moreover, the role of RCP in CGRP-induced 

signalling was later examined by using RCP antisense RNA to silence RCP expression in 

model cell lines which contained endogenous RCP. Whilst the level of CGRP receptor 

expression at the cell surface remained unaffected, CGRP-induced cAMP production was 

significantly attenuated, highlighting an important role for RCP in downstream CGRP receptor 

signalling [394].  Kinetic and biophysical evidence of increased neuronal production of cAMP 

in cultured trigeminal ganglion neurons when transfected with adenoviral RAMP1 vector 

further highlights that CLR needs RAMP1 for both its trafficking to the cell surface and its 

binding to CGRP, and RCP for its coupling to Gαs [395]. Upon CGRP binding the N-terminal 

pocket formed by CLR and RAMP1 in the extracellular domain (as shown in Figure 17), the 

CGRP receptor most frequently activates the cAMP signalling pathway to regulate gene 

expression and ion channel activity [396]. Moreover, as with most GPCRs, the CGRP receptor 

complex also undergoes a conformational change that results in serine and threonine 

Figure 17 CGRP Receptor Complex 

RAMP1-CLR-RCP heterodimer complex with CGRP bound to the extracellular N-terminal 

pocket formed by CLR and RAMP1 together. RCP interacts with CLR via its second 

intracellular cytoplasmic loop. Figure by Russo et al.  
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residues’ phosphorylation by G protein kinases [397]. This phosphorylation event increases 

the affinity of the CGRP receptor for β-arrestins which translocate to the plasma membrane, 

where they act as a molecular scaffold for clathrin and adapter proteins such as AP-1 to induce 

the internalisation and endocytosis of the GPCR [398].  

Most literature around CGRP signalling is in the context of primary headaches and migraines, 

in which CGRP has been shown to play a pivotal role [399]. RAMP1 expression has been 

recently described on neurons of the rat trigeminal ganglion with IHC [400].  Moreover, RAMP1 

immunoreactivity has also been found within arterial blood vessels, mononuclear cells, and 

Schwann cells within the cranial dura mater [401]. However, RAMP1 expression has also been 

widely reported on numerous immune cells, thereby enabling CGRP modulation of the 

immune response [392]. RAMP1 immunoreactivity was also recently reported on CD11b-

immunoreactive macrophages and S100A4-immunoreactive fibroblast, but not blood vessel 

endothelial cells, nor lymphatic endothelial cells [402]. Moreover, in a mouse model of DSS-

induced colitis, RAMP1 expression was shown on macrophages, mast cells, and T cells [408].  

RAMP1 expression has also been reported on Kupffer cells in the liver, where it was found to 

play an important role in immune-mediated hepatitis [404]. Thus, RAMP1 is widely expressed 

on immune cells where it acts as a key regulator of the immune response in multiple disease 

settings.  

The immunosuppressive actions of CGRP signalling via RAMP1 has been well described in 

the colon [405]. An in vivo study in a mouse colitis model which assessed colonic mucosal 

changes found increased accumulation of inflammatory cells including macrophages, mast 

cells, and T cells in RAMP1-/- mice, which also exhibited increased levels of TNFα, IL1β, IFNγ, 

and IL17 compared to WT, suggesting a mucosal protective role for RAMP1 via the attenuation 

of inflammatory cell recruitment to the site of inflammation [405].  Moreover, RAMP1 signalling 

has also been shown to play an important role in immune cells during inflammation-related 

lymphangiogenesis, where RAMP1-/- mice injected with LPS had suppressed 

lymphangiogenesis compared to WT mice, which was coupled with reduced expression of 

vascular endothelial growth factors (VEGF), and infiltration of fewer CD4+ T cells [406]. These 

findings were further supported by a study investigating skin wound healing in RAMP1-/- mice 

which demonstrated suppressed wound healing and wound-induced angiogenesis in mice 

with silenced RAMP1, coupled with decreased expression of VEGF-C [407]. Indeed, RAMP1 

signalling has also been highlighted in the growth of endometrial tissue and angiogenesis and 

lymphangiogenesis in the pathogenesis of endometriosis, whereby transplant of endometrial 

tissue from donor WT mice into the peritoneal wall of RAMP1-/- mice resulted in reduced 

implant growth and angiogenesis compared to transplant into WT mice where the endometrial 

implant grew with increased density of blood and lymphatic vessels [402]. This study also 
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demonstrated limited endometrial growth and angio/lymphangiogenesis when endometrial 

implants were administered with CGRP receptor antagonist CGRP8-37 [402]. A recent study 

which silenced RAMP1 expression by conditional gene-targeting reported high blood pressure 

by vascular contraction in mice which was caused by deficient CGRP signal transduction 

[408]. Moreover, LPS administration into RAMP1-/- mice induced a significant increase in 

serum levels of CGRP compared to RAMP1+/+ mice. In this study, LPS administration was also 

found to  supress TNFα secretion and induce IL-10 release by bone marrow-derived dendritic 

cells in RAMP1+/+ but not RAMP1-/- mice, suggesting CGRP-induced immunosuppression via 

RAMP1 activation on dendritic cells [408]. However, CGRP signalling also contributes critically 

to peripheral sensitisation of nociceptive nerves in migraine pathogenesis. For example, 

intravenous infusion of the known migraine trigger nitric oxide in a rat migraine model was 

found to induce increased RAMP1 expression on trigeminal ganglion neurons, suggesting 

enhanced RAMP1 signalling underlying the pathological mechanism of migraine attacks [409]. 

Recent IHC findings of RAMP1 expression on human and rat trigeminal ganglion neurons and 

glial cells further suggests a site and mechanism of action for migraine therapy [410]. 

However, co-expression with CGRP was very rare, suggesting CGRP and RAMP1 expression 

on separate neurons [401]. The development and FDA approval of CGRP receptor 

monoclonal antibody erenumab as a therapeutic for migraine further highlights the potential of 

manipulating RAMP1 signalling to alleviate chronic or episodic pain [391], [411].  

Despite the importance of RAMP1 signalling in the regulation of peripheral sensitisation, 

neuropathic pain, and the immune response, little is known about the distribution and function 

of RAMP1 in the oesophagus, where 90% spinal afferent neurons are known to contain the 

RAMP1 ligand CGRP [412]. In the mouse oesophagus, RAMP1 was detected 

immunohistochemically on IGLEs in contact with CGRP-immunoreactive spinal afferent nerve 

endings, and in the myenteric plexus. This suggests a possible modulatory role of RAMP1 

signalling in regulating hypersensitivity or motility reflexes [412]. However, neither the 

anatomical nor the functional basis for RAMP1 in the human oesophagus has been 

investigated. Thus, the role of RAMP1 signalling remains a promising therapeutic avenue to 

explore in the context of heartburn in patients with GORD.  
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1.8 Inflammation in GORD 

 

The traditional consensus for the pathophysiology of ERD is assumed to develop as a caustic 

chemical injury, whereby refluxed gastric acid and pepsin damage the squamous epithelial 

cells [413]. However, studies in a rat model of reflux oesophagitis demonstrated that disease 

onset follows infiltration of T lymphocytes and leads to basal cell hyperplasia [414]. 

Subsequently, a new concept for ERD pathogenesis included the possibility in which refluxed 

acid does not damage squamous epithelial cells lining the oesophagus, but rather induces 

them to secrete cytokines to activate proliferation and attract T cells which in turn cause 

damage to the mucosa [414]. In a clinical study where patients with healed ERD through PPI 

usage got induced acute oesophagitis by interrupting their PPI therapy, disease onset was 

found to begin with a T lymphocyte-predominant inflammation of the oesophagus, followed by 

the development of hyperplasia [275].  

Hypoxia-inducible factors (HIFs) are a family of transcription factors that respond to hypoxic 

stress and promote inflammation, and have been recently highlighted as critical mediators of 

oesophageal inflammation [415], [416].  Patients with acute oesophagitis after stopping PPI 

treatment showed an associated increase in HIF-2α in the oesophageal epithelium [414]. 

Moreover, human oesophageal squamous epithelial cell lines exposed to bile acid in vitro 

demonstrated decreased prolyl hydroxylase activity by generating intracellular reactive 

oxygen species and causing a sustained increase in HIF-2α [417]. In the normal state, HIF-α 

subunits are degraded and inactivated by proteasomes such as prolyl hydroxylase which 

catalyse HIFs [415]. Thus, exposure to bile acid induced HIF-2α accumulation by preventing 

its degradation (as seen in a state of hypoxia) [418]. This increase in HIF-2α was shown to be 

coupled to increased epithelial activity of NF-ΚB, increased immunostaining for p65, and an 

upregulation of mRNA levels of proinflammatory cytokines (COX-2, IL8, IL1β, TNFα, and 

ICAM-1) (Figure 18) [417]. When stabilised, HIFs have been reported to translocate to the 

nucleus and stimulate the transcription of target genes, explaining why the stabilisation of HIF-

2α activated the NF-ΚB-dependent inflammatory pathway in epithelial cells in the present 

study [419]. Thus, epithelial cells in the oesophageal mucosa secrete T cell chemokines as a 

result of HIF2α signalling. The findings of this study support the novel hypothesis that ERD 

development is initiated by T lymphocyte-led inflammation, causing  damage to the 

oesophagus as a result of increased HIF-2α activity [420].   

Furthermore, the oesophageal mucosa of GORD patients produces higher levels of various 

inflammatory cytokines compared with healthy controls [390]. Interleukin-8 (IL-8), a known 

neutrophil chemoattractant, was overexpressed in mucosa of GORD patients compared to 
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controls, and  was correlated with histological disease severity [421]. Huo et al demonstrated 

that oesophageal epithelial cells secrete IL-8 when exposed to acidic bile salts which activate 

the IL-8 promoter by binding NF-ΚB and AP-1 DNA binding sites. They also showed that IL-8 

secretion is suppressed when omeprazole is administered by blocking the nuclear 

translocation of the NF-ΚB subunit p65, thereby preventing the binding of p65 with AP-1 

subunits c-jun and c-fos [422]. Importantly, acid-induced production of IL-8 by oesophageal 

epithelial cells acts as a chemoattractant for lymphocytes, and there is a direct relationship 

between IL-8 levels and severity of ERD [423].  

The chronic inflammatory state induced by obesity in GORD has also been recently 

highlighted. A study that assessed the relationship between obesity and OGJ pressure 

segment morphology using high- resolution manometry demonstrated positive correlation 

between body mass index, waist circumference, and intragastric pressure [424]. This suggests 

that obese patients have increased likelihood of developing OGJ disruption, resulting in 

development of hiatal hernia, and an increased gastroesophageal pressure gradient leading 

to more reflux episodes. However, more recent data suggests that visceral obesity may induce 

systemic inflammation via the production of proinflammatory cytokines, which may have direct 

effects on oesophageal barrier function through downregulation of tight junction proteins 

Figure 18: Signalling mechanism of stabilised HIF-2α 

Diagram demonstrating the mechanism of bile acid-induced HIF-2α stabilisation and 

subsequent stimulation of proinflammatory cytokines which contribute to the development of 

ERD. Bile acid salts reduce PHD function by activating the NADPH oxidase system to 

generate ROS which causes a stable increase in HIF-2α. HIF-2α in turn activates the NF-

ΚB/p-65 signalling pathway which increases the transcription of pro-inflammatory cytokines.  

PHD, prolyl hydroxylase; ROS, reactive oxygen species [416] 
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including claudin and occludin [425]. A recent study that assessed the influence of obesity on 

baseline impedance by using ambulatory pH impedance monitoring found that oesophageal 

impedance was significantly lower in obese patients without reflux, and non-obese patients 

with reflux compared to healthy controls [426]. These data suggest that obesity is associated 

with abnormal oesophageal impedance, which is a functional measurement of oesophageal 

barrier integrity. As such, it is important to consider the inflammatory effect that obesity may 

induce in the oesophageal mucosa when studying inflammatory mechanisms underlying 

heartburn pathogenesis.  

1.8.1 Microinflammation  

Unlike ERD where the mucosal injury apparent at endoscopy is clearly responsible for the 

troublesome heartburn symptoms induced by acid reflux, the absence of macroscopic 

mucosal injury suggests  symptoms of NERD and FH occur via different mechanisms [427]. 

While IL-8 is known to mediate lymphocyte trafficking via its receptors in ERD, IL-8 mRNA 

levels have also been reported to be significantly higher in the oesophageal mucosa of 

patients with endoscopy-negative GORD compared to healthy controls. Moreover, there was 

an association between high levels of IL-8 mRNA and the presence of basal hyperplasia and 

intraepithelial neutrophils [428], suggesting that microscopic damage may underlie the 

pathogenesis of NERD [429]. Microscopic inflammation is a common type of oesophageal 

epithelial injury seen in patients with GORD [430]; the table below summarises the prevalence 

of individual lesions in ERD patients, as well as endoscopy-negative heartburn patients [431]. 

The prevalence of basal cell hyperplasia was significantly higher in ERD (95%), NERD (73%), 

and hypersensitive oesophagus (65%) compared to patients with FH (27%) and healthy 

controls (35%) [431]. Moreover, the concentration of eosinophils and neutrophil-led erosions 

in ERD (65%) and NERD (32%) were relatively higher than patients with FH (13%) and healthy 

volunteers (10%), suggesting that microscopic inflammation plays a role in endoscopy-

negative GORD patients including NERD and those with hypersensitive oesophagus, but not 

in FH [432]. While these histological changes are not specific to GORD, occurring in other 

inflammatory conditions such as eosinophilic oesophagitis, it is important to consider these 

histological abnormalities when characterising the sensory phenotype of different GORD 

phenotypes. 

Table 1 summarising the prevalence of individual lesions in GORD phenotypes [431] 
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It is thus possible to suggest that pain in the absence of overt inflammation, and persistent 

heartburn in the 30% of PPI-refractory GORD patients, could be explained by the concept of 

microinflammation in the oesophageal mucosa. A recent study measured low-grade 

inflammation with electrical conductivity of the oesophageal mucosa of heartburn patients 

without visible macroscopic breaks administered with rabeprazole for 2 weeks [433]. In vivo 

bioelectrical admittance measurements from these patients after short-term PPI treatment 

demonstrated higher admittance in patients with good responses to PPI, and assessment of 

histological alterations highlighted significant association between severity of 

microinflammation and oesophageal permeability [433]. These results suggest that in the 

absence of overt inflammation, more subtle inflammation in the oesophageal mucosa, possibly 

with small numbers of leukocytes releasing inflammatory mediators to sensitize sensory 

afferent nerves, could be an important underlying mechanism for pain in the absence of 

macroscopic injury [434]. 
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1.9 Hypothesis  

 

Neuronal acid-sensing and neuro-immune interactions generate oesophageal symptoms and 

vary between different reflux phenotypes.  

1.9.1 Aims 

 

- Investigate the expression of candidate acid-sensing receptors on epithelial nerves in 

NERD, FH ERD, and Barrett’s oesophagus patients, and healthy volunteers  

- RNA analysis of the genes expression level of ion channels: TRPM8, TRPV1, TRPA1, 

ASIC1-3), nerve growth factors (NGF and GAP43), and inflammatory mediators (IL8, 

TNF-α, IL-1β, IL6) in endoscopic mucosal biopsies from NERD, FH ERD, and Barrett’s 

oesophagus patients and healthy volunteers  

- Investigate the relation between the characterisation of mucosal afferent nerves and 

inflammatory mechanisms in endoscopic mucosal biopsies from NERD, FH, ERD and 

BO patients.  

- Assess the global transcriptome in GORD and healthy control oesophageal mucosa to 

enable further understanding of the functions and regulatory mechanisms of genes 

involved in heartburn pathogenesis and insight into novel genes that may be useful to 

investigate as potential biomarkers for further research.  
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2 Characterisation of mucosal afferent nerves in the 

oesophageal mucosa of patients with GORD  

 

2.1 Introduction 

 

The overwhelming majority (70%) of GORD patients belong to the sub-group NERD as defined 

by increased oesophageal acid exposure but macroscopically ‘normal’ oesophageal mucosa. 

As described in section 1.2 Diagnostic evaluation of GORD, these non-erosive patients are a 

unique group who exhibit heightened sensitivity to intra-oesophageal perfusion of acidic and 

nonacidic solutions compared to healthy controls, and equal or higher sensitivity compared to 

patients with endoscopically visible inflammation (ERD) [59]. Woodland et al. has shown 

superficial localisation of sensory afferent nerves in patients with NERD, but deeper lying 

nerves in the oesophageal mucosa of patients with ERD, BO, and controls [256]. This could 

be a partial explanation for acid hypersensitivity in patients with NERD due to the increased 

proximity of sensory nerve endings to the noxious refluxate and, therefore, greater exposure 

of their afferent nerves to acid reflux. However, the neurochemical profiles of these afferent 

nerve endings have not been further characterised. 

This is in contrast to the lower GIT where primary afferent neurons innervating the gut have 

been extensively characterised morphologically (cell size, location, microscopic structure of 

nerve endings), according to neurochemical profile (their neurochemistry, the ion channels 

and receptors that they express), and functional neuronal properties (basal firing rate, 

thresholds), as detailed in section 1.4 Peripheral pathways of pain sensation in the 

oesophagus [435]. Importantly, colon-projecting sensory neurons in mice were further refined 

by a novel single-cell RNA sequencing study into seven neuronal subtypes that selectively 

express marker genes [436]. Human intestinal studies have also highlighted how mucosal 

inflammatory mediators released by IBS patients regulate hypersensitivity through increased 

expression of receptors for neurotrophins (such as NTRK1), as detailed in section 1.7 

Neuroimmune crosstalk in the oesophagus [270]. Therefore, the rationale behind our study 

was to investigate how similar alterations in the neurochemical profiles of sensory mucosal 

afferents innervating the human oesophageal mucosa of GORD patients may be involved in 

sensing noxious stimuli.   

The chemosensitive function of sensory neurons is attributed to their expression of a range of 

ion channels and receptors, as described in section 1.5 Ion channels in pain sensation. 

Increased TRPV1 expression in sensory afferent nerves is associated with hypersensitivity, 
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with pro-inflammatory mediators including nerve growth factors indirectly sensitising the 

channel by lowering its activation threshold [437]. Moreover, submucosal capsaicin injection 

into the oesophagus of healthy subjects induces chest pain that resembles the description of 

symptoms by patients with reflux disease and oesophageal motility disorders [438], [439]. 

TRPA1 has also emerged as an important sensory transductor in the context of visceral 

hypersensitivity and inflammation in the GIT, inducing colitis in experimental models which 

demonstrate the upregulation of sensory mediators SP and CGRP release from nerve fibre 

endings [440]. Expression studies in guinea pig have shown TRPM8 to be highly expressed 

in oesophageal vagal jugular neurons and C-fibres [234], while clinical studies have shown 

menthol infusion into the oesophagus of GORD patients induces heartburn symptoms, 

suggesting a potential mechanism involving sensory neurons driving hypersensitivity [236]. 

ASIC3 protein expression has also been detected in the oesophageal epithelium of human 

oesophageal mucosal biopsies, where patients with more severe GORD symptoms 

demonstrated higher ASIC3 expression [441], and ASIC3 receptor expression in peripheral 

sensory nerves was shown to be upregulated via NGF during mucosal inflammation [242]. 

Alterations in the neurochemical profiles of sensory mucosal nerves innervating the 

oesophageal mucosa in GORD patients may be involved in heartburn sensation mechanisms. 

We hypothesise that nerve endings in the oesophageal mucosa have an acid-sensing role, 

and that their neurochemical profiles may differ in different reflux phenotypes. This chapter 

investigates the neuroanatomy and neurochemical profiles of sensory afferent nerve endings 

innervating the oesophageal mucosa of patients with GORD. It presents IHC data assessing 

the expression of ion channels (TRPM8, TRPV1, ASIC3) on neuronal subtypes in endoscopic 

mucosal biopsies from NERD, FH, ERD, and Barrett’s oesophagus patients. In addition, RNA 

analysis data on the gene expression levels of these sensory ion channels (TRPM8, TRPV1, 

TRPA1, ASIC3) in endoscopic mucosal biopsies from NERD, FH, ERD, and BO patients will 

be presented. Taken together, these results fulfil our aim of characterising the differences in 

the sensory innervation of the oesophageal mucosa among subgroups of GORD patients, and 

give guidance for potential future topical therapies to alleviate heartburn symptoms.  
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2.2 Materials and Methods  

2.2.1 Patient Biopsies  

All patients were prospectively recruited following informed consent and were required to have 

a clinical history of problematic heartburn requiring investigation. A total of 57 patients were 

recruited from the Royal London Hospital (Barts and the London School of Medicine and 

Dentistry, Queen Mary University of London, UK) for immunohistochemistry analysis and gene 

expression analysis. An additional 12 patients were recruited from Hualien Tzu Chi Hospital 

(Buddhist Tzu Chi Medical Foundation and Tzu Chi University, Hualien, Taiwan) and included 

in gene expression analysis based on our inclusion and exclusion criteria. This study was peer 

reviewed and approved by the Joint Research Management Office, Queen Mary University of 

London, and was also reviewed and granted ethical approval by the NRES Committee 

London- Queensquare (Study reference: 19/LO/1506) and the Research Ethics Committee - 

Hualien Tzu Chi Hospital (Study reference: IRB107-180-A). All patients provided written 

informed consent , and completed a Reflux Disease Questinnaire (RDQ) to assess symptom 

severity.Patients were included if they: 1) were aged between 18 to 70 years old, 2) had 

symptoms of at least moderate heartburn more than 3 times per week, and 3) had a clinical 

referral for endoscopic examination for investigation of symptoms. Patients were excluded if 

they: 1) had previous upper gastrointestinal surgery, 2) if they had severe upper 

gastrointestinal motility disorders, 3) if they took coagulopathy or concurrent anticoagulant 

medication, 4) if they were pregnant, 5) if they were allergic or hypersensitive to local 

anaesthetic, or 6) if they had any other medical condition that would make it unsafe for the 

subject to participate, determined by the treating physician. Patient demographic is presented 

in Table 10, appendix.  

Patients underwent endoscopy +/- wireless ambulatory reflux monitoring. All patients (except 

those with known Barrett’s esophagus) had stopped PPI treatment for > 7 days before 

endoscopy and reflux testing. Post-procedure, patients were divided according to phenotypes 

into; 1. erosive reflux disease (ERD), 2. non-erosive reflux disease (NERD), 3.  Barrett’s 

oesophagus (BO) and 4. functional heartburn (FH) according to the definitions under the 

subheadings below.   

Enrolment criteria for erosive reflux disease patients 

Symptomatic patients with at least LA Grade B oesophagitis [53] at endoscopy were included 

in this group. Five distal esophageal mucosal biopsies were taken per patient from non-eroded 

epithelium 3 cm above the squamo-columnar junction.  
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Enrolment criteria for nonerosive reflux disease and functional heartburn patients  

Where symptomatic patients had normal endoscopic appearances, 5 distal esophageal 

mucosal biopsies per patient were obtained (3 cm above the squamo-columnar junction). At 

the same session a wireless intra-esophageal pH sensor capsule was placed (systems used: 

OMOM, Jinshan Science & Technology (Group) Co Ltd, Chongqing, China; or Bravo, 

Medtronic, Shoreview MN). 96-hours pH recording was performed. PPI was not allowed for 7 

days before or during the reflux study. pH impedance monitoring was used to diagnose FH 

patients obtained from the second research site. Both methods are validated methods of reflux 

phenotyping.  

Patients with confirmed pathological acid exposure (>4.2% over the study period, as per 

standard practice at the time in which this study was started) [442] on analysis of their reflux 

studies were diagnosed with NERD. Patients whose reflux testing scores did not meet 

pathological acid exposure and had negative reflux/symptom association were diagnosed with 

FH and included in the study. Of note, the acid exposure time (AET) was >6% for all NERD 

patients included in the study (Table 10, appendix). 

Enrolment criteria for Barrett’s oesophagus patients 

Adults from BO endoscopic surveillance lists or those undergoing screening for suspected BO 

following previous ERD diagnosis were recruited from the Royal London Hospital. PPI therapy 

was not stopped before endoscopy, in keeping with treatment guidelines. Patients were 

diagnosed with BO upon the clear visualisation of columnar epithelium ≥1 cm above the 

gastro-esophageal junction on endoscopy and histopathologic recognition of columnar 

metaplasia. In addition to the clinical surveillance biopsies, five distal esophageal mucosal 

biopsies were taken from squamous mucosa within 1 cm above the squamo-columnar junction 

(away from the BO segment) for the purposes of this study.  

2.2.2 Tissue Processing and Sectioning for Immunohistochemistry 
 

Of the 5 distal oesophageal biopsies taken at endoscopy, 3 were fixed in 4% 

paraformaldehyde (PFA) (Sigma-Aldrich, Cat. Number 158127) in phosphate-buffered saline 

(PBS) (Sigma, Cat. Number P4417) for 2h, followed by cryoprotection in 30% sucrose in PBS 

for 24h at +4ºC, and 2 oesophageal biopsies were placed in RNA later solution and stored at 

-80ºC until further use. PFA-fixed tissue was embedded in optimum cutting temperature 

(Sakura Tissue-Tek, Cat. Number 4583) compound, frozen at -25ºC and (4 serial) 10µm 

sections were cut perpendicular to the mucosal surface on a cryostat (Leica 180UV) and 

mounted on positive-charged glass slides (Thermo Scientific, Cat. Number J1800AMNZ).  
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Table 2 Demographic data of patients 

35 biopsies were analysed for IHC assessment of TRPV1, while 57 biopsies were studied for 

ASIC3 expression analysis including additional samples from previous studies (recruited using 

identical inclusion/exclusion criteria). Residual tissue from previous studies was adequate for 

analysis of epithelial cell expression, but not neuronal analysis which required serial optimal 

sections throughout the biopsy to be studied. An additional 12 mucosal biopsies were obtained 

from the second site for qPCR analysis only.  

2.2.3 Immunofluorescence-Immunohistochemistry 
 

Sections were air-dried for 1 hour, washed with PBS to rehydrate sections for 5 minutes and 

serum blocked to reduce non-specific binding for 2 hours (Protein Block Serum-Free Ready-

to-use, Dako, Cat. Number X0909). Sections were then incubated with a combination of 

primary antibodies made up in protein block for 16-18h at +4ºC. All primary antibodies used 

are listed in  

Table 3. Sections were then washed 3 times for 10 minutes with PBS with gentle agitation on 

an orbital shaker (Titramax 100, Heidolph) the following day, and secondary antibodies 

subsequently applied and incubated for 1h at room temperature (donkey anti-mouse 488nm, 

donkey anti-rat 488nm, and donkey anti-rabbit 568nm, Invitrogen, Thermo Fisher Scientific, 

1:400 concentration). Sections were then washed 3 times for 10min in PBS before being 

mounted in Vectashield HardSet antifade mounting medium with DAPI fluorescent stain (4’,6-

diamidino-2-phenylindole; Vector Laboratories, H-1500) and a 0.16-0.19mm cover slip 

(Thermo Fisher Scientific, 22X30-1.5). 

Slides were examined for fluorescence using a Leica DM4000 Epi-Fluorescence Microscope 

(upright) using MetaMorph microscopy software for image capture. Images were viewed with 

a 20x, 40x, or 63x oil lens and processed using FIJI (win64).  
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Table 3 Source, clones, and dilution of all primary antibodies used.  

2.2.4 Image analysis    

We first confirmed the distance of sensory CGRP-positive nerve endings from the luminal 

surface by counting the number of cell layers from the luminal surface to the identified neuronal 

ending. The results from all sections for each whole biopsy were compiled, and the mean 

representative value was used in downstream analysis for that sample. Nerve fibres between 

1-10 cell layers away from the esophageal lumen were classed as ‘superficial’, while those 

more than 10 cell layers away from the lumen were classified as ‘deep’ nerves, in keeping with 

the group’s previous projects [254], [256].   

2.2.4.1 Manders coefficient     

Images were processed using FIJI (win64) and co-localisation was quantitatively analysed 

using a JaCOP plugin, where the overlap of one pixel labelled in the red channel and the other 

pixel labelled in the green channel was measured to give a final value, giving the total 

percentage overlap. Acquired images were converted to black and white. A threshold was set 

to highlight positive signals in black and background in white, creating a binary image in each 

channel. Then, the positive area was highlighted using the freehand tool to give a region of 

interest (ROI). The ROI was applied to the corresponding image in the other channel, and 

pixel number measured. Thus, two values were obtained for each image: the number of 

positive pixels in the green channel, and the number of positive pixels in the red channel, 

within the same ROI.  
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The overlap of positive pixels between the two images were quantified by using the Manders 

coefficient which measures the percentage positive pixel overlap in one channel and the other 

where 1.0= complete overlap and 0= no overlap.  

 

2.2.4.2 Automated cell counting      

Automated cell counting was done using FIJI. Images were converted to greyscale before 

processing. A threshold was set to highlight all the cells positive for DAPI, and then a separate 

threshold was set to highlight all the cells positive for the marker of interest. This generated 

binary images for counting. All positive particles were then automatically counted by using the 

‘Analyse particles’ tool. The percentage of cells positive for marker of interest were calculated 

from the total DAPI-positive cell count. 5 images were quantified per sample, and a mean cell 

count per sample was calculated. Submucosal cells were excluded from the count to ensure 

that only the epithelial expression of protein of interest was analysed. 
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2.2.5 Qualitative Real Time Polymerase Chain Reaction (qRT-PCR) 

2.2.5.1 RNA Extraction  

 

Endoscopic biopsies from the distal oesophagus were placed in RNA later solution (Sigma, 

Cat. Number R0901-100ml) and kept at -80ºC until RNA extraction. RNA was extracted using 

the RNeasy Mini Kit (Qiagen, Cat. Number 74016). Briefly, biopsies were placed in 600 µl of 

buffer RLT with 1% β-mercaptoethanol and disrupted with a TissueRuptor (Qiagen). The 

lysate was centrifuged for 3 min at full speed. The supernatant was removed and transferred 

to a new microcentrifuge. Subsequently, 600 µl of 70% ethanol was added to the lysate and 

mixed immediately by pipetting. A 700 µl volume of the sample was added to the spin column 

in a 2 mL collection tube and centrifuged at >10000 rpm for 15 sec. Flow through was 

discarded and 700 µl buffer RW1 was added to the RNeasy spin column and centrifuged at 

>10000 rpm. Flow-through was discarded, and the membrane was washed with 500 µl buffer 

RPE centrifuged for 15 sec at >10000 rpm. Flow-through was discarded and the membrane 

washed with 500 µl buffer RPE and centrifuged for 2 min. The old collection tube was 

discarded, column was placed in a new collection tube and centrifuged for 1 min at full speed 

to dry the membrane. A 30 µl volume of RNAse free water was added directly to the centre of 

the spin column membrane and centrifuged for 1 min at >10000 rpm to elute RNA. Eluted 

RNA was quantified using Nanodrop (Thermo Scientific). Only samples with >100 ng/µl RNA 

and a 260/280 ratio >2.0 were used for qPCR experiments.  

  

2.2.5.2 Reverse transcription for cDNA Synthesis 

0.5 µg total RNA was reverse transcribed into cDNA using the QuantiTect reverse transcription 

kit (Qiagen, Cat. Number 205310). A maximum of 2 µg RNA was incubated with the reverse 

transcription MasterMix (reverse transcriptase, RT buffer, RT primer mix) in a PCR max Alpha 

cycler using the following settings: incubate for 15 min at 42ºC, incubate for 3 min at 95 ºC to 

inactivate quantiscript reverse transcriptase, then hold at 4 ºC.  

 

2.2.5.3 qRT-PCR 

qRT-PCR was performed on the AB7300 Real-Time PCR system (Applied Biosystems) using 

the QuantiFast SYBR Green PCR kit (Cat. Number 204056). QuantiTect Primer Assays were 

used for 18S, TRPM8, TRPV1, TRPA1, and ASIC3 genes (See Table 4). 
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Table 4: QuantiTect Primer Assays (Qiagen), and their sources 

 

2.2.6 Statistical Analysis 

Relative gene expression by qPCR was calculated using the 2-ΔCT method, where gene 

expression change was relative to the housekeeping gene. GORD phenotypes were 

compared to each other by one-way ANOVA followed by Bonferroni’s post-hoc test for multiple 

comparison. Values are presented as mean ± SD. 
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2.3 Results 

2.3.1 Localisation of sensory afferent nerves in GORD phenotypes  
 

First, previous findings on sensory afferent neuronal innervation of CGRP immunoreactive 

fibres in the oesophageal mucosa of GORD patients was confirmed using 

immunohistochemical analysis.  We previously established the co-expression of PGP9.5 on 

CGRP-positive nerve fibres innervating the esophageal squamous epithelium [256], therefore, 

only CGRP containing sensory nerves were identified in this study. 

In NERD patients, CGRP immunoreactive (IR) afferent nerve endings were located 

superficially in the distal oesophageal mucosa, where they were found to innervate the 

uppermost layer of epithelial cells (Figure 19A). Conversely, in patients with ERD, FH, and 

BO, CGRP-IR afferent nerves were found deeper in the distal squamous epithelium (mean 22 

cell layers away from the lumen surface) (Figure 19B). These deep nerves were most often 

intrapapillary, regardless of disease phenotype (Figure 19A). CGRP-IR nerves were identified 

in 3/8 BO patients, 5/10 ERD patients, 4/7 FH patients and 7/10 NERD patients. In patients 

where sensory nerves were identified, superficial expression of CGRP-IR afferent nerves was 

significantly higher in NERD patients compared to FH, ERD and BO (p = <0.01) (Figure 19B). 
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Figure 19 Localisation of CGRP-IR nerves in GORD phenotypes 

A) Top left panel demonstrates a superficial afferent nerve in a NERD patient with arrows 

pointing to a CGRP-IR sensory nerve ending. The ERD, FH, and BO panels demonstrate deep 

nerve fibres typically found in these patients as demonstrated by arrows pointing to the CGRP-

IR nerves in the papillae. B) CGRP-positive nerves are significantly closer to the lumen in 

NERD (p=<0.01). L= lumen, B= basal layer. Error bars represent SD. Scale bar: 100µm. 

Images are representative of the mean taken from 3 experimental repeats per patient, over 5 

fields of view.  
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2.3.2 TRPV1 expression in the oesophageal mucosa of adults with GORD  
 

TRPV1 has been extensively reported as an ion channel involved in hypersensitivity, but its 

expression on oesophageal mucosal afferent nerves in patients with heartburn has not been 

characterised. TRPV1 expression in the oesophageal mucosa of GORD patients was 

assessed using IF-IHC. Specific binding of the TRPV1 antibody was confirmed using control 

IBD colon tissue kindly donated by Dr Rubina Aktar for the purpose of antibody validation 

(Figure 20) and abdominoplasty skin tissue (post-fixed with 4% PFA for 15 minutes prior to IF-

IHC) kindly donated by Dr Lisa McGinty as a positive control (Figure 21A). Literature 

demonstrates that mucosal macrophages, submucosal plasma cells, and leukocytes near the 

epithelial layer express TRPV1 in the inflamed mouse and human colon [443]. Moreover, 

TRPV1 is highly expressed on nociceptive sensory nerve endings in the skin, where it was 

shown to have sensory afferent functions [444]. In the colonic mucosa, cellular TRPV1 

expression was observed between crypts, and there was some co-localisation with CGRP 

(Figure 20A). In the epidermis of the abdominoplasty skin, TRPV1 was expressed on CGRP-

immunoreactive nerve fibres (Figure 21A). Negative controls with no primary antibody showed 

no labelling in the colon (Figure 20B), nor skin (Figure 21B). Additionally, control antigen was 

also run alongside the antibody according to the manufacturer’s instructions to confirm the 

specificity of the antibody. Slides were incubated in parallel with and without the antigen in a 

ratio of 1:2 (Appendix 1). 

Figure 20: TRPV1 is expressed in colon tissue isolated from IBD patient biopsies  

A) TRPV1 optimisation in the IBD colon co-stained with CGRP, showing TRPV1-immunoreactive 

cells between colonic crypts. Arrowhead highlights a TRPV1+CGRP+ cell B) Negative control 

showing no TRPV1 immunoreactivity in the same IBD colon sample. A total of 2 IBD colon samples 

and 2 normal colon samples were used for optimisation. Scale bar: 100µm, insert scale bar: 20µm. 
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Figure 21 CGRP-immunoreactive nerves in the obese skin are TRPV1-positive 

A) TRPV1 optimisation in abdominoplasty skin tissue, co-stained with CGRP to highlight 

sensory nerve endings. TRPV1 was expressed by CGRP-immunoreactive afferent nerves in 

the epidermis layer. B) Negative control for TRPV1 and CGRP, showing no immunoreactivity 

in the same abdominoplasty skin sample. Scale bar: 100 µm 
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After successful antibody optimisation, immunohistochemical expression of TRPV1 was 

assessed in mucosal biopsies from 35 patients presenting with heartburn phenotyped 

endoscopically and with objective reflux studies into ERD (N=10), NERD (N=10), FH (N=7), 

and BO (N=8). A total of 160 µm per sample (4 slides per patient, with each slide containing 

4 serial sections at 10 µm each) was evaluated to locate nerve fibres. TRPV1 was frequently 

expressed on superficial CGRP-immunoreactive nerves in NERD patient samples (Figure 

22A). Quantitative analysis to assess the degree of co-expression found significantly 

increased co-expression of TRPV1 on CGRP-immunoreactive superficial nerves in NERD, 

compared to ERD (p = 0.028) or BO (p = 0.017) patients (Figure 22E).  

Papillary CGRP-immunoreactive nerves in patients with ERD, FH, and BO did not express 

TRPV1 (Figure 22B-D). TRPV1 expression was only occasionally observed in oesophageal 

epithelial cells (5/35 GERD patients studied, including 3 FH patients, 1 ERD patient, and 1 BO 

patient) (Figure 23). This was reflected in RNA quantitation studies which confirmed 

expression of TRPV1 at mRNA level, but showed high variability between patient phenotypes 

and no significant differences in TRPV1 gene expression (Figure 22F). While the study 

requires healthy control data, there appears to be no relationship between TRPV1 expression 

at mRNA level and phenotype.  
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 Figure 22 TRPV1 expression and co-localisation with CGRP in GORD phenotypes 

A) Superficial mucosal nerve identified with CGRP (arrows) which co-localised with TRPV1  in a NERD 

patient. B) Intrapapillary mucosal nerve identified with CGRP (arrows) did not express TRPV1 in an ERD 

patient. C) Deep intrapapillary mucosal nerve identified with CGRP (arrows) did not express TRPV1 in a 

patient with FH. D) Deep interpapillary mucosal nerve identified with CGRP (arrows) did not express 

TRPV1 in a patient with BO. Images are representative of the mean taken from 3 experimental repeats 

per patient, from 5 fields of view. E) Co-localisation of CGRP-IR sensory endings with TRPV1 is 

significantly increased in NERD compared to ERD, and BO as assessed by one-way ANOVA and 

Bonferroni’s test. F) TRPV1 mRNA expression in oesophageal mucosal biopsies from GORD patients. 

BO: N=8, ERD: N=12, FH: N=17, NERD: N=8. Error bars represent S.D. qPCR included duplicate 

samples/patient, and plotted data is the mean of 3 independent experimental repeats. L= lumen, B= 

basal layer. Scale bar: 100µm. 
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Figure 23: Cellular TRPV1 expression 

Epithelial TRPV1 expression in a representative ERD sample. Arrows highlight epithelial cells 
showing membranous TRPV1 expression. L= luminal, B= basal layer. Scale bar: 100μm 
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2.3.3 ASIC3 expression in the oesophageal mucosa of adults with GORD  
 

ASIC3 expression in the oesophageal mucosa of patients with GORD was assessed using IF-

IHC. Efficacy of the ASIC3 antibody was confirmed using full thickness inflamed colon tissue 

as positive control as previously described, where ASIC3 was found to be expressed in the 

myenteric plexus (Figure 24A). Negative control slides were prepared as previously described 

and showed no ASIC3 immunoreactivity in the myenteric plexus (Figure 24B). 

 

  

Figure 24: ASIC3 is expressed in the myenteric plexus of the IBD colon 

A) ASIC3 optimisation in inflamed colon tissue, co-stained with CGRP to highlight sensory 

nerve fibres of the myenteric plexus. ASIC3 was expressed by CGRP-immunoreactive nerves 

in the myenteric plexus (yellow) B) Negative control for ASIC3 and CGRP, showing no 

immunoreactivity in the same colon sample. Scale bar represents 100 µm. 
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Immunohistochemical expression of ASIC3 was assessed in mucosal biopsies from 56 GORD 

samples phenotyped endoscopically and with objective reflux studies into ERD (N=9), NERD 

(N=10), FH (N=18), BO (N=19), and healthy controls (N=7). This included a total of 80 µm per 

sample (2 slides per patient, with each slide containing 4 serial sections at 10 µm each). ASIC3 

expression was not detected on either superficial or deep CGRP-IR nerves but was observed 

on epithelial cells in ERD, FH, NERD, and BO, where ASIC3-positive cells co-stained for e-

cadherin (Figure 25A-D).  

DAPI-positive cells and ASIC3-positive cells were counted and calculated as a percentage of 

the total number of DAPI-positive cells expressing ASIC3 (as described in section 2.2.4 Image 

analysis). Epithelial expression of ASIC3 was significantly increased in ERD and NERD 

compared to healthy controls (p = <0.0002 for both comparisons), FH (p = <0.01 for both 

comparisons) and BO patients (p = <0.0001) (Figure 25E). Healthy controls and BO had the 

lowest level of ASIC3 expression while the NERD and ERD subgroups appeared to have two 

clusters: a group of patients with a high level of ASIC3 positivity, and a group of patients with 

considerably lower ASIC3 expression (Figure 25E). However, there was also no correlation 

between symptom severity as assessed by RDQ score, nor between acid exposure time 

(AET), and ASIC3 expression (Appendix  2, Appendix  4). 

RNA quantitation studies were conducted to study the relative level of ASIC3 gene expression 

(in relation to the reference gene 18S). There was no significant difference in the level of 

ASIC3 gene expression between the different GORD phenotypes (Figure 25F). While the 

study requires healthy control data, there appears to be no correlation between ASIC3 

expression at mRNA level and disease phenotype.  
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Figure 25: ASIC3 expression by oesophageal epithelial cells in GORD phenotypes 

A) ASIC3 is expressed on e-cadherin immunoreactive oesophageal epithelial cells in a patient with 

NERD, B) e-cadherin immunoreactive oesophageal epithelial cells express ASIC3 in an ERD 

patient C) e-cadherin immunoreactive oesophageal epithelial cells co-express ASIC3 in a patient 

with FH, D) e-cadherin immunoreactive oesophageal epithelial cells have low ASIC3 expression 

in a patient with BO. E) e-cadherin immunoreactive oesophageal epithelial cells do not express 

ASIC3 in healthy controls (HCs). F) The percentage of ASIC3 cells was significantly higher in ERD 

and NERD patients as assessed by one-way ANOVA and Bonferroni’s test. G) qPCR analysis of 

ASIC3 in esophageal mucosal biopsies in GERD patients. Error bars represent S.D. NERD: N=8, 

BO: N=8, ERD: N=8, FH: N=16. qPCR analyses included duplicate samples/patient, and plotted 

data is the mean of 3 independent experimental repeats. L=lumen, B= basal layer. Scale bars: 

100µm, inset scale bars: 40µm. 
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2.3.3.1 Assessment of ASIC3 on intra-epithelial leukocytes in the oesophageal 

mucosa  

 

As co-localisation between ASIC3 and e-cadherin was not exclusive, ASIC3-immunoreactive 

cells were further characterised by double-staining with the pan-leukocyte marker CD45. 

However, there was no co-localisation between CD45 and ASIC3 in any of the disease groups. 

While all GORD phenotypes presented with immune cell infiltration in the mucosa, CD45+ 

lymphocytes were ASIC3-negative (Figure 26A). The highest density of immune cell  was 

observed in the submucosa of NERD patient biopsies. In the epithelium, CD45+ lymphocytes 

were mostly intrapapillary, whilst FH samples showed sparse immune cell infiltration in the 

epithelium (Figure 26A). CD45+ lymphocyte infiltration was not significantly different between 

the GORD groups (p = 0.52) (Figure 26B).  
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Figure 26: Immune cells in the oesophageal mucosa of GORD patients do not express 
ASIC3 

A) ASIC3 is not expressed by CD45-immunoreactive lymphocytes in NERD, ERD, FH, and 
BO. B) The percentage of CD45-IR cells was not significantly different between GORD 
phenotypes as assessed by one-way ANOVA. B, basal layer; L, lumen. Scale bar: 100 µm 
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2.3.4 TRPM8 expression in the oesophageal mucosa of adults with GORD  
  

We hypothesised that TRPM8 might be expressed on afferent nerves in the oesophageal 

mucosa, and that it might have a sensory role in inducing heartburn symptoms. TRPM8 

expression was investigated using IF-IHC. Positive staining using the TRPM8 antibody was 

determined with IBD colon tissue as a positive control (Figure 27). This was justified as 

literature demonstrated increased TRPM8 immunoreactivity in the inflamed colon [229]. 

Negative controls were prepared as previously described and showed no labelling. In the 

mucosa of a patient with IBD, cellular TRPM8 expression was observed between the crypts 

(Figure 27A and C). These co-localised with CD45, a pan-leukocyte marker (Figure 27A), and 

CGRP, a marker for sensory neurons (Figure 27C). TRPM8 expression was also observed in 

the submucosa, but did not co-localise with protein gene product 9.5 (PGP), pan-neuronal 

marker (Figure 27B).  Furthermore, an antigen control test was performed according to the 

manufacturer’s instructions to confirm antibody specificity. Slides were incubated with the 

antibody in parallel with and without the control antigen in a ratio of 1:2.  

Figure 27: TRPM8 expression in the IBD colon  

TRPM8 antibody optimisation on positive control tissue, IBD colon. CD45 was used to highlight 

lymphocytes (A) and PGP was used as a neuronal marker (B). TRPM8 was expressed on 

immune cells in the epithelial layer of the colon. There was colocalisation between TRPM8 

and CGRP in the epithelium of the IBD colon (C). Scale bar: 100µm 
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Oesophageal mucosal biopsies from 20 GORD patients (ERD N=10, FH N=4, NERD N=4, BO 

N=2) were immunohistochemically assessed for expression of TRPM8. A total of 160 µm of 

oesophageal epithelium was studied per patient sample (4 slides per patient, with each slide 

containing 4 serial sections at 10 µm each). Neither epithelial cells nor sensory afferent nerves 

in the oesophageal mucosa of heartburn patients expressed TRPM8 (Figure 28A-B). In ERD 

samples where submucosa was present, TRPM8 expression was observed on a subset of 

CD45-positive lymphocyte infiltrates (Figure 28C).  

To assess TRPM8 expression at mRNA level, RT-qPCR was performed. TRPM8 expression 

was absent in 2/20 patients whilst remaining samples had detectable but low levels of TRPM8 

expression (Figure 28D). A concentration of 100ng RNA was initially used, and subsequently 

increased to 500ng to test whether detection could be improved. TRPM8 levels remained 

relatively low at mRNA level despite the increase of RNA concentration. The mRNA data 

agrees with the IF-IHC findings of limited TRPM8 expression in the epithelium. Most 

oesophageal biopsies do not contain the submucosa region where the protein was found to 

be expressed, hence it is unsurprising that the gene was not detected in the samples analysed. 
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Figure 28: TRPM8 is expressed on CD45+ leukocytes in the oesophageal mucosa of ERD 
patients 

A) CGRP-immunoreactive mucosal afferents negative for TRPM8 in a patient with ERD. B) 

Esophageal epithelial cells identified with e-cadherin did not express TRPM8 in patients with ERD. 

C) TRPM8 is expressed on CD45+ leukocytes in the esophageal submucosa of ERD patients.  

Images are representative of the mean taken from 3 experimental repeats per patient, from 5 fields 

of view D) TRPM8 gene expression in esophageal mucosal biopsies in GERD patients. Error bars 

represent S.D. NERD: N=4, BO: N=8, ERD:N=9, FH:N=9. qPCR analyses included duplicate 

samples/patient, and plotted data is the mean of 3 independent experimental repeats. L=lumen, 

B=basal layer. Scale bar represents 100µm. 
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2.3.5 TRPA1 expression in the oesophageal mucosa of adults with GORD  
 

TRPA1 has been implicated as another ion channel which may play a sensitising role in 

sensory neurons innervating the oesophageal mucosa. The relative level of TRPA1 gene 

expression in the oesophageal mucosa of patients with GORD was assessed via RNA 

quantification studies. There was no significant difference in the level of TRPA1 gene 

expression among GORD phenotypes (Figure 29). The study requires healthy control data, 

as well as TRPA1 protein localisation studies with IF-IHC in the oesophageal mucosa.  

  

Figure 29: qPCR analysis of TRPA1 in the oesophageal mucosa of GORD 
patients 

The relative expression of the gene of interest is in relation to the reference gene 

18S. Error bars represents SD. Results were statistically insignificant. NERD N= 6; 

Barrett’s N= 6; ERD N=9; FH N= 19 
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2.4 Discussion  

 

This section aimed to characterise sensory afferent nerves innervating the oesophageal 

mucosa for an improved understanding of the mucosal mechanisms underlying oesophageal 

hypersensitivity in patients with GORD. TRPM8, TRPV1, ASIC3, and TRPA1 expression was 

investigated using IF-IHC and qPCR studies in endoscopic mucosal biopsies from patients 

with BO, ERD, FH, and NERD. At the time in which the studies for this section of the study 

were undertaken, healthy volunteers had just been recruited following ethical approval issued 

by the Health Research Authority in January 2020. However, the collection of healthy control 

biopsies was disrupted due to the SARS-CoV-2 outbreak soon after. Thus, analysis of results 

in this section compares the subgroups of GORD to one another.  

Findings from this study confirm our group’s previous findings describing superficial nerves 

(close to the lumen) found in NERD, but not other reflux phenotypes [256]. They are seen 

much closer to the luminal surface in NERD than in other GORD phenotypes, where nerve 

fibres are located deeper in the epithelium and are most often papillary. The uniquely 

superficial nerves of NERD are ideally located to sense and be activated by acidic luminal 

stimuli without need for significant breach of the oesophageal mucosal barrier integrity and is 

likely to explain why patients with NERD can experience similar severity of heartburn as 

patients with erosive disease.  

Unlike deep mucosal nerves, superficial mucosal nerves (found most frequently in NERD) 

express TRPV1. The superficial expression of TRPV1 may have a role in pathogenesis of 

heartburn [256]. The acid-induced activation of TRPV1 on superficial afferent fibres 

innervating the oesophageal mucosa could be a possible mechanism of oesophageal 

perception of reflux events or hypersensitivity, as previously suggested by animal studies 

which demonstrate that pharmacological blockade of TRPV1 reduces acid-induced damage 

to the mucosal integrity in NERD [149], [189]. The mechanism of TRPV1-mediated 

hypersensitivity could also involve neuro-immune interactions. There is evidence in the 

literature to suggest that activation of TRPV1 in primary afferent nerves induces the release 

of CGRP and SP when exposed to HCl, causing an increase in platelet-activating factor (PAF) 

which can induce inflammation and mucosal damage [190], [193].  The finding of co-

localisation of TRPV1 and CGRP on superficial afferent nerves in the current study thus 

suggests a nociceptive function of TRPV1 on these fibres, where excessive H+ in the refluxate 

lowers the transduction threshold of the ion channel, subsequent influx of H+ causes 

membrane depolarisation and leads to the active firing of the neuron, thus increasing 

sensitisation to the noxious stimulus [66]. Moreover, the observation that in hyposensitive 
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Barrett’s patients only deep intra-papillary sensory nerves were identified, while superficial 

afferent sensory nerves co-expressed TRPV1 most frequently in hypersensitive NERD 

patients suggests that heartburn symptoms in patients without mucosal injury could be 

explained by the superficial location of TRPV1-immunoreactive nerves. Physiologically, 

TRPV1 can be activated by H+ released during inflammation [155]. Our findings suggest that 

TRPV1 could be activated by luminal H+ present in the refluxate, even in the absence of 

inflammation. Thus, pathological levels of acid reflux could lead to the increased sensitisation 

of TRPV1 even in the absence of apparent mucosal lesions and cause increased action 

potential firing, ultimately resulting in troublesome heartburn symptoms [445]. This highlights 

TRPV1 as a topical mucosal target which could be pharmacologically blocked to attenuate its 

activation by H+ in the refluxate to block the peripheral mechanisms responsible for increased 

sensitivity, and thus alleviate heartburn in patients with NERD. 

Furthermore, electrophysiological recordings have demonstrated that capsaicin injection into 

the marrow cavity increases the afferent neuronal activity in C fibres and Aδ fibres, while also 

sensitising both to mechanical stimuli [446]. These findings provide further evidence 

supporting the role of TRPV1 in pain pathogenesis. There have also been suggestions of 

nociceptive neuroplasticity associated with the pathogenesis of GORD. A gene expression 

study which investigated the correlation between TRPV1 upregulation with neurotrophic 

factors such as NGF and glial cell-derived neurotrophic factor (GDNF) demonstrated an 

association between NGF and GDNF in the upregulation of TRPV1 gene expression in 

patients with ERD, highlighting the neuroplastic alterations which may drive the change in the 

location of afferent nerve endings, their expression of TRPV1, and hence explain the 

increased sensitivity and heartburn symptoms in GORD [447]. However, whilst the TRPV1 

receptor was detected on afferent nerve endings in the oesophageal mucosa of NERD and 

occasionally FH patients with IF-IHC, there was no significant difference in the expression of 

TRPV1 among the subgroups of GORD at mRNA level. This can be partially explained by the 

lack of RNA in nerve endings innervating the oesophageal mucosa and hence the lack of 

detection of differences in mRNA levels of TRPV1 between the NERD group and other 

phenotypes of GORD.  In addition, there may be technical reasons for why we did not see a 

difference in TRPV1 gene expression when other studies have reported TRPV1 upregulation 

in the oesophageal mucosa of NERD and ERD patients [448]. Studies which report a 

significant increase in TRPV1 gene expression in oesophageal endoscopic biopsies from 

GORD patients reverse transcribe 1 mg (1000µg) [447], or 1 µg [448] of total RNA isolated 

with the Trizol reagent. In this study, RNA was extracted using solid-phase RNA extraction 

with silica-membrane spin columns, and the concentration of total RNA used for cDNA 

synthesis was increased from the manufacturer instructions of 0.1 µg to 0.5 µg, half the 
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concentration of that used in the real-time polymerase chain reaction study by Guarino et al. 

Moreover, both studies report a significant increase of TRPV1 gene expression in GORD 

groups in relation to healthy subjects, not in relation to different GORD subgroups. In our 

study, the analysis compares TRPV1 expression between NERD, ERD, FH, and BO, relative 

to the housekeeping gene. Hence, the significance of TRPV1 gene expression could still be 

relatively higher in the GORD subgroups when compared to healthy control samples.  

Pain sensation in the oesophagus of patients with heartburn symptoms could be further 

explained by our finding that epithelial cells within the mucosa in NERD and ERD patients 

express ASIC3 significantly more than in FH and BO. The observation that NERD and ERD 

patients (who have increased acid exposure) have more epithelial expression of ASIC3 than 

FH (who do not have increased acid exposure) and BO (who also have low exposure due to 

patients being on PPI treatment at the time of endoscopy) is interesting, and could mean that 

there is a direct link between ASIC3 expression and acid exposure. The difference could also 

be due to a fundamental difference in the sensory phenotype of Barrett’s patients. The lack of 

co-expression between CD45 and ASIC3 suggests that ASIC3 primarily regulates epithelial 

cells, and that the mechanism of ASIC3 upregulation is likely to be unrelated to immune cell 

infiltration. The presence of specific epithelial ASIC3 in the oesophageal mucosa was shown 

to be associated with an increased symptom severity in GORD patients previously and was 

highlighted as a potential objective biomarker of symptom severity [441], thus supporting our 

findings. Another recent study which assessed gene and protein expression of ASIC3 using 

qPCR, western blot, and IF analysis confirmed our findings, demonstrating increased ASIC3 

protein expression in oesophageal mucosa and DRG neurons in rodent models of ERD and 

NERD compared to sham operated controls [449]. 

ASIC3 is reported to be a peripheral sensory receptor with nociceptive functions which is 

activated by changes in pH in both the physiological and pathophysiological range [450]. While 

it has been reported to be found predominantly on sensory nerves, a role for ASIC3 in 

heartburn has been described in a recent study using primary human oesophageal epithelial 

cells [194]. In this study, the phosphorylation of ASIC3 and TRPV1 by acid-induced release of 

ATP was shown to be a mechanism sensitising oesophageal epithelial cells to acid. Moreover, 

the activation of the GPCR receptor PAR2 via mast cell tryptase was found to enhance ATP 

release following acid exposure [194]. Thus, although we did not observe co-localisation 

between CD45-immunoreactive leukocytes and ASIC3 in our GORD samples, immune cells 

such as mast cells may be sensitising ASIC3-expressing epithelial cells to acid indirectly. Our 

observation of differential ASIC3 expression in the oesophageal epithelium among GORD 

subgroups could explain the mechanisms of acid-induced heartburn, and particularly the role 

that epithelial cells play in the pathogenesis of heartburn. Importantly, ASIC3 and TRPV1 
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could heighten sensitivity to acid together, and topical therapy with ASIC3 antagonists could 

be another possible new sensory pharmacological treatment strategy for GORD patients 

experiencing pathological acid exposure.  

Although previous studies suggested a possible sensory role of TRPM8 in the oesophageal 

mucosa, we demonstrate expression of this ion channel on CD45-positive lymphocytes in the 

submucosa of ERD patients. Unlike the colon where TRPM8 is on sensory nerve fibres [228], 

in the oesophagus it did not co-label with CGRP immunoreactive nerve fibres in the mucosal 

layer. This finding is in contrary to a previous study in humans which suggested that menthol 

infusion was able to induce heartburn in GORD patients [228]. While our results suggest that 

TRPM8 is unlikely to be a candidate target for future topical therapy, we highlight a potential 

immune role of TRPM8 as a small subpopulation of TRPM8-expressing cells were 

immunoreactive for CD45, a pan-leukocyte marker. TRPM8 could have a possible functional 

role as a modulator of macrophage function in the context of inflammation. While the 

underlying mechanisms through which TRPM8 controls macrophage function remains 

incompletely understood, TRPM8 activation in macrophages in vitro was shown to attenuate 

pro-inflammatory TNF-α secretion and increase immunomodulatory IL-10 secretion [451]. 

Whether such an anti-inflammatory role exists in the human oesophagus may be relevant to 

the submucosal immune expression of TRPM8 that we detected, and requires further 

investigation. 

TRPA1 remains a promising target to our improved understanding and characterisation of the 

oesophageal mucosa in GORD patients. Our qPCR data shows TRPA1 expression in all 

GORD phenotypes, with a trend towards higher expression in patients with FH. While lacking 

control data makes interpretation difficult, there is functional evidence for the activation of 

TRPA1-expressing sensory neurons through the activity of PAR2 in the guinea pig 

oesophagus during hyperalgesia [214]. IF-IHC studies to evaluate the localisation of TRPA1 

in the epithelium of our GORD samples will extend our characterisation of the sensory 

phenotype of the oesophageal mucosa in these patients.  

2.5 Limitations of Methodology  

This study was limited by the absence of patients with acid hypersensitive oesophagus. 

However, these patients represent only a small proportion of the patients we investigated 

during the study period, which may be explained by our use of the wireless pH recording 

technique which detects only strongly acidic reflux events (<pH 4) and therefore cannot assess 

the association between symptoms and weakly acidic reflux. Whilst the lack of reflux 

hypersensitive patients in our cohort is a limitation, for the purpose of our study investigating 

the targets of acid hypersensitivity, pH data obtained through objective acid reflux monitoring 
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is most important. However, we acknowledge the limitation that AET data could not be 

obtained for 5/19 patients with normal endoscopy included in the study who were phenotyped 

into FH or NERD groups based on PPI response, meaning that they might not be ‘true’ NERD 

or FH. Additionally, BO patients included in the study were “on” PPI at the time of endoscopy, 

unlike ERD, NERD, and FH patients who discontinued PPI use two weeks prior to biopsy 

collection. This was in keeping with standard clinical practice which issues long-term PPI 

therapy for BO patients to decrease risk of esophageal adenocarcinoma [452]. Treatment with 

PPI could have modified mucosal structure and function, for example by resolving DIS [5], 

[453]. Moreover, biopsies represent only a small percentage of esophageal surface area, 

giving only a snapshot for anatomical localisation studies, and the method of biopsy needs to 

be improved with a more precise protocol. Finally, the lack of normal controls in this study is 

also a limitation. Expanding our study to investigate normal expression levels of TRPV1 and 

TRPM8 in our recruited healthy volunteers will be a critical follow-up to the current study.  

 

2.6 Future Work  
 

While the sensory phenotype of the oesophageal mucosa of adults with GORD has been 

substantially characterised, the phenotype of the normal oesophagus remains largely 

unknown. Ethical approval for collection of healthy volunteer biopsies was granted in January 

2020, and recruitment began shortly after. 1 set of healthy volunteer biopsy were collected 

before endoscopies were cancelled due to the COVID-19 outbreak. Thus, future work for 

completion of this aspect of the study includes:  

1) Evaluating the expression of TRPM8 and TRPV1 on healthy control samples with IF-

IHC  

2) Evaluating the gene expression of TRPM8, TRPV1, ASIC3 and TRPA1 by qPCR on 

healthy control biopsies  
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3 RNA sequencing the oesophageal mucosa of patients with 

GORD  

3.1 Introduction 

 

The molecular signature of the oesophageal mucosa of patients with GORD is yet to be clearly 

established. We recently identified expression of TRPV1 on superficial sensory nerves in 

patients with NERD, alongside increased epithelial cell expression of ASIC3 in erosive 

oesophagitis and NERD, collectively highlighting mucosal mechanisms for heartburn 

sensation in different reflux phenotypes [445]. However, acid reflux-induced alterations to 

epithelial barrier integrity, mucosal inflammation and sensitivity are likely to have an 

overlapping role in heartburn pathogenesis in GORD. We sought to better understand why 

some patients with heartburn symptoms develop oesophagitis and BO while others develop 

NERD or FH, using a bulk RNA sequencing approach.  

While IF-IHC analysis provides important anatomical data, particularly in relation to sensory 

afferent nerves, it fails to capture the fine details of the disease, including cellular 

subpopulations, cell-type specific expression, cell-cell interactions, and pathways associated 

with different disease states and disease restitution. RNA sequencing is a technique that 

comprehensively maps cell types and states within a tissue of interest that allows detailed 

understanding of molecular signatures relevant to specific diseases. High-throughput 

technologies have become increasingly used to profile differential gene and protein 

expression in human disease states as compared with normal tissues [454]. While important 

progress has been made in unravelling the expression profiles of diseases such as cancers 

and the oesophageal adenocarcinoma precursor lesion BO, there is relatively limited insight 

into the biology of the oesophageal mucosa of ERD, FH, and NERD patients at the molecular 

level.  

A comprehensive framework for the molecular basis of visceral hypersensitivity in the 

colorectum was recently described by single-cell RNA sequencing, whereby thoracolumbar 

and lumbosacral DRG were collected from healthy mice and individual colonic sensory 

neurons isolated and sequenced [436]. This expanded upon the previously described five 

subsets of sensory neurons (described in section 1.4 Peripheral pathways of pain sensation 

in the oesophagus) identifying seven distinct colonic sensory neuron subtypes by highlighting 

novel molecular markers associated with each mouse colonic neuron. Importantly, the study 

revealed differential expression of specific receptors to be responsible for response to 

currently used therapies. Compared with other neuronal subgroups, TRPA1, TRPV1, and 
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TRPV4 were most highly expressed in mPeptidergic-b neurons, while ASIC3 showed greatest 

expression in mNeuroFilament-b and mPeptidergic-a neuronal subgroups [436]. What is clear 

from this data is that multiple sensory channels are expressed within the same colonic 

neuronal subtype [436]. Such molecular fingerprinting of colonic sensory neurons could 

facilitate drug development in conditions such as IBS, and with a similar approach applied to 

GORD.  

Such comprehensive bioinformatic analysis has not previously been done in the human 

oesophagus of patients with reflux disease. A recent bulk-RNA sequencing study of 

oesophageal biopsies from achalasia patients and control subjects revealed 111 differentially 

expressed genes likely to be involved in neuronal and ICC changes that underlie primary 

achalasia [455]. Moreover, there have been 14 published studies on gene expression profiling 

of human BO, 6 of which have their raw data publicly available [456]–[461]. Analysis by Wang 

et al. applying serial analysis of gene expression (SAGE) and significance analysis of 

microarrays (SAM) identified 68 differentially expressed genes between BO and normal 

oesophagus (55 BO-associated genes and 13 normal oesophageal genes), which were then 

confirmed using IHC [454]. The data retrieved from both SAM and SAGE highlighted an 

important role of CDX2 and CDX1 in the development of BO, and the list of genes confirmed 

with IHC are likely to shape future studies on the pathophysiology of BO [454]. Moreover, a 

recent study used a single-cell sequencing approach to molecularly define distinct cell types 

in the human oesophagus, stomach, and duodenum, and described a quiescent 

COL17A1highKRT15high stem cell population in the basal layer of healthy oesophageal 

epithelium [462]. However, the use of high-throughput technologies to investigate the 

discrepancies between symptom presentation and level of acid exposure between the 

oesophageal mucosa of GORD phenotypes remains an unexplored territory.  

The oesophageal mucosal gene expression signature in GORD phenotypes may highlight 

molecular markers important in targeting heartburn pathogenesis. We hypothesise that the 

gene expression profile of GORD patients will differ from healthy control samples, and possibly 

also from each other. In an attempt to advance our understanding of the signalling pathways 

which differentiate symptom profiles of GORD patients, as well as to identify genes/pathways 

for evaluation as therapeutic targets, this chapter will present a global assessment of the 

oesophageal mucosa at the molecular level via a bulk RNA sequencing approach. We 

identified marker genes selectively expressed in the oesophageal mucosa of each of the 

GORD phenotypes, providing insight for the first time into the potential molecular mechanisms 

contributing to the apparent discrepancies between endoscopic findings and heartburn 

perception in patients with GORD.  
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3.2 Materials and Methods   
 

3.2.1 Patient Biopsies and Healthy Control Biopsies 

Patient samples were collected and phenotyped as described in section 2.2.1 Patient 

Biopsies. Data from patients with ERD, NERD, FH, and BO were compared with data from a 

group of healthy and asymptomatic volunteers. Fourteen asymptomatic volunteers (aged 18-

80) were recruited (detailed in Appendix Table 11). None of these volunteers had a history of 

gastrointestinal symptoms, or a history of anti-reflux medication use. All healthy controls (HCs) 

had a Reflux Disease Questionnaire score of 0. Healthy controls were excluded if they: 1) had 

previous upper GI surgery, 2) had severe upper GI motility disorders, 3) were pregnant, 4) 

were taking coagulopathy or concurrent anticoagulant medication, or  5) if they had any severe 

midface trauma or recent nasal surgery.  

All subjects had normal oesophageal appearance on endoscopy. Five distal oesophageal 

biopsies were obtained per volunteer (3 cm above the gastroesophageal junction) at the Royal 

London Hospital. Distal oesophageal biopsies of these HCs were prepared and analysed in 

an identical fashion to the patient biopsies used in this study. Demographic data for patients 

and healthy control samples analysed can be found in Table 5 below, and in Table 10-11, 

appendix.  

Table 5 Demographic data for patient and healthy control samples 

3.2.2 RNA Sequencing  

3.2.2.1 RNA extraction  

Endoscopic biopsies from the distal oesophagus were placed in RNA later solution (Sigma, 

Cat. Number R0901-100ml) and kept at -80ºC until RNA extraction. A total of 9-10 biopsy 

samples were selected for sequencing from each GORD phenotype. RNA isolation was 

performed using the RNeasy Mini Kit (Qiagen, Cat. Number 74016) as described in section 

2.5.1, with the addition of DNase treatment (Qiagen, Cat. Number 79254). Briefly, after the 

first wash in buffer RW1 centrifuged for 15 sec, 80 µl of buffer RDD with 14% DNAse I (Qiagen) 
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was added to the column membrane and left to stand at room temperature for 15 min. The 

spin column was then washed again with 350 µl buffer RW1 and centrifuged for 15 sec at 

10000 rpm, and the isolation was resumed as earlier described with wash steps in buffer RPE.  

A maximum of 30 mg of tissue was used for each RNA extraction to ensure sufficient RNA 

yield for sequencing.  

3.2.2.2 Library preparation and sequencing  

Nanodrop and bioanalyzer were used to perform quality control (QC) checks of RNA supplied 

to the Genome Centre. RNA samples with RNA integrity less than 7 were excluded from library 

preparation. Representative bioanalyser reads can be found in Appendix  5. 

cDNA libraries were generated using the NEBNext Ultra II Directional RNA Library Preparation 

Kit with the mRNA isolation module using the manufacturer’s instructions (Illumina). Briefly, 

RNA samples were first diluted to 20ng/μl using RNAse-free water. First strand synthesis 

reaction buffer was prepared and left on ice until reaction. NEBNext oligo d(T) beads were 

washed with RNA binding buffer, placed on a plate and subsequently resuspended in RNA 

binding buffer on a magnetic rack. The plate was then sealed and placed on a thermal cycler 

with the lid heated to 75°C, at 65°C for 5min to denature RNA and facilitate binding of the poly-

A mRNA to the beads. Following centrifugation, resuspension, and washing of the beads, the 

plate was placed on the magnetic rack again and supernatant was discarded. Next, 50μl of 

Tris buffer was added per well, plate sealed and incubated at 80°C for 2min with the lid heated 

to 90°C. The plate was removed when the temperature reached 25°C, centrifuged, and 50μl 

RNA binding buffer added per well to allow mRNA to re-bind beads. The supernatant was 

removed using the magnetic rack, and mRNA eluted from the beads by adding 11.5μl of the 

first strand synthesis buffer and placing in the thermal cycler with the lid heated to 105°C for 

10min at 94°C. Following completion of incubation, the plate was removed from the thermal 

cycler, centrifuged, and purified mRNA collected by transferring 10μl of supernatant to a clean 

nuclease-free PCR plate. The plate was then placed on ice and first strand cDNA synthesis 

was immediately started.  

The first strand enzyme mastermix (composed of NEBNext strand specificity reagent and 

NEBNext first strand synthesis enzyme mix) was added to the fragmented and primed mRNA, 

gently mixed, and the plate sealed and placed in the thermal cycler with the heated lid set to 

80°C using the following conditions: 25°C for 10min, 42°C for 50min, 70°C for 15min, hold at 

4°C. Plate was then removed, briefly centrifuged, and second strand cDNA synthesis reaction 

began immediately. Next, 60μl second strand mastermix (composed of nuclease free water, 

NEBNext second strand synthesis buffer, and NEBNext second strand synthesis enzyme mix) 

was added to the first strand synthesis reaction. The plate was sealed and placed in thermal 
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cycler for 60min at 16°C. AMPure XP beads were resuspended and added to the second 

strand synthesis reaction to purify the double-stranded cDNA. The supernatant was 

subsequently discarded and washed in 80% ethanol, airdried, and the DNA target was eluted 

from the beads by adding 53μl 0.1x TE buffer to the beads. The end prep mastermix was 

prepared by combining NEBNext Ultra II end prep reaction buffer and NEBNext Ultra II end 

prep enzyme mix, and added to the purified cDNA. The sealed plate was then placed in a 

thermal cycler at 20°C for 30min, and 65°C for 30min, and removed when the incubation 

reached 4°C.  

Following adaptor ligation and purification using AMPure XP beads, the PCR library was 

enriched by adding 25μl of NEBNext Q5 Hot start HiFi PCR master mix and 10μl of pre-

assigned index primer to each well and incubation. The thermal cycler lid was heated to 105°C, 

and samples went through: 1 cycle of 98°C for 30sec, 98°C for 10sec, 13 cycles of 65°C for 

75sec, 1 cycle of 65°C for 5min, and held at 4°C. The PCR reaction was then purified using 

Agencourt AMPure XP beads. All resulting libraries were quantified using the Qubit HS dsDNA 

kit and qualified on the appropriate 1000bp ScreenTape according to concentration.  

Paired end mRNA sequencing was performed using the NextSeq 500 High Output Kit (Blizard 

Genome Centre) with 20M reads and a read length of 75bp per sample.  

3.2.2.3 Sequencing data analysis 

3.2.2.3.1 Quality Control  

 

Sequencing analysis was conducted using Partek Flow software, as shown in Figure 31. 

FASTQ files were demultiplexed and underwent pre-alignment QC to ensure that the collected 

data did not have any obvious systematic errors before alignment (Table 12, Figure 30). Next, 

Spliced Transcripts Alignment to a Reference (STAR) was used to align sequenced reads to 

the hg38 human genome [463]. Adapter sequence overrepresentation was insignificant, so 

trimming was not necessary. Post-alignment QC was performed to check the quality of 

alignment. All samples had more than 97% alignment to the genome as shown in Figure 32A. 

The total number of reads was more variable, but most samples had more than 17M reads 

(Figure 32B, Appendix Table 13). There was no parameter for removing outliers based on QC 

metrics, as advised by a bioinformatician.  

Principal component analysis (PCA) was then performed including the first two principal 

components. The PCA shows the similarity between healthy controls (Figure 33A), where they 

spatially arranged close to one another. Samples NE8 (FH), SH061119 (BO), and RC110320 

(BO) appeared to be outliers as they were spatially dissimilar to the other GORD samples. 

These samples were further evaluated using a selection of Barrett’s segment (SOX9, 
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MUC5AC) and stromal collagen genes (COL3-6A) to check the significant expression of these 

genes among any of the samples. As seen in Figure 33D, the three outliers identified by PCA 

had significantly higher expression of stromal collagen genes (NE8), and Barrett’s segment 

genes (SH061119 and RC110320), and were excluded from downstream analysis, as agreed 

by bioinformatician. Figure 33C shows PCA once outliers have been removed.  

 

  

Figure 30 Pre-alignment QC  

Average read quality was above 33 for all samples. Pre-alignment QC was performed on 

Partek flow.  
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3.2.2.3.2 Differential Expression Analysis   

 

Aligned genes were normalised using median ratio for DEseq2 on Partek Flow, as seen in 

Figure 31. Differentially expressed genes between phenotypes were calculated using the 

Wald test in DESeq2 R package [464] with an FDR-adjusted p value of less than 0.01. The 

most biologically significantly differentially expressed genes were visualised as hierarchical 

clustering heatmaps on Partek Flow.   

3.2.2.3.3 Gene Set Enrichment Analysis   

 

Gene set enrichment analysis of FDR filtered differentially expressed genes was performed 

on Partek flow with a 0.01 p value cut off. R was used to visualise the most significantly 

biologically enriched gene functions. Metascape and Cytoscape were used to visualise 

functionally enriched gene ontologies, and compare GSEA results[465].   

Figure 31: RNA Sequencing Analysis Workflow 

A flow diagram demonstrating the methods and software used to analyse RNA 

Sequencing data.  
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3.2.2.4 Cellular deconvolution 

Deconvolution analysis for quantification of relative levels of distinct cell types in each tissue 

samples was carried out on normalised counts using xCell and CIBERSORT. xCell performed 

immune cell type enrichment analysis to infer 64 immune and stromal cell composition profile 

of oesophageal mucosal tissue from 1822 pure human cell type transcriptomes  [466]. This 

was validated using CIBERSORT, another machine learning method which inferred an 

estimation of the immune cell composition of our mixed cell population. 

 

Figure 32 Post-alignment QC 

General quality information about the whole data set subsequent to alignment using 

STAR. A) More than 97% of the reads were aligned to the genome. B) The total 

number of reads is more variable, but most samples had more than 17M reads. A 

more detailed report can be found in Appendix, table 13.  
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Figure 33 PCA plot of expression similarity between samples 

A) PCA plot showing a scatter plot of samples along the first two principal components, where the 

spatial arrangement of the points reflects data similarity between samples. B) Three outliers 

highlighted from the PCA: NE8 (FH), SH061119 (BO), and RC110320 (BO). C) Refined PCA with 

outliers removed based on biological characteristics, i.e. high expression of stromal collagen and 

Barrett’s segment genes. D) Samples filtered for expression of stromal collagen genes and 

Barrett’s segment genes. NE8 (FH) had significantly higher expression of stromal collagens 

COL5A, while samples SH061119 (BO), and RC110320 (BO) had significantly higher expression 

of stromal collagen genes and Barrett’s segment genes SOX9 and MUC5AC.  
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3.2.2.5 Tissue Structure   

 

Corresponding PFA-fixed frozen biopsies from patients and healthy controls included in the 

RNA sequencing study were stained with haematoxylin and eosin (H&E) to determine sample 

size variability. Figure 34 shows that all samples had an intact basal layer of the epithelium, 

and contained papillary structures, indicating adequate tissue thickness across the 

phenotypes studied. Submucosa was occasionally seen in some samples, such as in the 

representative ERD sample in Figure 34.  

 

3.2.3 Validation of RNA Sequencing Data with IF  

 A representative number of corresponding PFA-fixed frozen biopsies from patients and 

healthy controls included in the RNA sequencing study were evaluated with IF to validate the 

finding of differential gene expression data, following the methodology described in section 

2.2.3 Immunofluorescence-Immunohistochemistry. Primary antibodies used included CD1a 

(monoclonal Mouse, Dako, M3578, 1:200), mast cell tryptase (monoclonal mouse, Dako, 

M7052, 1:400), keratin 14 (monoclonal mouse, Cell Signalling, LL02, 1:200), keratin 16 

(polyclonal rabbit, Abcam ab181055, 1:100), and keratin 17 (polyclonal rabbit, Abcam 

ab51056, 1:300). Positive signals were quantified as described in section 2.2.4 Image 

analysis.  

  

Figure 34 H&E staining of corresponding biopsies of RNA-sequenced samples 

H&E staining of fixed corresponding biopsies of samples included in the RNA sequencing (and 

immunofluorescence) studies highlights that all samples had an intact basal layer, and papillary 

structures indicating an acceptable tissue thickness. Submucosa was occasionally seen in some 

samples, such as the representative ERD sample here. Images were taken using TissueFax. 

Scale bar represents 100μm.  
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3.3 Results  

3.3.1 Differential Gene Expression in Normal and GORD Oesophageal mucosa 
 

In order to assess quantitative changes in gene expression levels between oesophageal 

mucosa of healthy controls and GORD patients, differential expression (DEseq2) analysis 

[464] was performed between healthy controls (N=8) and GORD patients (N=37) phenotyped 

endoscopically and with objective reflux studies and pooled into one group. An FDR filter of 

<0.01 was applied, and detected 979 differentially expressed (DE) genes between the normal 

oesophageal mucosa and that of GORD patients, as shown in Figure 35A, and Appendix table 

14. There were more genes upregulated in GORD than genes downregulated compared to 

asymptomatic individuals. The most differentially expressed genes are highlighted in Figure 

35B.  

Using R, an adjusted p value of less than 0.01 and filter for DE genes with TPM over 100 were 

applied to visualise the most biologically significant DE genes among the two groups, 

highlighting genes with important structural functions. These DE genes included members of 

the keratin gene family and included: KRT8, KRT14, KRT16, KRT17, and KRT78 (Appendix 

5). Keratins are major structural proteins with critical functions in forming the cytoskeletal 

scaffold of epithelial cells that gives them the ability to withstand both mechanical and non-

mechanical stress [467]. While KRT78 and MUC21 were highly expressed in the normal 

oesophageal mucosa, they were significantly downregulated in oesophageal mucosa of 

GORD patients (Appendix 5). In contrast, KRT8 was upregulated predominantly in BO 

oesophageal mucosal patients, and KRT14, 16, and 17 were upregulated in ERD patients 

(Appendix 5). Collectively, these DE patterns were associated with increased organisation of 

the extracellular matrix, actin-filament processes, and regulation of cell adhesion.  

Next, in order to infer important biological processes and molecular functions associated with 

DE genes between healthy and GORD oesophageal mucosa, gene set enrichment analysis 

(GSEA) was performed on Partek. A total of 979 significantly DE genes were taken as input 

for this enrichment analysis, and were highlighted in 896 molecular pathways including 

regulation of immune system process, extracellular matrix (ECM) organisation, and humoral 

immune response as statistically significative (p=<0.01). The most significantly enriched 20 

pathways were visualised as a bar graph against log scaled p values (Figure 35C).  
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Figure 35 Differential gene expression between healthy control and GORD oesophageal 
mucosa  

A) Volcano plot showing 979 genes upregulated in HCs as log2 scaled fold change in red dots on the 

right of the graph, and genes downregulated in HCs compared to GORD on the left. 94 genes were 

upregulated and 589 genes were downregulated in HCs compared to GORD. B) heatmap displaying 

the most significantly DE genes between healthy controls and GORD with FDR p=0.01. C) Bar graph 

displaying the most biologically enriched pathways from GSEA as log scaled p values (p<0.01). 

Graphs made using Partek. HC: N=8, BO: N=7, ERD: N=10, FH: N=8, NERD: N=9 
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3.3.2 Differential Gene Expression in Normal and FH Oesophageal Mucosa   
 

To identify molecular markers associated with mucosal differences between FH patients and 

healthy controls, DESeq2 analysis was performed on RNA sequenced FH (N=8) and HC (N=8) 

samples. A FH sample (NE8) was excluded from DESeq2 analysis due to the detection of 

high stromal collagen expression in this sample, suggesting a large submucosal region as 

opposed to a purely squamous epithelial cell origin, as shown in Figure 33. Compared to the 

oesophageal mucosa of healthy asymptomatic subjects, FH patients had 711 significantly 

differentially expressed genes, as seen in Figure 36A. An FDR filter of <0.01 was then applied 

to visualise the most significantly DE genes. Interestingly, circadian rhythm-related genes 

PER1 and CIART, normally highly expressed in the oesophagus [468], [469] were found to be 

downregulated in FH (Figure 36B). While CIART is involved in the circadian regulation of gene 

expression, PER1 is known as a ‘clock gene’ which acts as the primary circadian pacemaker 

in the mammalian brain [477], [478]. 

GSEA of these most significantly DE genes between HC and FH highlighted circadian 

regulation of gene expression, immune system processes, and defence response, as 

statistically significative (p=0.01) (Figure 36C).  
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Figure 36 Differentially Expressed Genes Between Normal and FH Oesophageal 
Mucosa 

A) Volcano plot showing 711 DE genes between HCs and FH: 24 genes upregulated and 

647 genes downregulated in HCs compared to FH. Most significantly DE genes are 

highlighted. B) Heatmap displaying FDR filtered DE genes Z score= Log2 fold change in 

gene expression. C) Bar graph of most statistically significative functional categories 

highlighted (p<0.01). HC: N=8, FH: N=8 

-log(P) 
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3.3.3 Differential Gene Expression in Normal and NERD Oesophageal Mucosa 
 

To identify molecular markers associated with mucosal differences between NERD patients 

and healthy controls, DESeq2 analysis was performed on RNA sequenced NERD (N=9) and 

HC (N=8) samples. Compared to the oesophageal mucosa of healthy asymptomatic subjects, 

NERD patients had 137 significantly differentially expressed genes, as seen in Figure 37A. 

Upregulated genes included HOXA7, ADAM9, DES, IGHV3, and MMP9 in NERD, and 

downregulation of genes such as ACTN4 which encodes for the actin-binding protein α-

actinin-4 and participates in reorganisation of the cytoskeleton [470], [471] (Figure 37B). 

Manually filtering for DE genes with TPM over 25 and p value <0.01 detected two clusters of 

NERD patients (Appendix 6). While 8/9 NERD patients had no log2 fold change of expression 

of KRT14, IGKC, LYZ, AGR2, REG4, TFF1, and TFF2, a single NERD patient showed 3log2 

fold change of expression of these genes (Appendix 6). Similarly, while 6/9 NERD patients 

showed 2log2 fold change of AKR1C3 and WFDC21P, 3/9 NERD samples showed a slight 

downregulation of these genes. These DE genes were highlighted in several molecular 

pathways including maintenance of gastrointestinal epithelium, regulation of innate immune 

response, and epithelial structure maintenance, as shown in Figure 37C.  
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Figure 37 Differential Gene Expression in Normal and NERD Oesophageal Mucosa 

A) Volcano plot showing 137 DE genes: 12 genes upregulated and 88 genes downregulated in 

HCs compared to NERD. B) Heatmap displaying the top significantly DE genes between HC and 

NERD. C) Bar graph of statistically significantly enriched biological pathways against log 

transformed p values (p<0.01). HC: N=8, NERD: N=9.  
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3.3.4 Differential Gene Expression in Normal and ERD Oesophageal Mucosa 
 

To identify molecular markers associated with mucosal differences between ERD patients and 

healthy controls, DESeq2 analysis was performed on RNA sequenced ERD (N=10) and HC 

(N=8) samples. Compared to the oesophageal mucosa of healthy asymptomatic subjects, 

ERD patients had 356 significantly DE genes, as seen in Figure 38A. Significantly upregulated 

genes included CXCL1, KRT10, KRT16, TNC, and CCL21 (Figure 38B). DE genes 

downregulated in ERD compared to HC included CLDN10, a gene important in tight junction 

formation and function [472]. Applying a filter for DE genes with TPM over 150 and p value 

<0.01 using R to determine the most significantly DE genes, we detected two clusters of ERD 

patients (Appendix  9). Interestingly, this highlighted downregulation of genes including 

KRT78, KRT4, IL18, and LYPD2 in ERD compared to healthy controls, while S100A6-7, 

KRT17, KRT14, KRT16, KRT6A-C, and S100A2 were highly upregulated in 5/10 ERD patients 

(Appendix 7). The remaining 5 ERD samples showed 0log2 fold change of these highly 

upregulated genes. These DE genes were highlighted in several molecular pathways including 

positive regulation of cell proliferation, humoral immune response, and complement activation 

as statistically significative (p=<0.01) (Figure 38C). 
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Figure 38 Differential Gene Expression Between ERD and Normal Oesophageal Mucosa 

A) Volcano plot showing 356 DE genes between HCs and ERD patients as log2 scaled fold 

change: 55 genes upregulated and 245 genes downregulated in HCs compared to ERD patients.  

B) Heatmap displaying the top significantly DE genes between HC and ERD. C) Bar graph of the 

most statistically significantly enriched biological pathways against log transformed p values 

(p<0.01). HC: N=8, ERD: N=10.  
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3.3.4.1 Validation of Differential Keratin Expression in Oesophageal Mucosa of GORD 

Patients  

 

To validate the finding of increased keratin 14 in NERD and ERD, and increased expression 

of keratin 16-17 in ERD oesophageal mucosa, IF was performed on a representative number 

of GORD patient tissue phenotyped into ERD (N=4), NERD (N=4), FH (N=6), BO (N=3), and 

healthy controls (N=4).  

Keratin 14 protein expression was not frequently observed on oesophageal epithelial cells in 

healthy controls, patients with FH or BO, but was seen in the basal layer in patients with ERD 

and NERD (Figure 39A). There was no significant difference in the level of keratin 14 protein 

expression among HCs, FH, BO, and patients with ERD and NERD (Figure 39B). Keratin 16 

and 17 were most frequently observed on oesophageal epithelial cells in the basal layer, as 

seen in Figure 40A and Figure 41A. There was no significant difference in the expression of 

keratin 16 or 17 proteins among HCs or GORD patients (Figure 40B, Figure 41B).  

 

  

Figure 39 Validation of Keratin 14 Protein Expression in the Oesophageal Mucosa of 
Patients with ERD and NERD  

A) KRT14 is not frequently expressed by oesophageal epithelial cells in healthy controls, 

patients with FH, or BO. In ERD and NERD patients, KRT14 is expressed by epithelial cells 

in the basal layer. B) There is no significant difference in KRT14 protein expression among 

HCs nor GORD patients, but a slight increase in NERD and ERD patients. Scale bar: 100μm. 

Inset scale bar: 20μm. L=lumen, B= basal layer. 
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Figure 40 Validation of Keratin 16 Protein Expression in the Oesophageal Mucosa of 
Patients with ERD 

A) KRT16 is most frequently expressed by oesophageal epithelial cells in the basal layer. B) 

There is no significant difference in KRT16 protein expression among HCs nor GORD patients. 

Scale bar: 100μm. Inset scale bar: 20μm. L=lumen, B= basal layer. 
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Figure 41 Validation of Keratin 17 Protein Expression in the Oesophageal Mucosa of 
Patients with ERD 

A) KRT17 is most frequently expressed by oesophageal epithelial cells in the basal layer. B) 

There is no significant difference in KRT17 protein expression among HCs nor GORD patients, 

but a slight increase in ERD patients. Scale bar: 100μm. Inset scale bar: 20μm. L=lumen, B= 

basal layer. 
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3.3.5 Differential Gene Expression in Normal and BO Oesophageal Mucosa 
 

To identify molecular markers associated with mucosal differences between BO patients and 

healthy controls, DESeq2 analysis was performed on RNA sequenced BO (N=7) and HC 

(N=8) samples. Two BO samples (SH061119 and RC110320) were excluded from DESeq2 

analysis due to the detection of high stromal collagen expression and Barrett’s segment genes 

in these samples, suggesting columnar as opposed to purely squamous epithelial cell origin, 

as shown in Figure 33. Compared to the oesophageal mucosa of healthy asymptomatic 

subjects, BO patients had 3010 significantly DE genes, as seen in Figure 42A. Genes involved 

in the formation of the immunoglobulin complex such as IGKV1-12 and NRCAM were among 

the most significantly upregulated genes in BO compared to healthy controls (Figure 42B). 

MUC21, TGM1 and TGM3 were among the most significantly downregulated genes in BO 

compared to HC. MUC21 is a transmembrane-like mucin that acts as an epithelial defence 

molecule [473], while TGM1 (and TGM3) encodes transglutaminase-1 (or transglutaminase-

3)- catalytic membrane-bound enzymes that regulates cornified cell envelope formation in the 

epidermis [474]. These DE genes were highlighted in several biological pathways including 

igA immunoglobulin complex, extracellular matrix organisation, and regulation of cell 

migration, as shown in Figure 42C.  
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Figure 42 Differential Gene Expression Between Normal and BO Oesophageal Mucosa 

A) Volcano plot showing 3010 DE genes between HCs and BO patients as log2 scaled fold 

change: 251 genes upregulated and 1978 genes downregulated in HCs compared to BO 

patients.  B) Heatmap displaying the top significantly DE genes between HC and BO. C) Bar 

graph of the most statistically significantly enriched biological pathways against log transformed 

p values (p<0.01).  HC: N=8, BO: N=7.   
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3.3.6 Differential Gene Expression Among GORD Phenotypes  

3.3.6.1 DESeq2 in FH:NERD Oesophageal Mucosa  

 

To identify molecular markers associated with mucosal differences between FH and NERD 

patients, DESeq2 analysis was performed on RNA sequenced FH (N=6) and NERD (N=10) 

samples. FH samples (NE8 and NE4-2) were excluded from the analysis, as explained in 

section 3.2.2.3.1 Quality Control. Compared to the oesophageal mucosa of FH patients, there 

were 137 DE genes in NERD patients (Figure 43A). The most significantly upregulated genes 

in NERD compared to FH included CLCA1, a gene encoding a member of the calcium 

sensitive chloride channel family that is associated with neuropathic pain- signalling in dorsal 

root horn neurons (Figure 43A-B) [475]. GSEA highlighted cytokine-mediated signalling, 

leukocyte activation, and regulation of immune response, as significantly enriched pathways, 

as shown in Figure 43C.  
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Figure 43 Differential Gene Expression Between NERD and FH Oesophageal Mucosa 

A) Volcano plot showing 186 DE genes between NERD and FH patients as log2 scaled fold 

change: 9 genes upregulated and 177 genes downregulated in NERD compared to FH patients.  

B) Heatmap displaying the top significantly DE genes between NERD and FH. C) Bar graph of 

the most statistically significantly enriched biological pathways against log transformed p values 

(p<0.01).  NERD: N=10, FH: N=6.   
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3.3.6.2 DESeq2 in ERD:NERD Oesophageal Mucosa  

 

We next sought to identify possible molecular mechanisms that result in some heartburn 

patients developing oesophagitis while others develop NERD. DESeq2 analysis was 

performed on RNA sequenced ERD (N=10) and NERD (N=9) samples. Interestingly, this 

revealed only 13 significantly DE genes between the two disease groups (Figure 44A). These 

13 DE genes included PLTP, TNC, and SNCA, which are implicated in increased extracellular 

matrix organisation in ERD compared to NERD as statistically significative (p=<0.01) (Figure 

44B-C). None of the 10 DE genes identified appeared to be involved directly in barrier function. 

In contrast, genes upregulated in NERD compared to ERD included ITLN1 gene involved in 

the innate immune response, FABP2 and ALDOB genes enriched in fatty acid binding and 

enzyme transfer activity (Figure 44B-C). 
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Figure 44 Differential Gene Expression in ERD and NERD Oesophageal Mucosa 

A) Volcano plot showing 3 genes upregulated in ERD as log2 scaled fold change in red dots on 

the right of the graph, and 10 genes downregulated in ERD compared to NERD on the left. B) 

Heatmap displaying the most significantly DE genes between ERD NERD samples. C) Bar graph 

of statistically significantly enriched biological pathways from DE genes between ERD and NERD 

(p<0.01). Graphs made using Partek Flow. ERD: N=10, NERD: N=10.  



128 
 

3.3.6.3 DESeq2 in ERD:FH Oesophageal Mucosa  

 

To identify molecular markers associated with mucosal differences between ERD and FH 

patients, DESeq2 analysis was performed on RNA sequenced ERD (N=10) and FH (N=7) 

samples. FH samples (NE8 and NE4-2) were excluded from the analysis, as explained in 

section 3.2.2.3.1 Quality Control. DESeq2 analysis revealed 120 DE genes between ERD and 

FH patients (Figure 45A). These included CLCA1, KRT10, FSCN1, and ADAM23, as seen in 

Figure 45A-B. Genes downregulated in ERD compared to FH included MUCL3, which 

encodes mucin-like 3 that forms an integral part of the plasma membrane [476], TFF1 and 

CLDN18, both involved in intestinal barrier function [477], [478]. These DE genes were 

enriched in biological pathways including cell surface receptor signalling, neutrophil 

degranulation, and leukocyte activation as statistically significative (p=<0.01) (Figure 45C).  
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Figure 45 Differential Gene Expression Between ERD and FH Oesophageal Mucosa 

A) Volcano plot showing 120 DE genes between ERD and FH patients: 6 genes upregulated 

and 113 genes downregulated in ERD compared to FH B) Heatmap displaying the most 

significantly DE genes between FH and ERD. C) Bar graph of the most enriched biological 

pathways from GSEA between ERD and FH DE genes. ERD: N=10, FH: N=7. 
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3.3.6.4 DESeq2 in BO:ERD Oesophageal Mucosa  

 

We subsequently assessed molecular markers associated with mucosal differences between 

ERD and BO patients. Two BO samples (SH061119 and RC110320) were excluded from 

DESeq2 analysis as explained in section 3.3.4.1. DESeq2 analysis was performed on RNA 

sequenced BO (N=7) and ERD (N=10) samples revealing 1936 DE genes between ERD and 

BO patients (Figure 46A). There were more genes upregulated in BO compared to ERD 

oesophageal mucosa, including COLEC12, TIMP3, and SMOC2, as shown in Figure 46B.  

ADAM23 was downregulated in BO compared to ERD (Figure 46B). To determine the most 

significantly DE genes between BO and ERD, R was used to manually filter for DE genes with 

normalised counts over 200 and p value <0.01. This detected upregulation of KRT6A-C, 

KRT14, KRT16, KRT17, and KRT5 in ERD compared to their -1Log2 fold change in BO patient 

samples (Appendix 10). These DE genes were highlighted in calcium ion binding, cell-matrix 

adhesion, and extracellular matrix constituent BO oesophageal mucosa compared to ERD as 

statistically significative (Figure 46C).  
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Figure 46 Differential Gene Expression Between BO and ERD Oesophageal Mucosa 

A) Volcano plot showing 1936 DE genes between ERD and BO patients: 110 genes were 

upregulated and 1238 genes downregulated in ERD compared to BO B) Heatmap displaying 

the most significantly DE genes between BO and ERD. C) Bar graph of most significantly 

enriched biological pathways from DE genes between ERD and BO. ERD: N=10, BO: N=7. 
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3.3.6.5 DESeq2 in BO:FH Oesophageal Mucosa  

 

To identify molecular markers associated with mucosal differences between BO and FH 

patients, DESeq2 analysis was performed on RNA sequenced BO (N=7) and FH (N=8) 

samples. FH sample NE8, and BO samples SH061119 and RC110320 were excluded from 

analysis as explained in section 3.2.2.3.1 Quality Control. This revealed 884 significantly DE 

genes between BO and FH oesophageal mucosa, where the majority of DE genes were 

upregulated in BO compared to FH (Figure 47A). Genes upregulated in BO compared to FH 

oesophageal mucosa included NECTIN3, COL4A6, TFF3, and CLDN11 while CLEC7A was 

upregulated in FH compared to BO oesophageal mucosa (Figure 47B).  

To determine the most significantly DE genes, R was used to manually filter for DE genes with 

normalised expression values over 50 and p value <0.01. This detected heterogeneity in the 

BO groups, with 5/9 patients showing significant upregulation of genes including COL3A1, 

EPCAM, KRT20 and ACTA2, while 4/9 BO patients did not show a detectable expression fold 

change (Appendix 11). In contrast, FH oesophageal mucosal expression of these most 

significantly DE genes were more homogenous, with all FH samples displaying 0log2 fold 

change across these genes, as seen in Appendix 11. 

These DE genes were collectively implicated in myeloid leukocyte activation, positive 

regulation of TNF signalling, and regulation of cell migration in BO compared to FH as 

statistically significative (p=<0.01) (Figure 47C).    
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Figure 47 Differential Gene Expression Among BO and FH Oesophageal Mucosa 

A) Volcano plot showing 884 DE genes between BO and FH patients: 535 genes were 

upregulated and 217 genes downregulated in BO compared to FH. B) Heatmap displaying 

the most significantly DE genes between BO and FH. C) Bar graph of most significantly 

enriched biological pathways from DE genes between BO and FH. BO: N=7, FH: N=8. 
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3.3.6.6 DESeq2 in BO:NERD Oesophageal Mucosa  

 

To identify molecular markers associated with mucosal differences between NERD and BO 

patients, DESeq2 analysis was performed on RNA sequenced NERD (N=10) and BO (N=7) 

samples. BO samples SH061119 and RC110320 were excluded from analysis as explained 

in section 3.2.2.3.1 Quality Control. This highlighted 1302 DE genes between NERD and BO 

patients (Figure 48A). There were more genes upregulated in BO compared to NERD, as seen 

in Figure 48A-B. Genes upregulated in BO oesophageal mucosa compared to NERD included 

JCHAIN, COL5A1, and LAMA4, while genes including RAB12 and PDCD10 were upregulated 

in NERD compared to BO oesophageal mucosa (Figure 48B).  

These DE genes were highlighted in molecular pathways including increased positive 

regulation of B cell activation, cell adhesion, and collagen-containing extracellular matrix in 

BO compared to NERD as statistically significative (p=<0.01) (Figure 48C).   
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Figure 48 Differential Gene Expression Between NERD and BO Oesophageal Mucosa 

 A) Volcano plot showing 1302 DE genes between BO and NERD patients: 1089 genes were 

upregulated and 28 genes downregulated in BO compared to NERD. B) Heatmap displaying the 

most significantly DE genes between BO and NERD. C) Bar graph of most significantly enriched 

biological pathways from DE genes between BO and NERD. BO: N=7, NERD: N=10. 
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3.3.6.7 DESeq2 Summary  

Comparison  Number of 

DE genes 

Classes of most highly 

DE genes  

Associated GO pathways  

HC: GORD 979 Keratin gene family, 

immunoglobulins, trefoil 

factors 1-2 

Immunoglobulin production, 

adaptive immune response, 

ECM organisation, cell-cell 

adhesion 

HC: FH 711 ‘Clock’ gene family, 

endothelin 2, circadian 

associated repressor of 

transcription 

Circadian regulation of gene 

expression, regulation of 

circadian rhythm  

HC: NERD 137 Metalloproteases, trefoil 

factors 1-2, Reg multigene 

family, lysozyme 

Actin cytoskeleton 

organisation, leukocyte 

migration, proteolysis 

HC: ERD 356 Inflammatory chemokine 

genes, keratin genes, 

calcium-binding proteins 

Leukocyte migration, positive 

regulation of cell proliferation, 

immune response   

HC: BO 3010 Immunoglobulins, mucins, 

pepsinogens 

Complement activation, B cell 

activation, immune response  

FH: NERD 186 Calcium sensitive chloride 

channel family 

Neuropathic pain regulation  

ERD: NERD 13 Fascin family of actin-

binding proteins, tenascin 

C, collagen  

ECM organisation, cell 

proliferation, lipid binding  

ERD: FH 120 Keratins, fascin family of 

actin-binding proteins 

Keratinisation, positive 

regulation of GPCR signalling 

BO: ERD 1936 Epithelial cell adhesion 

molecules  

Cell adhesion, cell-matrix 

adhesion 

BO: FH 884 Endothelial cell chemokine 

genes, collagen, mucins 

Complement activation, 

angiogenesis 

BO: NERD  1302 Immunoglobins, calcium 

binding proteins 

B cell activation, wound 

healing, collagen-containing 

ECM 

Table 6 DESeq2 analysis summary table 

Table detailing the number of significantly DE genes between specified subgroups, classes 

of the top DE genes, and most significantly associated GO pathways with these genes.   
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3.3.7 Cellular Deconvolution  
 

3.3.7.1 Cellular Deconvolution with CIBERSORT 

 

In order to estimate the proportions of different immune cell types present in our oesophageal 

mucosal tissue sequenced in bulk, two different computational deconvolution methods were 

used. First, the relative levels of distinct immune cells within oesophageal mucosal RNA 

isolated from bulk sequenced FH (N=8), NERD (N=9), ERD (N=10), BO (N=9) and HC (N=8) 

samples were determined using CIBERSORT and filtered for p<0.05 [479]. This inferred a 

slightly higher CD8+ T cell component in FH oesophageal mucosa compared to BO, HC, and 

NERD patients, as seen in Figure 49A. The dendritic cell component of the oesophageal 

mucosa was also higher in FH patients and healthy controls compared to BO and ERD 

patients (Figure 49B). Interestingly, M2 macrophages and mast cells both showed higher 

expression across the GORD phenotypes, with BO, ERD, and NERD patients having the 

highest M2 macrophage and mast cell component compared to HC (Figure 49C-D). However, 

memory B cells and plasma cells were only detected in the BO oesophageal mucosa, with 

ERD, FH and NERD patients showing a similar level of detection for these differentiated B 

cells as the healthy controls (Figure 49E-F).  
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Figure 49 Immune Cell Composition of Normal and GORD Oesophageal Mucosa 
Determined with CIBERSORT 

Boxplots displaying immune cell proportions in the oesophageal mucosa of patients with 

GORD and healthy controls. Displayed immune cell types are from among the 14 immune cell 

types with median absolute scores above 1 and p= <0.05.  Graphs coded manually using R 

using data output from CIBERSORT. BO: N=9, ERD: N=10, FH: N=8, HC: N=8, NERD: N=9.  
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3.3.7.2 Cellular Deconvolution with xCell  

 

Next, to confirm the cellular deconvolution data produced by CIBERSORT, we used xCell. 

The latter tool has been shown to outperform other similar methods due to its conductance of 

cell type enrichment analysis from a gene signature-based method learned from 1822 pure 

human cell type transcriptomes from various independent sources [466]. The relative levels of 

distinct immune populations within oesophageal mucosal RNA isolated from bulk sequenced 

FH (N=8), NERD (N=9), ERD (N=10), BO (N=9) and HC (N=8) samples were determined 

using xCell. This detected the highest Th2 cell abundance in ERD oesophageal mucosa 

compared to BO, FH, NERD, and healthy controls as seen in Figure 50A. Interestingly, CD8+ 

T cell compositions were significantly higher in ERD and FH patients compared to HCs (Figure 

50B). Dendritic cell fractions were most abundant in healthy controls compared to patients 

with GORD, but FH patients were also observed to have an increased dendritic cell 

composition compared to patients with BO, ERD, and NERD (Figure 50C). Mast cell 

abundance was increased in patients with BO, ERD, and NERD compared to FH and healthy 

controls (Figure 50D). Moreover, M2 macrophages were most abundant in patients with BO, 

but ERD patients also showed an increased composition of M2 macrophages compared to 

patients with FH and NERD, and healthy controls (Figure 50E). In contrast, plasma cells were 

only detected in 1 BO, 1 ERD, and 1 FH patient (Figure 50F).   
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Figure 50 Immune Cell Composition of Normal and GORD Oesophageal Mucosa 
Determined with xCell  

Boxplots displaying immune cell proportions in the oesophageal mucosa of patients with 

GORD and healthy controls. Displayed immune cell types are from among the 23 immune cell 

types with median absolute scores above 1.  Graphs coded manually using R using data 

output from xCell. BO: N=9, ERD: N=10, FH: N=8, HC: N=8, NERD: N=9.  
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3.3.8 Validation of Immune Cell Enrichment in Oesophageal Mucosal Tissue from 

GORD Patients   

3.3.8.1 Dendritic Cell Infiltration in the Oesophageal Mucosa of GORD Patients  

 

Recent studies have highlighted the ability of neurotransmitters such as norepinephrine to 

modulate numerous dendritic cell functions including migration, antigen presentation, and 

cytokine production in the skin and intestinal mucosa [480]–[482]. IF-IHC studies were 

undertaken to assess the presence and possible function of arguably the most important 

myeloid cell type in the oesophageal mucosa, and its possible interactions with oesophageal 

epithelial neuronal innervation. CD1a (previously optimised by the group, antibody detailed in 

section 3.2.3 Validation of RNA Sequencing Data with IF), a well-described dendritic cell 

subset marker [483], was used to identify dendritic cells present in the oesophageal mucosa 

of biopsies from healthy controls and GORD patients.  

GORD samples phenotyped into ERD (N=22), NERD (N= 10), FH (N= 17), and BO (N= 18), 

and healthy controls (N=10) were evaluated for CD1a+ dendritic cells in the oesophageal 

mucosa. CD1a+ dendritic cells were most frequently interpapillary in nature, being detected on 

the outside of and in between papillary structures, as seen in Figure 51A. The abundance of 

CD1a+ dendritic cells was significantly higher in healthy controls compared to BO (p=0.0005), 

ERD (p=0.0004), and FH patients (p=0.0096) (Figure 51B). CD1a was also found to be 

expressed at a higher level in HCs compared to GORD patients at RNA level, as seen in 

Figure 52.  

The localisation of dendritic cells was also assessed in relation to deep afferent nerve endings 

previously detected in a representative number of ERD samples and healthy controls with 

PGP9.5. There appeared to be no anatomical relationship between afferent nerves and 

dendritic cells in the oesophageal mucosa. PGP9.5+ afferent nerves were detected in the 

submucosa and were not in close proximity to interpapillary dendritic cells detected in the 

oesophageal mucosa in ERD patients nor healthy controls (Appendix  13).    
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Figure 51 CD1a+ Dendritic Cells are More Abundant in the Healthy Oesophageal Mucosa 
than in Patients with GORD 

A) Interpapillary CD1a+ dendritic cells residing in the oesophageal mucosa in healthy controls and 

patients with GORD. Scale bar: 100μm. B) Quantification of dendritic cells in healthy controls: N=10, 

BO patients: N=18, ERD: N=22, FH: N=17, NERD: N=10. One-way ANOVA and subsequent 

Bonferroni’s test revealed significantly higher dendritic cell residence in healthy controls compared 

to patients with BO (p=0.0005), ERD (p=0.0004), and FH (p=0.0096). Error bars represent SD.  
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Figure 52 RNA Expression of Immune Cell Marker Genes 

DESeq2 expression matrix for the comparison between HCs and GORD patients was 

manually filtered for immune cell markers on Partek. HCs: (N=8), BO: (N=7), ERD: (N=10), 

FH: (N=8), NERD: (N=10), p = 0.05.  
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3.3.8.2 Mast Cell Infiltration in the Oesophageal Mucosa of GORD Patients  

 

Immune enrichment analysis of the RNA sequencing dataset highlighted a higher abundance 

of mast cells in oesophageal mucosal biopsies from patients with NERD, ERD, and BO 

compared to patients with FH and healthy controls (as seen in Section 3.3.8 Cellular 

Deconvolution with xCell). Mast cell tryptase (previously optimised by the group, antibody 

detailed in section 3.2.3 Validation of RNA Sequencing Data with IF) was the cell marker of 

choice, given the requirement for exocytosis of their cytoplasmic secretory effector granules 

to take place in order for mast cells to actively contribute to the inflammatory process. The 

protease tryptase is the most abundant protein among the array of bioactive effector molecules 

released during mast cell activation and was therefore used to assess the localisation of mast 

cells in this part of the study [484].  

Mast cells were most often seen surrounding the papillae near the basal layer of the squamous 

epithelium (as seen in Figure 77), but tryptase granules were occasionally also detected 

around the more superficial layers of the mucosa. Mast cells that were detected appeared to 

predominantly conform to three types of morphologies: 1) oval-shaped mast cells with 

intracellular tryptase granules, in ‘resting’ form, 2) those with a highly granulated morphology, 

in anaphylactic degranulation, and 3) a combination of oval-shaped cells which appeared to 

be releasing tryptase granules or ‘piecemeal degranulation’, as shown in a representative ERD 

sample in Figure 53A. These morphologies were seen across all GORD phenotypes and 

healthy controls, with no notable morphologic differences between healthy controls and GORD 

phenotypes.  

Although there was no significant difference in the infiltration of mast cells among GORD 

patients or healthy controls (p=0.0751), there was an increased mast cell abundance in 

patients with ERD ( Figure 53B). Moreover, the mean cell count in the upper quartile of all 

GORD groups shows increased mast cell infiltration in GORD compared to healthy controls ( 

Figure 53B). Moreover, there was no significant correlation between mast cell infiltration and 

severity of inflammation in ERD patients (Appendix 14).  
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 Figure 53 Mast Cells Detected in Three Morphologies in the Oesophageal Mucosa 

A) Morphology and activity status of mast cells in the oesophageal epithelium of patients with 

GORD. A mix of mast cell morphologies were often seen in the same representative ERD 

sample. B) Quantification of mast cells in the oesophageal mucosa of patients with GORD and 

healthy controls. Mast cell infiltration among the disease groups was not statistically different 

(p=0.0751). Error bars represent SD.  
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3.3.9 Ion Channel Gene Expression Profiles 

 

DESeq2 expression matrix for the comparison between HCs and GORD patients was 

manually filtered for ion channels explored in section 2 Characterisation of mucosal afferent 

nerves in the oesophageal mucosa of patients with GORD. ASIC3 and TRPV1 were found to 

be increased in NERD patient samples, while TRPA1 expression was increased in BO patients 

compared to ERD, NERD and FH (Figure 54).  

  

Figure 54 RNA Expression of Ion Channel Genes 

DESeq2 expression matrix for the comparison between HCs and GORD patients was 

manually filtered for ion channel genes on Partek. HCs: (N=8), BO: (N=7), ERD: (N=10), FH: 

(N=8), NERD: (N=10), p = 0.05.  
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3.4 Discussion  
 

This section aimed to characterise the gene expression signature of the oesophageal mucosa 

for an improved understanding of the molecular mechanisms underlying heartburn 

pathogenesis in patients with GORD. Differential expression analysis was performed between 

healthy controls and phenotyped GORD patient samples that underwent bulk RNA 

sequencing. Biological interpretation of gene expression data was conducted using GSEA. 

Moreover, computational cellular deconvolution analysis was performed to characterise the 

immune cell composition of each GORD phenotype using CIBERSORT and xCell, and the 

finding of decreased dendritic cell population in GORD oesophageal mucosa compared to 

healthy controls was validated immunohistochemically. This section of the study provides 

novel transcriptomic data on candidate molecular markers which may play important roles in 

oesophageal hypersensitivity, inflammation, and barrier functions in the oesophageal mucosa 

of heartburn patients. 

There are important differences in expression of genes encoding several structural proteins 

between normal and GORD oesophageal mucosa. The downregulation of ACTN4, a 

cytoskeletal protein involved in binding actin to the cell membrane in adherens-type junctions, 

and CLDN10, a claudin which is an integral component of tight junctions that collectively form 

a physical barrier to prevent solutes and water passing freely into the cell, could highlight a 

novel structural change in oesophageal epithelial cells in GORD patients resulting in reduced 

barrier integrity enabling passage of refluxate through the mucosa (Appendix table 14) [485], 

[486]. The loss of ACTN4 and CLDN10 expression in GORD, including in patients with NERD, 

is a likely consequence of high acid exposure which may result in the loss of integrity of 

adherens and tight junction strands. Moreover, another lost protective mechanism highlighted 

by differential expression analysis is decreased MUC17 expression in GORD compared to 

healthy controls. MUC17 encodes a glycoprotein which is a membrane-bound protein that 

forms a protective mucous barrier on epithelial surfaces and also has a role in intracellular 

signalling [487]. This finding is supported by an earlier study which examined MUC17 

expression in peptic ulcers, and found MUC17 to be significantly decreased in idiopathic ulcers 

compared to ulcers induced by Helicobacter pylori and NSAIDs, suggesting altered protective 

efficiency in idiopathic ulcers against acid and pepsin [488]. These findings were coupled with 

a significantly decreased ADAM23 expression in GORD, in particular, ERD oesophageal 

mucosa, suggesting a potential mechanism of breakdown of structural proteins CLDN10 and 

ACTN4 by a metalloprotease [489]. Collectively, these results highlight a possible protective 

structural mechanism that is lost in GORD oesophageal mucosa, including in patients without 
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apparent macroscopic injury (NERD), which might expose the oesophageal epithelium to 

damage induced by acid and bile content of the refluxate. 

Keratins are major structural proteins critical in forming the cytoskeleton scaffold in epithelial 

cells which gives them the ability to withstand mechanical and non-mechanical stress [476]. 

KRT6, KRT10, KRT14, KRT16, and KRTDAP were upregulated in ERD patients compared to 

healthy controls. The DE of these keratins in ERD was significantly associated with increased 

epithelial cell differentiation, tissue development, and cytoskeleton organisation, suggesting 

that there is active regeneration in the ERD oesophageal mucosa. The selective expression 

of these keratins in epithelial cells of ERD patients likely plays a regulatory role in metabolic 

processes and signalling pathways that control the differentiation of the oesophageal 

epithelium. A recent study described KRT16 to play a role in the process of keratinocyte 

activation following skin injury. In the newborn skin of keratin-16 transgenic mice, there was 

significantly altered response of skin keratinocytes to signalling cues including increased 

tyrosine phosphorylation of the epithelial growth factor receptor [491]. Keratin-14 expression 

has been demonstrated in mitotically active basal layer cells, together with its partner keratin-

5, with their expression being downregulated with epithelial cell differentiation [492]. A study 

which inhibited KRT14 in stratified epithelial cell lines using RNA inference reported reduced 

cell proliferation and delayed cell cycle progression, coupled with reduced phosphorylated Akt 

levels. Equally, keratin-6 has also been described in mouse embryos where it was found to 

be rapidly induced in epithelial cells activated at the edge of a wound, and wound closure was 

significantly delayed in mice null for keratin-6 and 17 [493]. These results are significant in 

increased epithelial cell proliferation and differentiation, as determined by functional 

enrichment analysis of DE genes. Thus, our differential expression data suggests that much 

like the skin epithelium, the ERD oesophagus also triggers a response to restore its vital 

barrier function in response to acid-induced damage, which likely includes a rapid switch in 

gene expression whereby type II keratin 6 and type I keratin 16 are upregulated in epithelial 

cells at the wound edge.  

Another important finding is the differentially expressed genes related to the immune response 

in individual GORD phenotypes compared to the normal oesophageal mucosa. The 

upregulation of genes such as CXCL1 and CXCL6 in the ERD oesophageal mucosa compared 

to normal controls highlights the functional involvement of these genes in the cellular response 

to chemokines resulting in leukocyte migration. In contrast, DE genes in BO oesophageal 

mucosa detected an upregulation of IGHA1-2 and JCHAIN, which were highlighted in B cell 

receptor signalling and complement activation, suggesting a humoral immune response profile 

in BO compared to the other GORD phenotypes which overexpressed genes involved in 

innate and cellular adaptive immune responses. JCHAIN encodes the joining chain of 
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multimeric IgA and IgM [494]. In the intestine, immune protection of the intestinal mucosa was 

demonstrated to depend on IgA secretion by plasma cells in the gut lumen which provides 

protection for the mucosal barrier,  suggesting the presence of a similar protective mechanism 

in the BO oesophageal mucosa [495]. However, these results need to be interpreted with 

caution because BO patients were biopsied while being on PPI treatment (due to the ethical 

restrictions of stopping PPI in patients with known Barrett’s) – the only ‘on PPI’ group included 

in the study. Surprisingly, genes DE in FH oesophageal mucosa compared to healthy controls 

were also found to be functionally enriched in immune response processes. However, IGKC 

and IGHA2, genes involved in the IgA immunoglobulin complex, were only found to be 

upregulated in a single FH sample, suggesting that the diagnosis may have been wrong for 

this FH patient. As such, the immune response profile in FH appears to be similar to that seen 

in the normal oesophagus, while NERD and ERD oesophageal mucosa highly expresses 

genes involved in both the innate and adaptive immune response, and BO oesophageal 

mucosa has an enriched humoral immune response.   

It was also interesting to compare gene expression profiles between GORD phenotypes in the 

current study. Although the oesophageal mucosal gene expression signature was 

heterogeneous between healthy controls and heartburn patients, with BO oesophageal 

mucosa having the highest number of DE genes (3010) compared to the normal oesophageal 

mucosa, in erosive and non-erosive reflux disease it is strikingly similar at a molecular level, 

with only 13 genes DE between the two groups. These 13 DE genes between ERD and NERD 

were implicated in fatty acid binding and enzyme transfer activity, but interestingly, none of 

the 13 DE genes identified were critically involved in barrier function. This finding was 

unexpected and suggests that the chemical composition of refluxate/amount of reflux is 

important in the mucosal differentiation between erosive oesophagitis and NERD patients. In 

contrast, FH, NERD and ERD patients were all strikingly different from BO at a molecular level, 

with each differentially expressing 884, 1302, and 1936 genes, respectively. According to 

these data, it is possible that BO represents a distinct entity that has a vastly different genetic 

signature, and it is unlikely for patients with NERD or ERD to progress over time to BO once 

metaplastic transformation begins, a concept previously debated by experts [496]. However, 

the genetic similarity detected between FH, NERD, and ERD patients and their distinct genetic 

difference compared to the normal oesophageal mucosa in the present study broadly supports 

the ongoing debate that these phenotypes represent a continuum of a single disorder [497]–

[499]. Comparison of these findings with those of other studies confirms the significant overlap 

in oesophageal acid exposure of 47.4% between NERD and ERD, suggesting that the content 

of the refluxate could induce the progression of NERD into ERD [498]. The assessment of 

mucosal immune cell populations in the oesophagus of healthy controls and GORD patients 
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via cellular deconvolution of the bulk RNA dataset has expanded the characterisation of 

immune factors regulating homeostasis under normal conditions, and how these change with 

the pathogenesis of GORD. Both xCell and CIBERSORT reported a higher concentration of 

dendritic cells in the normal and FH oesophageal mucosa compared to patients with NERD, 

ERD, and BO. The interesting finding of significantly increased mucosal dendritic cell 

population in the oesophagus of healthy controls compared to patients with GORD was 

validated immunohistochemically. This suggests that the loss of oral tolerance to food antigens 

may underlie the onset of mucosal inflammation in GORD. The mucosal immune system is 

known to regulate the active suppression of cellular and humoral responses to orally ingested 

antigens through a process known as oral tolerance, which is maintained by dendritic cells 

which screen mucosal surfaces and capture these ingested antigens [502]. This subsequently 

induces naïve CD4+ T cells to differentiate into regulatory T cells which release anti-

inflammatory cytokines such as TGF-β and IL-10 to supress immune responses against 

harmless oral antigens [503]. These findings are similar to those reported by literature on 

conventional dendritic cells in the skin [504]. In the steady state, immature dendritic cells 

residing in the skin have been shown to probe their homeostatic environment for invading 

pathogens. The rhythmic extension and retraction of their dendrites through the intracellular 

spaces between keratinocytes was demonstrated in a study which visualised Langerhans cells 

in l-Abeta-enhanced green fluorescent protein knock-in mice by confocal microscopy [504], 

[505]. It is probable that immature dendritic cells in the oesophageal mucosa, a squamous 

epithelium exposed to antigens from the lumen, could also be surveying the normal 

oesophageal epithelium for foreign invaders. Dendritic cells were often interpapillary, residing 

between the papillary structures, suggesting that they reside in the epithelial layer rather than 

infiltrate from the submucosa, as often seen with other immune cells. This mechanism appears 

to be significantly compromised in patients with FH, ERD, and BO, and appears to be 

decreased in patients with NERD. However, the insignificant difference between healthy 

controls and NERD patients was possibly due to the lower sample number in this group of 

patients compared to the other GORD phenotypes. A recent study demonstrated breakdown 

of oral tolerance by infecting BALB mice with Citrobacter rodentium while exposing them to 

OVA. Following the clearance of infection, continuous OVA administration induced IBS 

symptoms such as diarrhoea in the previously infected, but not the uninfected mice. Moreover, 

in the mice which developed IBS, subsequent oral ingestion of antigens was found to induce 

a mast cell-dependent mechanism of visceral hypersensitivity, whereby mast cells became 

activated by exposure to the antigen and degranulated to release histamine which in turn 

sensitised visceral afferent nerves [506]. Thus, our findings of reduced dendritic cells in the 

GORD patient population, coupled with an increased population of mast cells, highlights a 
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potential peripheral mechanism for food-induced heartburn symptoms in patients with GORD, 

and in particular, FH patients whose symptom generation is not associated with acid reflux.  

The reduced dendritic cell population in NERD, ERD, and BO oesophageal mucosa was 

coupled with an increased mast cell population in these patients compared to healthy controls 

and FH patients according to both CIBERSORT and xCell estimations. Although CIBERSORT 

detected a slightly increased mast cell composition in FH patients compared to healthy 

controls, the difference between FH and normal oesophageal mucosa was negligible 

according to xCell findings. Although IF studies failed to detect a significant difference in mast 

cell infiltration between GORD samples and healthy controls, the median number of mast cells 

detected by mast cell tryptase staining was notably higher in ERD compared to HCs. The 

increased mast cell composition in GORD oesophageal mucosa compared to asymptomatic 

subjects could be attributed to increased hypersensitivity in these patients. Indeed, mast cells 

have been widely recognised for their role in initiating a reciprocal communication with 

nociceptors on sensory nerve fibres in a range of inflammatory conditions [268], [507]–[509]. 

Being one of the first responders of the immune system present near externally exposed 

surfaces such as the epithelial lining of the skin and mucosa of the GIT enables their 

orchestration of other immune cells involved in the immune defence [510]. Moreover, the 

proximity of peripheral mast cells to primary afferent nerve endings expressing nociceptors 

has been reported to be critical in pain transmission in IBS [508], [509]. The present study 

raises the possibility that increased mast cell composition of the oesophageal mucosa of 

patients with NERD, ERD, and BO underlies the mechanism of oesophageal hypersensitivity 

by releasing substances that interact with and activate sensory afferent nerve endings 

previously identified as innervating the deeper layers of oesophageal epithelium in these 

patients.  

3.4.1 Limitations of Methodology  

 

Although this study produced novel characterisation data on the oesophageal mucosal gene 

expression signature of healthy subjects and patients with heartburn, there were also several 

sources for error. First, due to the global pandemic which introduced a three-month break from 

experimental work, healthy control samples could only be collected at a later date. This meant 

that GORD samples were sequenced in a separate batch from healthy controls, which may 

have introduced an experimental error into the dataset. However, this was minimised as much 

as possible, by using the same RNA extraction kit by the principal researcher, and using the 

same genome centre and equipment for sequencing. Moreover, xCell provides an enrichment 

score of cellular composition in heterogeneous tissue, so cannot be interpreted as proportions 

of cells. xCell also does not provide statistical significance by calculating an empirical p value 
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as done by Newman et al. in CIBERSORT. This arguably makes xCell the inferior technique 

of cellular deconvolution. However, due to xCell being a gene signature-based method learned 

from gene expression data for 64 immune and stroma cell types, it provided useful estimations 

of immune cell populations enriched in our bulk RNA samples, some of which were not present 

in the CIBERSORT signature. To increase confidence in our computational analyses, we 

performed computational tissue dissection analysis with two widely accepted and published 

webtools, but validating the findings with a wet-lab method will increase the impact of our 

findings in this section of the study.  Moreover, the method of biopsy taking is not precise, and 

a more defined protocol would improve the comparability between patient samples included 

in molecular studies in the future. The possibility of some FH patients being misdiagnosed 

should also not be overlooked.  

 

4.4.2 Future Work  

 

Further research should be undertaken to validate the immune cell type enrichment data 

generated by xCell and CIBERSORT using visualisation techniques such as IF-IHC, and 

quantitative methods such as qPCR by measuring mRNA levels of specific markers for each 

immune cell type of interest. Similarly, for differentially expressed genes of clinical relevance, 

qPCR should be performed to validate the difference in levels of expression between healthy 

control RNA samples and GORD samples, respectively. Moreover, the gene expression data 

can be further expanded by using more novel technology such as spatial transcriptomics 

(Visium) to identify anatomical regions of the oesophageal mucosa displaying changes in gene 

expression. However, this was beyond the scope of the current study, given the limitations in 

time and funding. Sequencing a number of fresh frozen biopsies from patients with ERD, 

NERD, FH, and BO, and healthy controls with spatial transcriptomics will produce more useful 

transcriptomic data on the localisation of differentially expressed genes of interest, which may 

help identify potential biomarkers to improve treatment of heartburn in GORD patients.    
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4: Neuro-immune Crosstalk in the Pathogenesis of Heartburn 

Symptoms in GORD     

4.1 Introduction 

 

Neuron-to-neuron signalling via pain neurotransmitters such as CGRP, substance P, and 

glutamate was, until recently, considered to be the key neuronal pathway mediating chronic 

pain [515]. However, recent evidence has emerged to indicate that the acidic 

microenvironment created by cytokine-induced inflammation could also activate acid-sensing 

receptors on oesophageal mucosal afferent nerves and epithelial cells, as detailed in section 

1.8 Inflammation in GORD. Nociceptive neurons can both be activated by cytokines released 

from immune cells, and directly regulate inflammation by releasing neuropeptides upon 

activation by noxious stimuli [262]. Release of inflammatory mediators such as IL8, IL1β, and 

TNFα are likely to activate or heighten the sensitisation of peripheral afferent nerves. This has 

been shown in animal studies of the colon, where silent visceral afferent nerves were activated 

by chemical and inflammatory mediators which led to continuous neuronal firing [516]. Studies 

of the colon have also highlighted that the neuronal budding and localisation of neuronal 

endings may also be regulated by inflammatory factors, as described in section 1.7 

Neuroimmune crosstalk in the oesophagus. However, such neuro-immune interactions have 

not been investigated in the oesophagus of patients with GORD.  

Sensory neuronal expression of receptors of inflammatory mediators is becoming an 

increasingly accepted concept. A comprehensive transcriptome analysis of 622 single murine 

neurons found that 9% expressed TNFR1, one of two cell-surface receptors for the pro-

inflammatory cytokine TNFα, and 2.4% expressed TNFR2 mRNA [517]. Interestingly, a single-

cell real-time PCR analysis demonstrated TNFR1 expression solely in neurons, and TNFR2 

expression only in non-neuronal cells [518]. IL1R has also been reported to be expressed by 

9.1% murine DRG neurons [337], [517], with increased expression in inflammatory conditions 

including articular arthritis induced by complete Freund adjuvant (CFA) [519]. Similarly, the 

gene expression database generated by Usoskin et al. showed expression of gp130, a subunit 

of IL6R, in 38% of mouse DRG neurons [517]. CXCR2, the receptor of the most frequently 

cited inflammatory chemokine in GORD literature: IL8, has also been suggested to be 

expressed in the majority of rat DRG neurons, where the release of IL8 could activate CXCR2 

on peripheral nociceptors via an autocrine or paracrine mechanism [520]. Moreover, CXCR2 

was found to be upregulated both at mRNA and protein level following the peripheral injection 

of CFA, and co-expressed CGRP. In contrast, the knockout of CXCR2 via perisciatic nerve 

injection of CXCR2 siRNA attenuated CFA-induced allodynia and thus suggested its likely role 
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in maintaining inflammatory pain [381]. The concept that sensory neurons express receptors 

for inflammatory mediators, including cytokine receptors such as IL-1R, TNFR, and IL6R, 

supports the notion of direct immune modulation of neuronal action as a mechanistic driver of 

peripheral sensitisation [521].    

As discussed in Chapter 3, RNA sequencing is a relatively unbiased omics technique with the 

capacity to provide novel insights into biological systems and disease models. Immune cell 

deconvolution analysis of bulk RNA sequencing on our 38 GORD samples revealed an 

enrichment of mast cells, M2 macrophages, B cells, and Th2 cells in heartburn patients 

compared to the healthy control tissue. Literature on immune contributions to pathological pain 

suggests that macrophages and neutrophils are the first immune cell populations to be 

recruited to the site of inflammation, where they secrete cytokines such as TNFα, IL-1β, IL-6, 

NGF, and chemokines such as IL-8/CXCL8 which recruit T lymphocytes and simultaneously 

sensitise nociceptors [522]. Moreover, recent studies have detected differences in the 

expression profile of inflammatory cytokines including TNFα, IL-1β, IL-8, and IL-10 across 

GORD phenotypes [277], [523]. However, the data on differences between GORD groups is 

conflicting, with Fitzgerald et al. demonstrating a 3-10-fold upregulation of IL-1β, IL-8, and IFN-

γ in ERD compared to NERD and BO patients [277], while Solares et al. suggest a 

predominance of IL-8 in BO and increased expression of IL-1β and IL-6 in ERD and NERD 

[523]. 

Acid-induced inflammation in the oesophageal mucosa is likely to play an overlapping role in 

the pathogenesis of oesophageal pain and sensitivity. We hypothesise that there are 

differences in the expression and localisation of inflammatory cytokine receptors on 

oesophageal mucosal afferents or epithelial cells between healthy asymptomatic individuals 

and patients with GORD. This chapter seeks to validate some of the cellular deconvolution 

analysis of our sequencing data from chapter 3 RNA sequencing the oesophageal mucosa of 

patients with GORD, and to assess the expression and interaction of inflammatory mediators 

with sensory afferent nerves using IF-IHC, qPCR, and cytokine release assays.  An improved 

understanding of immune contributions to peripheral sensitisation and eventually pathological 

pain in the oesophagus of patients with different clinical GORD phenotypes, with a particular 

focus on the role of inflammatory cytokines and their receptors, will likely reveal novel neuro-

immune targets that may improve therapeutic options for heartburn patients in future.     
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4.2 Materials and Methods 

4.2.1 Patient and Healthy Control Biopsies  

Patient samples were collected and phenotyped as described in section 2.2.1 Patient 

Biopsies. Healthy volunteers were recruited and biopsies collected as detailed in section 3.2.1 

Patient Biopsies and Healthy Control Biopsies. Demographic data for patients and healthy 

control samples analysed in this section of the study can be seen in Table 7 below, and in 

Table 10-11, appendix.  

4.2.2 IF-IHC 

IF-IHC experiments were performed as described in section 2.2.3 Immunofluorescence-

Immunohistochemistry, with the use of the antibodies detailed in Table 8. 

4.2.3 Image Analysis 

Nerve positions were calculated as previously described in section 2.2.4 Image analysis. Cell 

counting was performed as detailed in section 2.2.4.2 Automated cell counting. Co-expression 

analysis was performed as described in section 2.2.4.1 Manders coefficient. 

2.2.3.4 Pixel analysis      

 

Acquired images were converted to black and white. A threshold was set to highlight positive 

signals in black and background in white, creating a binary image in each channel. Then, the 

positive area was highlighted using the freehand tool to give a region of interest (ROI), and 

positive pixels in the ROI were measured. Pixels per field of view were calculated on Excel 

using the following formula:% 𝑎𝑟𝑒𝑎 𝑥 𝑡𝑜𝑡𝑎𝑙
𝑎𝑟𝑒𝑎

100
. Standard deviation was calculated per sample 

based on a minimum of 5 fields of view, and the mean value was plotted on Graphpad Prism 

8.4.  

Table 7 Demographic data of patients and healthy controls 
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Table 8 Source, clones, and dilution of all primary antibodies used  
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4.2.4 Qualitative Real Time Polymerase Chain Reaction (qRT-PCR) 

4.2.4.1 RNA Extraction  

 

RNA extraction was performed as previously detailed in section 2.2.5.1 RNA Extraction.  

4.2.4.2 Reverse transcription for cDNA Synthesis 

RNA was reverse transcribed into cDNA as detailed in section 2.2.5.2 Reverse transcription 

for cDNA Synthesis 

 

4.2.4.3 qRT-PCR 

qRT-PCR was performed on the AB7300 Real-Time PCR system (Applied Biosystems) using 

the QuantiFast SYBR Green PCR kit (Cat. Number 204056). QuantiTect Primer Assays were 

used for 18S, NGF, GAP-43, and CXCL8 genes (See Table 9). 

Table 9: QuantiTect Primer Assays (Qiagen), and their sources 

 

4.2.4.4 Statistical Analysis 

Relative gene expression by qPCR was calculated using the 2-ΔΔCT method as described 

previously [524]. Fold changes in gene expression were calculated relative to the average 

control group in gene expression studies in this section. GORD phenotypes were compared 

to the healthy control group and each other by two-way ANOVA using GraphPad Prism 9.0, 

respectively. Values are presented as mean ± SD. 
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4.2.5 Ex Vivo Assay of Oesophageal Mucosal Biopsies 

Three oesophageal mucosal biopsies from a total of 3 ERD patients and 5 healthy volunteers 

were taken at endoscopy and immediately transported on ice in Dulbecco’s Modified Eagle 

Medium (DMEM) liquid (High Glucose) with GlutaMAX I (Life technologies, cat. No. 31966021) 

supplemented with 0.4% Penicillin/Streptomycin (50U/ml) (Sigma, cat. No. P4333-20ML) and 

processed within 15 min. Biopsies were individually weighed (weight of biopsy= weight of 

1.5ml Eppendorf containing biopsy in 1ml DMEM - weight of 1.5ml Eppendorf containing 1ml 

DMEM media but no biopsy). In a sterilised hood, biopsies were carefully placed in 200μl 

warm DMEM media in 96-well plates, ensuring minimal disruption to biopsies. Biopsies were 

incubated at 37ºC with 95% O2 and 5% CO2 to allow normalisation for 30 min. The plate was 

then taken out, supernatant carefully removed and aliquots stored at -80ºC until used for 

cytokine quantification as the ‘baseline’ concentration. Wells with biopsies were replaced with 

fresh 200μl DMEM and placed on ice. Mucosal biopsies were sequentially and carefully 

orientated using a stereomicroscope to have an apical to basolateral polarity, thereby 

anchoring the submucosal aspect of the biopsy onto a 0.4μm membrane in a Transwell insert 

(from 6-well Transwell plate), as shown in Figure 55. Luminal aspect of each biopsy was 

sequentially challenged with pH7 (control), pH5, and pH2 for 5 min, washed with PBS, and 

placed back in their respective wells with 200 μl DMEM media in 96-well plate, and 

subsequently maintained at 37ºC with 95% O2 and 5% CO2 overnight (18h). The supernatant 

was then removed and aliquots stored at -80ºC.  

 

Figure 55 Ex Vivo Assay Setup 

Diagram demonstrating apical to basolateral orientation of biopsy specimen and 

ex vivo challenge to acid. Figure created using biorender.com 
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4.2.6 Cytokine Quantification  

Quantification of cytokines IL-1β, IL-6, TNF-α, IL-8, β-NGF, and MCP-1 was performed using 

a 6-plex Bio-Plex Pro Human Cytokine Assay (171304090M, Bio-Rad) as per Bio-Rad 

instructions. Briefly, standards were reconstituted by adding 250μl DMEM media, and 

vortexed at medium speed for 5 sec. A fourfold standard dilution series and blank was 

prepared, and each standard vortexed. Magnetic coupled beads were protected from light and 

vortexed at medium speed for 30 sec and diluted to 1x in DMEM media. A 50 μl volume of 

diluted (1x) beads were added to each well of the assay plate. The plate was then washed 

twice with 100 μl Bio-plex wash buffer using a handheld magnetic wash station (A14179, Life 

technologies). Samples, standards, and blank were vortexed, and 50μl of each were added to 

each well of the assay plate. Samples were run in duplicates. Plate was covered with sealing 

tape and incubated on a shaker at 900 rpm at RT for 30 min. Detection antibodies were 

prepared in the last 10 min of the incubation, whereby they were first vortexed for 5 sec and 

diluted to 1x. The assay plate was then washed 3 times with 100μl wash buffer, and 25μl 

detection antibodies added to each well. Assay plate was covered with fresh sealing tape and 

incubated at 900rpm for 30 min at RT. During the detection antibody incubation, XPONENT 

software on a MAGPIX detection system was prepared with standard S1 values and units 

provided in the assay kit. In the last 10 min of the incubation, 100x streptavidin-PE (SA-PE) 

was vortexed for 5 sec, diluted to 1x, and protected from light. Assay plate was then washed 

3 times with 100μl wash buffer, the diluted SA-PE vortexed, and 50μl added to each well. New 

sealing tape was used to cover the assay plate again and incubated for 10 min at RT at 900 

rpm. The plate was washed 3 times with 100μl wash buffer, and beads finally resuspended in 

125μl assay buffer. The covered plate was shaken at 900 rpm for 30 sec before removing the 

sealing tape and reading plate using MAGPIX instrument settings.  

4.2.7 Statistical Analysis   
 

Following completion of the plate reading on XPONENT software, the raw results file was 

extracted and analysed in Bio-plex Manager. Standard curves for each analyte and error 

margins between sample reads were checked, and final report table saved. The observed 

concentration that fell within the range of the standard concentrations were extracted from the 

report table, and the Concentration in Range for baseline supernatant was subtracted from 

Sample Post- pH challenge to give the concentration of cytokine release (pg/ml). Cytokine 

release between ERD and healthy controls, and cytokine release with different pH conditions 

was compared by two-way ANOVA using GraphPad Prism 9.0. Values are presented as mean 

± SD. 
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4.3 Results 

4.3.1 Characterisation of TNFR1 Localisation in the Oesophageal Mucosa of GORD 

Patients 

4.3.1.1 TNFR1 Antibody Optimisation 

 

TNFR1 has been extensively reported as a therapeutic target in IBD treatment [525], but its 

role in other inflammatory diseases of the GIT, particularly the oesophageal mucosa, has not 

been characterised. TNFR1 expression in the oesophageal mucosa of GORD patients was 

assessed using IF-IHC. Specific binding of the TNFR1 antibody was confirmed using IBD 

colon tissue as a positive control. Literature demonstrates that TNFR1 signalling in intestinal 

epithelial cells is crucial for the pathogenesis of Crohn’s colitis, and TNFR1 expression in 

Figure 56 Expression pattern of TNFR1 in the IBD colonic mucosa and GORD 
oesophageal mucosa are different 

A) A mouse monoclonal TNFR1 antibody from Thermofisher, and a rabbit polyclonal antibody 

from Abcam were tested in positive control tissue, inflamed intestinal mucosa. Both antibodies 

show TNFR1-immunoreactivity on lymphocyte infiltrates, as confirmed by CD45 colocalisation 

between colonic crypts. B) In the oesophagus, TNFR1 staining with Thermofisher monoclonal 

mouse antibody was less specific, and showed a nuclear pattern of staining which looked less 

specific than in the colon. The polyclonal rabbit antibody from Abcam was specifically 

expressed in the cytoplasm of epithelial cells, and did not co-express CD45. C) Negative 

controls showing no TNFR1 immunoreactivity for either antibody. Scale bar: 100 µm. 
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colonic lamina propria cells have been suggested to regulate epithelial regeneration following 

intestinal injury [526], [527].  

In the inflamed colonic mucosa, cellular TNFR1 expression was observed between crypts, 

where TNFR1-immunoreactive cells detected with the polyclonal rabbit antibody were 

identified as CD45-positive lymphocytes (Figure 56A). A similar pattern of staining was 

observed in the colon with the monoclonal mouse TNFR1 antibody, which also identified 

TNFR1-immunoreactive cells between the colonic crypts (Figure 56A). In contrast, in human 

oesophagus, the monoclonal mouse antibody scarcely detected nuclear TNFR1-

immunoreacvtivity in the epithelium, whilst the polyclonal rabbit antibody detected cytosolic 

expression of TNFR1 which had a much higher signal: background ratio (Figure 56B). Neither 

antibody detected TNFR1 expression on lymphocytes, as there was no colocalisation between 

TNFR1 and CD45 in the oesophagus (Figure 56B). Negative controls with no primary antibody 

were also prepared and showed no labelling. The rabbit polyclonal TNFR1 antibody was 

selected and used for the rest of the characterisation study.  
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4.3.1.2 TNFR1 Expression in the Oesophageal Mucosa of patients with GORD 

 

A total of 70 GORD samples phenotyped endoscopically and with objective reflux studies into 

ERD (N=22), NERD (N=10), FH (N=18), and BO (N=20), and healthy controls (N=10) were 

evaluated for TNFR1 expression. This included a total of 80 µm of biopsy per sample (2 slides 

per patient, with each slide containing 4 serial sections at 10 µm each). TNFR1 expression 

was not detected on either superficial or deep CGRP-IR nerves (Figure 57). Cytosolic 

expression was, however, seen in oesophageal epithelial cells in ERD, FH, NERD, and BO, 

and in a limited number of HC samples (Figure 58). TNFR1 was not labelled on the cell 

membrane where epithelial cells express e-cadherin, but was found in the cell cytoplasm 

(Figure 58).  

DAPI-positive cells and TNFR1-positive cells were counted in an automated manner and 

calculated as a percentage of the total number of DAPI-positive cells expressing TNFR1 (as 

described in section 2.2.4 Image analysis). The relative expression of TNFR1 in oesophageal 

epithelial cells was not significantly different among GORD phenotypes (p=0.1566) (Figure 

58B).  

 

  

Figure 57 TNFR1 is not expressed in CGRP-positive nerves in the oesophageal mucosa 

A representative GORD sample demonstrating a deep, intrapapillary sensory nerve which is 

negative for TNFR1. Sensory nerves did not express TNFR1 in patients with heartburn, 

regardless of phenotype. Scale bar:100μm. Insert scale bar: 40μm. 
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Figure 58 TNFR1 is Expressed by Oesophageal Epithelial Cells 

A) TNFR1 was expressed in the cytoplasm of oesophageal epithelial cells in all GORD 

phenotypes and healthy controls, but was not expressed by immune cells identified with CD45. 

B) TNFR1 expression was not significantly different in epithelial cells among GORD 

phenotypes, nor between GORD patients and healthy controls. Error bars represent SD. HC: 

N=10, NERD: N=10, BO: N=20, ERD: N=22, FH: N=18. Scale bar: 100μm. Inset scale bar: 

40μm. 
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4.3.2 Characterisation of CXCR2 Localisation in the Oesophageal Mucosa of GORD 

Patients 

4.3.2.1 CXCR2 Antibody Optimisation 

 

CXCR2 has been widely suggested to regulate the immune response of neutrophils in the 

pathogenesis of inflammatory disease models such as Ulcerative Colitis (UC) [528].  However, 

its role in other inflammatory diseases of the GIT, particularly the oesophageal mucosa, has 

not been characterised. To establish where CXCR2 resides in the oesophageal epithelium of 

patients with heartburn, IF-IHC was performed. Specific binding of the CXCR2 antibody was 

confirmed using IBD colon tissue as a positive control. Literature demonstrates increased 

CXCR2 expression on neutrophils infiltrating colonic mucosa of patients with active ulcerative 

colitis, and decreased secretion of inflammatory cytokines upon pre-treatment of peripheral 

blood neutrophils with CXCR2 inhibitor SB225002 [529].   

In the inflamed colonic mucosa, cellular CXCR2 expression was observed between crypts, 

where they frequently colocalised with the pan-leukocyte marker CD45 (Figure 59A), 

supporting similar reports of CXCR2 expression on neutrophils in the colon in recent literature 

[528], [529]. Negative controls with no primary antibody were also prepared and showed no 

labelling (Figure 59B).  

Figure 59 CXCR2 is Expressed on Immune Cells in Inflamed Colonic Mucosa 

A) CXCR2 antibody optimisation on positive control tissue, IBD colon. CD45 was used to 

highlight lymphocytes. CXCR2 was expressed on immune cells in the colonic mucosa. There 

was colocalisation between CXCR2 and CD45 in the epithelium of the IBD colon B). Negative 

controls showing no immunoreactivity for CXCR2 in the IBD colon. Scale bar: 100µm. Inset 

scale bar: 40µm. 
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4.3.2.2 CXCR2 Expression in the Oesophageal Mucosa of Patients with GORD 

 

A representative number of GORD samples phenotyped into ERD (N= 9), NERD (N= 13), FH 

(N= 10), and BO (N= 8), and healthy controls (N=10) were evaluated for CXCR2 expression 

in the oesophageal mucosa. CXCR2 expression was detected on oesophageal epithelial cell 

membranes in healthy controls, ERD, FH, NERD, and BO, and was frequently localised 

around the papillae (Figure 60). However, CXCR2 pixel quantification (as described in section 

2.2.3.4 Pixel analysis) ascertained that relative expression of CXCR2 on oesophageal 

epithelial cells was not significantly different among GORD phenotypes, nor between GORD 

patients and healthy controls (Figure 60, p= 0.428). 

To establish the spatial relationship between CXCR2-immunoreactive epithelial cells and 

sensory afferent nerves, IF data was further evaluated. CXCR2 co-expression was detected 

on deep CGRP-immunoreactive nerves innervating oesophageal mucosal papillae of FH 

patients (Figure 61). Interestingly, maximum intensity projection of a confocal z-stack also 

revealed the close apposition of a deep CXCR2/CGRP-immunoreactive sensory nerve 

innervating oesophageal papillae in a FH patient and the epithelial cells expressing 

membranous CXCR2 surrounding the papillae (Figure 61), (Appendix  12). While a 

representative number of GORD patients were assessed, sensory nerves were only identified 

in 2/10 FH patients. CGRP-immunoreactive nerve endings were not identified in the other 

GORD phenotypes in this panel of staining, despite experimental repeats. This is due to the 

scarcity of sensory afferent nerve endings in a relatively small biopsy specimen.  
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Figure 60 CXCR2 is expressed on epithelial cell membrane in GORD 

CXCR2 is expression is localised on epithelial cells around the papillae of all GORD 

phenotypes and healthy controls. Pixel analysis found no significant difference in the level of 

CXCR2 expression among GORD groups, nor between GORD patients and healthy controls. 

L=lumen, B=basal layer. Scale bar: 100µm. Images are representative of the mean taken from 

3 experimental repeats per patient, from 5 fields of view. Error bars represent S.D. Healthy 

control: N=10, ERD: N= 9, NERD: N= 13, FH: N= 10, and BO: N= 8. 
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Figure 61 CXCR2 Expression on a deep sensory nerve in a patient with functional 
heartburn 

Confocal Z-stack maximum intensity projection of a representative functional heartburn patient 

co-expressing CXCR2 on a deep sensory afferent nerve in the papillae in close association 

with CXCR2-immunoreactive epithelial cells surrounding the papillae. L=lumen, B= basal layer. 

Scale bar: 10µm 
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Whilst this spatial relationship between CXCR2+ epithelial cells and sensory afferent nerves 

was also assessed in healthy oesophageal mucosa, the intrapapillary sensory afferent nerves 

did not co-express CXCR2, nor were in as close proximity to the CXCR2+ epithelial cells as 

that seen in FH patients (Figure 62).  

  

Figure 62 CGRP+ intrapapillary sensory afferent nerves in healthy controls do not 
express CXCR2  

A representative healthy control oesophageal mucosa with CXCR2+ epithelial cells localised 

around the papillae, and CGRP+ sensory afferent nerve where CXCR2 expression was not 

detected. L=lumen, B= basal layer. Scale bar: 100µm 
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5.3.3 IL8 Gene Expression in the Oesophageal Mucosa of GORD Patients  

 

The relative level of IL8 gene expression in the oesophageal mucosa of patients with GORD 

was assessed via qPCR studies. IL8 gene expression was significantly higher in GORD 

oesophageal mucosa compared to healthy oesophageal mucosa (p=0.0172) (Figure 63).  

ERD and NERD patients had the highest level of IL8 gene expression among the GORD 

phenotypes, although the difference between ERD/NERD samples and healthy controls did 

not reach statistical significance (p=0.09, and p=0.12 respectively),  as seen in Figure 63. In 

contrast, FH patients expressed IL8 at levels similar to that seen in healthy controls (p= >0.99) 

(Figure 63). IL8 expression fold change was also slightly higher in BO patients compared to 

FH (p= >0.99) (Figure 63).  

  

Figure 63 IL8 Expression Fold Change in GORD Oesophageal Mucosa 

The normalised expression fold change of IL8 in relation to the reference gene 

18S, normalised against healthy control samples. Error bars represents SD. One-

way ANOVA detected significant difference among control and GORD samples 

(p=0.0172). Bonferroni’s NERD: N= 10, BO: N= 11, ERD: N=11, FH: N= 6, Control 

N=9 
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4.3.3 Characterisation of IL1R Localisation in the Oesophageal Mucosa of GORD 

Patients 

4.3.3.1 IL1R Antibody Optimisation 

 

The role of IL1R has been implicated in the inflammasome signalling pathway in intestinal 

inflammation, where it was shown to regulate neutrophil recruitment [350]. Upon bacterial 

infection, IL1R expression was increased in the ileum 7 days after inoculation with Toxoplasma 

gondii, and intestinal inflammation was attenuated in IL1R-/- mice [530]. In this part of the study, 

IL1R localisation in the oesophageal mucosa of patients with GORD was assessed using IF-

IHC to elucidate the potential role IL1R signalling might have in heartburn pathogenesis. First, 

a suitable IL1R antibody was optimised using UC colon tissue. Figure 64A demonstrates 

extensive IL1R expression in CD45- cells throughout the colonic epithelium. Negative controls 

with no primary antibody were also prepared simultaneously and showed no labelling (Figure 

64B).   

 

  

Figure 64 IL1R is Widely Expressed Throughout the IBD Colonic Mucosa  

A) IL1R+CD45- cells are extensively present throughout the colonic mucosa of a 

representative IBD patient. IL1R-immunoreactive cells do not co-express CD45. B) Negative 

control of a colon sample of an IBD patient stained side by side with positive control tissue 

but with primary antibody omitted. Scale bar: 100μm. Inset scale bar: 40μm. L=lumen, B= 

basal layer. 
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4.3.3.2 IL1R Expression in the Oesophageal Mucosa of Patients with GORD 

 

A representative number of GORD samples phenotyped into ERD (N= 9), NERD (N= 13), FH 

(N= 10), and BO (N= 8) were evaluated for IL1R expression in the oesophageal mucosa. IL1R 

showed two distinct patterns of expression in a small subset of oesophageal epithelial cells; 

1) cytosolic expression as seen exclusively in a representative ERD patient sample in Figure 

65A, and 2) membranous expression as seen in a representative NERD patient sample in 

Figure 65B where there is co-expression with e-cadherin, a membranous epithelial cell 

marker. However, IL1R expression was limited compared to the extensive mucosal expression 

observed with TNFR1 and CXCR2 receptors in sections 4.3.1.2 TNFR1 Expression in the 

Oesophageal Mucosa of patients with GORD and 4.3.2.2 CXCR2 Expression in the 

Oesophageal Mucosa of Patients with GORD. 

 

  

Figure 65 IL1R is Expressed in a Relatively Small Subset of Oesophageal Epithelial Cells 
in GORD Patients 

A) IL1R is not expressed by lymphocytes infiltrating the oesophageal mucosa of patients with 

GORD. B) There is some cytosolic and some membranous expression of IL1R in a small subset 

of epithelial cells in the oesophageal mucosa of patients with GORD. Scale bar: 100μm. Inset 

scale bar: 40μm. L=lumen, B= basal layer. 
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4.3.4 Characterisation of IL6ST Localisation in the Oesophageal Mucosa of GORD 

Patients   

4.3.4.1 IL6ST Antibody Optimisation 

 

The importance of IL6ST in modulating the colonic mucosal inflammatory response in colitis 

has been well established, but its role in regulating mucosal mechanisms in the context of 

GORD is yet to be understood. Silencing MIR-31, which has a direct ability to suppress IL6ST 

activity, was found to induce an epithelial inflammatory response in a DSS-induced mouse 

model of colitis, highlighting the proinflammatory role of IL6ST in the colon [361]. In this part 

of the study, the localisation of IL6ST was assessed in the oesophageal mucosa of patients 

with heartburn to understand its potential role in oesophageal hypersensitivity. Inflamed 

colonic tissue from patients with UC was used as a positive control. IL6ST was extensively 

detected on intraepithelial lymphocytes between colonic crypts in the inflamed colonic 

mucosa, as seen in Figure 66. However, in the oesophageal mucosa of a patient with 

heartburn (phenotype undetermined), IL6ST showed a membranous pattern of staining on 

epithelial cells (Figure 66). Negative controls with no primary antibody were also prepared 

simultaneously and showed no labelling (Figure 66). 

 

 

 

  

Figure 66 IL6ST is Densely Expressed on Intraepithelial Lymphocytes in the Colonic 
Mucosa and on Epithelial Cells in the Oesophagus 

IL6ST was widely expressed on intraepithelial lymphocytes between colonic crypts in the 

inflamed colonic mucosa, while the expression pattern in the oesophagus of a heartburn 

patient appeared to be epithelial. The negative control of a oesophageal sample stained side 

by side with positive control tissue but with primary antibody omitted showed no positive signal. 

Scale bar: 100μm. Inset scale bar: 40μm. L=lumen, B= basal layer. 
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4.3.4.2 IL6ST Expression in the Oesophageal Mucosa of Patients with GORD 

 

A representative number of GORD samples phenotyped into ERD (N= 9), NERD (N= 13), FH 

(N= 10), and BO (N= 8) were evaluated for IL6ST expression in the oesophageal mucosa. 

IL6ST expression was only detected in the cytoplasm of epithelial cells in the oesophageal 

epithelium of all GORD phenotypes, as shown in Figure 67. There was no colocalisation of e-

cadherin and IL6ST in the GORD samples studied. Moreover, IL6ST expression was much 

more limited compared to the extensive mucosal expression observed with TNFR1 and 

CXCR2 receptors in sections 4.3.1.2 TNFR1 Expression in the Oesophageal Mucosa of 

patients with GORD and 4.3.2.2 CXCR2 Expression in the Oesophageal Mucosa of Patients 

with GORD. 

 

Figure 67 IL6ST is Expressed in the Cytoplasm of a Subset of Epithelial Cells in GORD 
Patients 

IL6ST expression was detected in the cytoplasm of a subset of epithelial cells in all phenotypes 

of GORD. There was no expression of IL6ST on the epithelial cell membrane, as IL6ST and 

e-cadherin did not colocalise in any of the patient biopsies assessed. Scale bar: 100μm; Inset 

scale bar: 20μm. L=lumen, B= basal layer. 
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4.3.5 Characterisation of RAMP1 Localisation in the Oesophageal Mucosa of GORD 

Patients   

4.3.5.1 RAMP1 Antibody Optimisation 

 

RAMP1, an important protein component of the CGRP receptor complex, is an established 

target in treating chronic pain conditions such as migraine [391]. However, its role in the 

mechanism of pain sensation by CGRP-immunoreactive afferent nerves in the oesophageal 

mucosa of patients with GORD remains undetermined. In this part of the study, RAMP1 

localisation and potential role regulating heartburn pathogenesis in the oesophageal mucosa 

was assessed using immunofluorescence. In a mouse model of DSS-induced colitis, RAMP1 

immunoreactivity was reported on macrophages, mast cells, and T cells [402], [405]. As such, 

colon tissue from patients with UC was used to optimise the RAMP1 antibody. Interestingly, 

RAMP1 expression was detected on a small subset of myenteric neurons, as shown in Figure 

68A. RAMP1 expression was also detected on a small subset of lymphocytes in the colonic 

mucosa, in between crypts (Figure 68B). Negative controls with no primary antibody were also 

prepared simultaneously and showed no labelling (Figure 68C).  

  

Figure 68 RAMP1 is Expressed on a Subset of Myenteric Neurons and on Lymphocytes 
in the Colonic Mucosa  

A) RAMP1 is expressed on a very small number of CGRP+ myenteric neurons in the colon of an 

IBD patient. B) RAMP1 is expressed on a subset of intraepithelial lymphocytes between colonic 

crypts in the colonic mucosa of an IBD patient. C) The negative control of a oesophageal sample 

stained side by side with positive control tissue but with primary antibody omitted showed no 

positive signal. Scale bar: 100μm; inset scale bar: 20μm. L=lumen, B= basal layer. 
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4.3.5.2 RAMP1 Expression in the Oesophageal Mucosa of Patients with GORD  

 

A representative number of GORD samples phenotyped into ERD (N= 9), NERD (N= 10), FH 

(N= 9), and BO (N= 9), and healthy controls (N=9) were evaluated for RAMP1 expression in 

the oesophageal mucosa. RAMP1 was most frequently detected on epithelial cell subsets in 

the oesophageal mucosa of patients with NERD and ERD, as shown in Figure 69A. However, 

RAMP1 was also occasionally detected on intrapapillary lymphocytes in patients with ERD 

(Figure 69B). Moreover, oesophageal epithelial expression of RAMP1 was not significantly 

different between patients with GORD, nor between healthy controls and phenotypes of 

GORD (p=0.639) (Figure 69C). The level of RAMP1 expression on epithelial cells was also 

lower than expression of other cytokine receptors such as TNFR1 (Figure 58B), which was 

expressed in the range of 5-15% DAPI+ cells in samples where it was detected, compared to 

a range of 1-3% DAPI+ cells expressing RAMP1.  

 

Figure 69 RAMP1 is Expressed by a Subset of Oesophageal Epithelial Cells in 
Patients with GORD, and Occasionally on Intrapapillary Lymphocytes 

A) RAMP1 expression was frequently detected on small subsets of oesophageal epithelial 

cells in NERD and ERD patients, but never in healthy controls. B) RAMP1 expression on a 

CD45-immunoreactive lymphocyte in the papillae of a representative ERD patient. C) 

RAMP1 expression was not significantly different in epithelial cells among GORD 

phenotypes, nor between GORD patients and healthy controls. Error bars represent SD. 

HC: N=9, NERD: N=10, BO: N=9, ERD: N=9, FH: N=9. Scale bar: 100μm; inset scale bar: 

40μm.  
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4.3.6 Differential Expression of Inflammatory Cytokine Receptor Genes in 

Oesophageal Mucosa of GORD Patients  

DESeq2 expression matrix for the comparison between HCs and GORD patients was 

manually filtered for inflammatory cytokine receptors studied above. TNFR variants and 

NTRK1 were found to be increased in BO patients, while NGF and histamine receptor gene 

HRH1 increased in ERD patients, as seen in Figure 70. Interestingly, healthy controls had 

increased expression of RAMP1 and IL1R genes (Figure 70). CXCR2 expression did not 

change across healthy controls or GORD patients (Figure 70).   

  

Figure 70 RNA Expression of Inflammatory Cytokine Receptors in GORD 
Oesophageal Mucosa 

DESeq2 expression matrix for the comparison between HCs and GORD patients was 

manually filtered for ion channel genes on Partek. HCs: (N=8),  BO: (N=7), ERD: (N=10), 

FH: (N=8), NERD: (N=10), p = 0.05.  
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4.3.7 Characterisation of Immune Cell Populations in the Oesophageal Mucosa of 

Patients with GORD  

4.3.7.1 T-cell Infiltration in the Oesophageal Mucosa of GORD Patients  

 

The stimulatory roles of T cells in pain sensation through amplification of neuroinflammation 

have been increasingly discussed [531]. Th1 and Th17 cells were recently shown to facilitate 

macrophage infiltration into areas of chimeric mice with damaged nerve endings [532]. As 

explained in section 1.8 Inflammation in GORD, a rat model of ERD also demonstrated 

infiltration of CD3+CD20- lymphocytes in the inflamed oesophageal mucosa [418]. However, 

the potential role of T cells has not been extensively assessed in other heartburn phenotypes, 

including NERD. Thus, CD3+ T cell localisation was assessed using IF-IHC across well-

defined phenotypes of GORD patients and healthy controls. A CD3 antibody previously 

optimised by the group was used to assess the presence of T cells in the oesophageal mucosa 

(antibody detailed in Table 8). 

GORD samples phenotyped into ERD (N=18), NERD (N= 10), FH (N= 16), and BO (N= 16), 

and healthy controls (N=7) were evaluated for CD3+ T cells in the oesophageal mucosa. CD3+ 

T cells were most often detected near the papillae in the oesophageal mucosa of patients with 

GORD, as seen in Figure 71A. Although T cells were found more frequently in the 

oesophageal mucosa of patients with GORD compared to healthy controls, there was no 

significant difference in the number of T cells infiltrating the oesophageal mucosa between 

heartburn patients and healthy controls, nor among the GORD phenotypes (Figure 71B).  
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Figure 71 CD3+ T Cells are Localised around the Papillae in the Oesophageal Mucosa of 
Patients with GORD 

A) CD3+ T cells were most frequently detected in close proximity to the papillae in patients with 

GORD. B) There was no significant difference in the levels of T cell infiltration across GORD 

patients, nor between GORD patients and healthy controls. Scale bar represents 100μm Error 

bars represent SD. Healthy controls: N=7, BO patients: N=16, ERD: N=18, FH: N=16, NERD: 

N=10 
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4.3.7.2 B-cell Infiltration in the Oesophageal Mucosa of GORD Patients  

 

The humoral arm of the adaptive immune response has not been previously studied in the 

oesophageal mucosa of patients with GORD [522]. To validate functional enrichment analysis 

findings from the RNA sequencing data of this study, and to understand whether B 

lymphocytes have a modulatory role in heartburn pathogenesis, the localisation of CD20+ B 

cells was assessed with IF-IHC. A CD20 antibody previously optimised by the group was used 

to assess the presence of T cells in the oesophageal mucosa (antibody detailed in Table 8). 

GORD samples phenotyped into ERD (N=18), NERD (N= 10), FH (N= 16), and BO (N= 16), 

and healthy controls (N=7) were evaluated for CD20+ B cells in the oesophageal mucosa. 

Although sparse in their numbers, CD20+ B cells were most often detected in papillary 

structures in patients with heartburn, as seen in Figure 72A. There was no significant 

difference in B cell infiltration among the GORD phenotypes, nor between GORD patients and 

healthy controls (Figure 72B), but a small increase in B cell abundance in ERD patients was 

observed.  

  

Figure 72 CD20+ B cells are Scarcely Expressed in the Papillae in Patients with 
GORD 

A) CD20+ B cells were most frequently detected near the papillae in patients with GORD. B) 

There was no significant difference in the levels of T cell infiltration across GORD patients, 

nor between GORD patients and healthy controls. Scale bar represents 100μm Error bars 

represent SD. Healthy controls: N=7, BO patients: N=16, ERD: N=18, FH: N=16, NERD: 

N=10 
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4.3.8 Expression of Neurotrophic Mediators in the Oesophageal Mucosa of Patients 

with GORD   

4.3.8.1 Optimisation of GAP43 Antibody 

 

Growth-associated protein-43 (GAP43) has been traditionally reported to regulate peptidergic 

nerve growth and sprouting [533]. Recently, its involvement has also been implicated in 

hypersensitivity in IBS patients with increased colonic innervation of TRPV1+ nerves positively 

associated with abdominal pain, where increased neuronal sprouting as a result of GAP43 

expression could play a propagative role [268], [534]. Its localisation in patients with 

oesophageal hypersensitivity has not, however, been previously investigated. To understand 

the neuroplastic changes involved in development of pain in patients with heartburn, IF-IHC 

experiments were performed on oesophageal biopsies from patients with GORD and healthy 

controls.  

In the inflamed colonic tissue used as positive control, GAP43 co-expression was detected on 

both PGP9.5+ and CGRP+ afferent nerves in the lamina propria around colonic crypts (as 

shown in Figure 73A and B), supporting the observation of GAP43 expression in the colonic 

mucosa in recent literature [268]. Negative controls with no primary antibody were also 

prepared and showed no labelling (Figure 73C). 
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Figure 73 GAP43 is Expressed on Afferent Mucosal Nerves Innervating the Inflamed 
Colonic Mucosa  

GAP43 antibody optimisation on positive control tissue, IBD colon. A) PGP9.5 was used to 

highlight total nerve fibres GAP43 is expressed by PGP9.5+ nerves innervating the lamina 

propria. B) CGRP was used as marker for sensory nerve fibres. GAP43 is co-expressed by 

CGRP+ afferent nerves innervating the lamina propria. C) Negative controls showing no 

immunoreactivity for GAP43 in the GORD oesophagus. Scale bar: 100µm; insert scale bar: 

40μm.  
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4.3.8.2 GAP43 Expression in the Oesophageal Mucosa of GORD Patients 

 

GORD samples phenotyped into ERD (N= 23), NERD (N= 11), FH (N= 18), and BO (N= 19), 

and healthy controls (N=10) were evaluated for GAP43 expression on oesophageal mucosal 

afferent nerves. This included a total of 80 µm per sample (2 slides per patient, with each slide 

containing 4 serial sections at 10 µm each). In this part of the study, PGP9.5 was the neuronal 

marker of choice, as GAP43 co-expression was detected on both CGRP and PGP9.5+ nerves 

in the inflamed colonic mucosa (Figure 73). Moreover, as a pan-neuronal marker, PGP9.5 

maximised the chance of finding nerve endings in mucosal oesophageal biopsies as opposed 

to the use of CGRP, which only stains a subset of sensory nerves.  

PGP9.5-immunoreactive nerves were found to innervate the deeper layers of the oesophageal 

mucosa, were mostly intrapapillary in healthy controls and all GORD groups, and frequently 

co-expressed GAP-43 (Figure 74). However, superficial PGP9.5+ nerves were also detected 

in 4/11 NERD patients but did not co-express GAP-43 (Figure 74C). Quantitative analysis to 

assess the degree of GAP43 co-expression on afferent nerves among the GORD patients and 

healthy controls found no statistical significance (p=0.0508). However, there was increased 

co-expression of GAP43 on PGP9.5+ nerve endings in patients with ERD compared to the 

other GORD groups and healthy controls (Figure 74F). 
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 Figure 74 GAP43 is frequently co-expressed by deep afferent nerves innervating the 
oesophageal mucosa 

(Caption continued on next page…) 
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4.3.8.3 GAP43 Gene Expression in the Oesophageal Mucosa of GORD Patients 

 

The relative level of GAP43 gene expression in the oesophageal mucosa of patients with 

GORD was assessed via qPCR studies. There was no significant difference in the level of 

GAP43 gene expression among GORD phenotypes, nor between GORD patients and healthy 

oesophageal mucosa (p=0.2093) (Figure 75).  However, there was slight increase in GAP43 

expression in ERD and BO oesophageal mucosa compared to controls, FH, and NERD 

patients, as seen in Figure 75.  

  

A) Intrapapillary afferent nerves (white arrows) identified with PGP9.5 co-express GAP43 in a 

representative healthy control. B) PGP9.5+ nerve innervating the hyperplastic papillae (white 

arrow) expresses GAP43 in a patient with ERD. C) Intrapapillary afferent nerve (white arrows) 

inside hyperplastic papillae protruding into the epithelium in a patient with BO co-expressing 

GAP43. D) PGP9.5+ superficial nerves are observed in a NERD patient (green arrows); 

PGP9.5+ afferent deep intrapapillary nerves in NERD co-express GAP43 (white arrows). E) 

PGP9.5+ deep intrapapillary nerves in FH co-express GAP43. Scale bar: 100μm; insert scale 

bar: 40μm. F) Quantification of GAP43/PGP9.5 colocalisation using Manders coefficient (M1) 

on FIJI found no significant difference between controls and GORD patients.  

 

Figure 75 Expression Fold Change of GAP43 in GORD Oesophageal Mucosa 

The normalised expression fold change of GAP43 in relation to the reference gene 18S, 

normalised against healthy control samples. Error bars represents SD. Results were 

statistically insignificant. NERD: N= 8, BO: N= 7, ERD: N=9, FH: N= 7, Control N=4. 
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4.3.8.4 Optimisation of NGF Antibody 

 

NGF, a neuropeptide known to be secreted by mast cells during inflammation, has been 

highlighted not only as a key regulator of neuronal activity of peripheral neurons, but also as 

a direct driver of innate and adaptive immune responses [535]. Thus, NGF could be a mediator 

in the cross-talk between neuronal outgrowth and immune cell activity in the oesophageal 

mucosa. Based on literature suggesting that mast cells are proficient synthesisers of NGF 

[509], and to assess whether mast cell infiltration into the oesophageal mucosa of patients 

with GORD causes neuroplastic changes through NGF release, we performed NGF and 

tryptase double-labelling IF-IHC experiments in oesophageal mucosa of patients with GORD 

and healthy controls. Inflamed colonic tissue was used as a positive control, as increased 

colonic infiltration of mast cells in patients with IBS was found to induce NGF release [268]. 

Although the mentioned study by Dothel et al. detected NGF expression in different structures 

within the lamina propria, the majority of NGF expression was detected on tryptase-

immunoreactive mast cells through double-labelling IF-IHC.  

Similarly, positive control staining found NGF co-expression on a subset of mast cells 

surrounding colonic crypts identified with mast cell tryptase, as seen in Figure 76A. Negative 

control slides were also prepared as previously described and showed no labelling around the 

colonic crypts (Figure 76B). 

Figure 76 NGF is Expressed on a Subset of Mast Cells Surrounding Colonic Crypts in 
the IBD Colon 

NGF antibody optimisation on IBD control tissue. A) NGF is co-expressed on a subset of mast 

cells identified with mast cell tryptase. B) Negative control slide shows mast cells in the colonic 

crypt, but no labelling for NGF in any of the mast cells identified. Scale bar: 100μm, insert 

scale bar: 40μm.   
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4.3.8.5 NGF Expression in the Oesophageal Mucosa of GORD Patients 

 

GORD samples phenotyped into ERD (N=23), BO (N=19), NERD (N=11), and FH (N=18), and 

healthy controls (N=9) were assessed for NGF expression on mast cells infiltrating the 

oesophageal mucosa using IF-IHC. A total of 80 µm per sample (2 slides per patient, with 

each slide containing 4 serial sections at 10 µm each) was assessed. Tryptase+ mast cells 

detected in the oesophageal mucosa were found to frequently co-express NGF in all GORD 

groups (Figure 77B, C, D, E). NGF+Tryptase+ mast cells were intrapapillary, as seen in Figure 

77B, C, D, and E. There was also some detection of NGF released into the epithelium which 

did not co-localise with mast cell tryptase, as seen in the healthy control and FH sample in 

Figure 77A and E.  

Quantitative analysis (as described in 2.2.4.1 Manders coefficient) highlighted NGF co-

expression on mast cells in GORD patients to be significantly higher than in healthy controls 

(Figure 77F) (p=0.0087). Further analysis with Bonferroni’s test detected significantly higher 

NGF/tryptase colocalisation in patients with BO (p=0.0094) and patients with FH (p=0.0458) 

compared with healthy controls (Figure 77F). However, all GORD groups were 

heterogeneous, with the BO and ERD patients both exhibiting two clusters: half of the ERD 

patients had higher NGF/tryptase colocalisation whilst the other half had relatively low NGF 

co-expression (Figure 77F).  
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Figure 77 NGF Co-expression on Mast Cells Infiltrating the Oesophageal Mucosa is 
Significantly Higher in GORD than in Healthy Controls 

(Caption continued on next page…) 
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4.3.8.6 Spatial Relationship Between Mast Cells and Afferent Nerves in the Oesophageal 

Mucosa of GORD Patients  

 

To assess whether tissue infiltration of mast cells induces neuroplastic and inflammatory 

changes in the oesophageal mucosa of patients with GORD, as reported in the colonic 

mucosa of patients with IBS, IF data was further evaluated to qualitatively assess the spatial 

relationship between mast cells residing in the oesophageal mucosa and afferent nerve 

endings. This revealed the innervation of a deep PGP9.5-immunoreactive afferent nerve in 

the same oesophageal mucosal papillary structures of ERD patients where mast cell infiltration 

was observed, as seen in Figure 78. While a representative number of GORD patients were 

assessed, deep afferent nerve endings were only identified in 2/10 ERD patients. PGP9.5-

immunoreactive nerve endings were not identified in the other GORD phenotypes in this panel 

of staining, as previously explained (4.3.2.2 CXCR2 Expression in the Oesophageal Mucosa 

of Patients with GORD).  

A) Oval-shaped mast cells identified with mast cell tryptase (shown by white arrows) 

adjacent to the papillae do not express NGF. Released NGF/ NGF expressed by other 

immunocyte near mast cells. B) Intrapapillary mast cell co-express NGF (yellow arrow) in 

patient with ERD. C) Intrapapillary mast cells co-express NGF (yellow arrow) and mast cell 

without NGF expression in nearby papillae (white arrow) in a representative BO patient. D) 

Deep intrapapillary mast cell co-expressing NGF (yellow arrow) while another mast cell in 

close proximity (white arrow) did not express NGF in a patient with NERD. E) NGF and 

tryptase colocalisation in a degranulating intrapapillary mast cell (yellow arrow) and 

released NGF detected in the same papillae in a patient with FH. Scale bar represents 

100μm, insert scale bar represents 40μm. F) Quantification of colocalisation between mast 

cell tryptase and NGF using Manders Coefficient (M1) detected significantly higher NGF co-

expression in BO (p=0.0094) and FH (p=0.0458) compared to HCs. Error bars represent 

SD.  



189 
 

  

 

 

 

 

  

Figure 78 Deep Afferent Nerves and Mast Cells Innervate and Reside in the Same 
Papillae in ERD Patients 

A) A representative ERD sample with deep afferent nerve marked by PGP9.5 in the same 

mucosal papillae as a mast cell. Scale bar: 100μm B) The same papillae at higher 

magnification with an afferent nerve ending and mast cell in close proximity. Scale bar: 50μm. 
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4.3.8.7 NGF Gene Expression in the Oesophageal Mucosa of GORD Patients  

 

The relative level of NGF gene expression in the oesophageal mucosa of patients with GORD 

was assessed via qPCR studies. NGF gene expression was significantly higher in GORD 

oesophageal mucosa compared to healthy oesophageal mucosa (p=0.03) (Figure 79).  ERD 

and NERD patients had the highest level of NGF gene expression among the GORD 

phenotypes, although the difference between ERD/NERD samples and healthy controls did 

not reach statistical significance (p= 0.09, and p= 0.66, respectively) as seen in Figure 79. BO 

patients also showed slightly increased NGF expression compared to healthy controls (p= 

>0.99). In contrast, FH patients expressed NGF at levels similar to that seen in healthy controls 

(p= >0.99) (Figure 79). There was no correlation between NGF expression and reflux disease 

symptom severity (Appendix  15). 

  

Figure 79 Expression Fold Change of NGF in GORD Oesophageal Mucosa 

The normalised expression fold change of NGF in relation to the reference gene 18S, 

normalised against healthy control samples. Error bars represents SD. One-way ANOVA 

detected significant difference among control and GORD samples (p=0.03). NERD: N= 

10, BO: N= 11, ERD: N=11, FH: N= 10, Control N=9. 
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4.3.9 Functional Cytokine Release from Ex Vivo Assay of Oesophageal Mucosal 

Biopsies Upon Acid Challenge    

 

To assess the response of the healthy and inflamed oesophageal mucosa to acid challenge 

at different concentrations, an ex vivo biopsy culture model was used as described in section 

4.2.5, and six inflammatory cytokines released measured using a Bio-plex multiplex system. 

This method has been previously validated to test the efficacy of drugs and responses of 

individual patient samples with a robust read-out that is truly representative of the response in 

human tissue, unlike in vivo animal models, or in vitro cell culture models where an 

inflammatory response must be artificially induced [536]. Healthy control mucosal biopsies 

(N=3) and ERD patient mucosal biopsies (N=3) collected at endoscopy were orientated using 

stereomicroscopy and sequentially challenged to pH7, pH5, and pH2 acid buffer on their 

luminal aspect on a Transwell insert. Levels of cytokines IL8, NGF, IL-1β, IL6, TNFα, and 

MCP-1 in the cell culture medium used to incubate mucosal biopsies were consistently 

detectable within the range of the assay standard curve (Appendix  16).  

Although there were no significant differences in cytokine release between normal and 

inflamed oesophageal mucosa when analysed with two-way ANOVA, there were some 

patterns in this preliminary dataset. IL6 and NGF were released at higher levels in the ERD 

mucosa at baseline, pH5, and pH2 (Figure 80). Also, MCP-1 release from the oesophageal 

mucosa was significantly highest in ERD when challenged with pH5 buffer (Figure 80). 

However, IL8 was released at the highest level in ERD in terms of concentration of cytokine 

in pg/ml compared to the other cytokines, despite the normal and inflamed mucosa both 

responding to acid challenge at similar levels (Figure 80). IL8 levels in culture media from both 

normal and ERD oesophageal mucosal biopsies were significantly higher at pH5 challenge 

than the other cytokines assessed (Figure 80). IL-1β was released at relatively low levels 

compared to the levels of other cytokines and was undetected in several samples (Figure 80). 

TNFα release did not appear to change with changing acid concentration from normal nor 

ERD oesophageal mucosa (Figure 80). 
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Figure 80 Inflammatory Cytokine Release from the Oesophageal Mucosa After Ex Vivo 
Acid Challenge 

Cytokine release into tissue culture media from 3 biopsies from the same patients, sequentially 

challenged with pH7, pH5, and pH2 buffer ex vivo. No significant differences in IL8, NGF, IL-1β, 

IL6, or TNFα were observed (P>0.05, two-way ANOVA), but MCP-1 release was significantly 

highest when challenged with Ph5 (pH7 vs pH5: P=0.0017, pH5 vs pH2: P=0.0005), regardless of 

the phenotype of the oesophageal sample. 3 biopsies taken from each Control: N=3, ERD: N=3. 

Cytokine levels (pg/ml) are expressed as mean ± SD.  
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4.4 Discussion 

 

This section of the study provides anatomical and preliminary quantitative data on candidate 

sensory and inflammatory markers potentially underlying heartburn pathogenesis in patients 

with GORD. We demonstrate increased NGF content in mast cells infiltrating the oesophageal 

mucosa of GORD patients compared to healthy controls, and the close vicinity of these NGF+ 

mast cells to deep afferent nerves in ERD. This highlights the reflux-sensing role of mucosal 

nerves in heartburn perception, and highlights neuro-immune markers as potential targets for 

topical pharmacological therapy in ERD. The finding of GAP-43 expression on afferent nerve 

endings throughout healthy controls and GORD patients highlights the physiological sprouting 

mechanism of nerves in the oesophageal epithelium.  We also report a decreased CD1a+ 

dendritic cell population in GORD oesophageal mucosa compared to healthy controls. In this 

study, differences in the levels of T or B lymphocyte infiltration across GORD phenotypes and 

healthy controls was not detected. We also characterise the localisation of inflammatory 

cytokine receptors: TNFR1, CXCR2, IL1R, IL6R, and RAMP1 in the oesophageal mucosa of 

healthy controls and GORD patients. Findings from this study also confirmed literature 

describing increased IL8 release in patients with ERD when exposed to acid [390]. Finally, we 

report insignificant levels of IL6, TNFα, IL1β, MCP-1, and NGF release with ex vivo exposure 

of normal and inflamed oesophageal biopsies to acid.  

There is increased co-expression of NGF in mast cells infiltrating the oesophageal mucosa of 

patients with GORD compared to healthy controls, which may be one of the key mechanisms 

behind heartburn sensation (Figure 77). Elevated mast cell numbers and NGF content 

characterise a number of inflammatory conditions including the derma of patients with early 

systemic sclerosis, the synovium of rats with rheumatoid synovitis, and the colonic mucosa in 

IBD patients [537]–[539]. The increase in NGF content in mast cells infiltrating the 

oesophageal mucosa of GORD patients could be a possible mechanism of nerve fibre 

sprouting leading to sensitivity. This has been previously suggested by studies in the human 

contact eczema skin which demonstrate a significant increase in NGF content as measured 

by enzyme-linked immunofluorescence assay, and a simultaneous increase in length of 

epidermal PGP9.5+ nerve fibres in lesional skin biopsies compared with normal skin as 

assessed by IHC [540]. Moreover, intestinal inflammation in a rat model infected with 

nematode was also immunocytochemically found to be accompanied by the remodelling of 

mucosal nerve fibres in conjunction with increased mast cell density [541]. A more recent 

study importantly highlighted increased nerve fibre density and sprouting, and increased 

expression of NGF on tryptase+ mast cells in mucosal colon tissues from IBS patients 
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compared to controls, highlighting a role for NGF in increasing nerve sprouting by signalling 

via NTRK1 receptors expressed on nerve fibres [268].  

The observation of intrapapillary mast cells in very close apposition to deep afferent nerve 

endings in the papillae of patients with ERD suggests another critical mechanism for increased 

pain transmission in this group of patients who do not present with superficial afferent nerves 

(Figure 78). Literature on colonic mast cells in close vicinity to mucosal innervation has 

previously found to correlate with the intensity of abdominal pain [508]. This could be due to 

the histamine and protease released from mast cells which may induce activation of sensory 

fibres, as seen in sensory rat neurons in vitro when challenged with mast cell mediators 

released from the colonic mucosa of IBS patients [508]. The finding of mast cells in resting, 

granulated, and combination morphologies across all GORD groups enabled another way to 

postulate the activity status of the mast cells that were detected. The morphology of 

intrapapillary mast cells detected near mucosal afferent nerves in ERD patients being 

‘anaphylactic’ suggests that they could be releasing NGF, histamine, or proteases which lower 

the activation threshold of the nerve endings and perpetuate oesophageal sensitivity. 

Transgenic animal skin overexpressing NGF has been shown to display hyperalgesic 

responses to noxious mechanical stimulation, and NGF widely reported to evoke neuronal 

excitability by inducing increased TRPV1 expression involved in transmission of pain stimuli 

[539], [542]. Thus, increased NGF expression on mast cells in patients with GORD (Figure 

77), coupled with the infiltration of papillary mast cells in the same mucosal papillae as deep 

afferent nerve endings in patients with ERD (Figure 78) and the borderline significant increase 

in mast cell infiltration in patients with ERD compared to other GORD phenotypes ( Figure 53) 

highlights NGF-releasing mast cells as a key modulator of neuronal plasticity and heartburn 

pathogenesis in patients with GORD. This is supported by findings from the ex vivo biopsy 

experiments in this section of the study, which detected increased NGF release from ERD 

oesophageal mucosal biopsies at baseline, pH5, and pH2 compared to healthy control 

oesophageal mucosa (Figure 80), further suggesting an important role of NGF in pain 

sensation in patients with ERD. Although these experiments were only done comparing 

healthy control oesophageal mucosa to ERD patients, the increase of NGF concentration in 

the biopsy culture media at pH2 compared to baseline and pH5 in patients with ERD suggests 

that there may be a correlation between mucosal exposure to acid and NGF release. Our 

finding of significant NGF expression fold increase in ERD and NERD patient samples 

compared to healthy controls with qPCR studies (Figure 79) further supports the ex vivo 

cytokine release data, implicating increased NGF expression and release by mast cells in the 

oesophageal mucosa as a sensory mechanism behind increased heartburn sensation in these 

patients. 
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Although the nerve sprouting mechanisms induced by NGF have been suggested to involve 

the upregulation of the neurotrophin GAP-43, in this study we did not detect significant 

differences in the gene expression of GAP-43 by qPCR studies (Figure 75), nor GAP-43 

protein expression levels among GORD groups or between GORD patients and healthy 

control oesophageal mucosa (Figure 74). There was a notable increase in GAP-43 co-

expression by deep afferent PGP9.5+ nerve endings in papillary structures in ERD patients, 

suggesting that ERD patients might be sensing pain through a more extensive network of 

nerve endings which have increased likelihood of being activated by proinflammatory factors 

in the papillae (Figure 74F). However, GAP-43 co-expression on deep afferent nerves 

detected in the healthy control oesophageal mucosa was not significantly lower than the level 

of GAP43 co-expression in deep afferent nerves in ERD (Figure 74F). These results suggest 

that deep afferent nerve endings might be undergoing sprouting under physiological as well 

as reflux conditions, perhaps as a response to mucosal inflammation which has recently been 

shown to induce peripheral nerve lesions and thus trigger neuroregeneration and 

neuroplasticity to recover damaged neural networks [543]. Moreover, GAP43 expression was 

assessed on nerves identified with the pan-neuronal marker PGP9.5, which is not pain 

specific. Therefore, sprouting nerves may not necessarily be pain-sensing. Nevertheless, our 

data indicates GAP43-induced polymerisation of actin monomers as an unlikely mechanism 

for increased oesophageal sensitivity in patients with heartburn.  

Heartburn symptoms in patients with FH may be partially explained by the expression of 

CXCR2 on deep sensory afferent nerves in the papillae (Figure 61). A note of caution is due 

here since CGRP-expressing sensory nerves could only be identified in 2/10 FH patients 

investigated, and as such the findings reported in relation to CXCR2 expression on nerve 

endings are merely descriptive. However, the detection of both membranous epithelial cell 

expression of CXCR2 closely surrounding papillae innervated by deep sensory nerves in FH, 

and the observation of CXCR2 co-expression on CGRP-immunoreactive nerves in these 

patients is an interesting avenue that warrants further investigation (Figure 61). The 

observation that deep sensory afferent nerves residing inside papillae in healthy control 

oesophageal mucosa did not express CXCR2 (Figure 62) suggests a potential mucosal 

difference between asymptomatic healthy individuals and patients with negative symptom 

association with physiological levels of reflux exposure. A recent study demonstrated 

increased CXCR2 expression on CGRP-immunoreactive DRG neurons upon peripheral 

injection of CFA, suggesting an important role for CXCR2 expressed on sensory nerves in the 

development and maintenance of pathological pain during inflammation [544]. However, 

CGRP-immunoreactive nerves could not be identified in the remaining GORD groups in this 

part of the study due to limited sample material. Therefore, while we demonstrate the lack of 
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CXCR2 expression on deep intrapapillary sensory afferent nerves in healthy controls, it 

remains unclear whether CXCR2 is expressed on deep sensory afferent nerves across all 

GORD phenotypes, or only in FH. These findings need to be confirmed on higher numbers of 

subjects. Interestingly,  expression of CXCR2 on the cell membrane of epithelial cells was not 

significantly different among GORD patients, nor between healthy controls and GORD. This 

suggests that CXCR2 may only be expressed on the oesophageal epithelial cell membrane 

under physiological conditions, and perhaps only initiates signalling when bound by its high 

affinity ligand CXCL8 (or IL8). Being a GPCR, binding of IL8 to CXCR2 has been shown to 

induce a conformational change in the receptor that activates downstream G protein signalling 

which results in the activation of several inflammatory, proliferative, and metabolic genes (as 

discussed further in Section 1.7.5 CXCR2) [370]. Studies measuring IL8 mRNA expression in 

endoscopic biopsies from patients with ERD, NERD and asymptomatic subjects detected 

significantly increased IL8 gene expression in patients with Grade A-C ERD and NERD 

compared to asymptomatic subjects, where IL8 mRNA expression correlated with the 

endoscopic grade of oesophagitis [390]. These findings were also confirmed recently in a 

HEEC line model which showed upregulation of IL8 mRNA when exposed to acidic bile salts 

[422]. IL8 production has also been demonstrated to increase in an air-liquid interface model 

of HEECs upon apical trypsin stimulation, and later when challenged with unconjugated bile 

acids under weakly acidic conditions [545], [546]. These findings are in line with the preliminary 

data generated from the present study via the ex vivo biopsy culture exposed to weakly and 

highly acidic buffers. IL8 cytokine release when challenged with pH2 and pH5 acid buffer was 

significantly higher than all other inflammatory cytokines measured in the assay (Figure 80). 

Importantly, IL8 secretion was detected from both the normal and inflamed oesophageal 

mucosa when challenged with pH5 and pH2 acid (Figure 80). Our preliminary ex vivo 

experiments in biopsy cultures from healthy volunteers and ERD patients thus confirm the 

detection of increased IL8 with ELISA and qPCR in normal squamous epithelial cells from 

oesophageal cell culture models. Importantly, IL8 gene expression studies in RNA extracted 

from healthy controls and GORD oesophageal mucosal biopsies detected a significant 

expression fold change in IL8 mRNA levels in GORD patients compared to healthy controls, 

which is in keeping with the findings from earlier PCR studies (Figure 63) [390]. However, 

unlike patients with BO, ERD, and NERD, where there is a significant upregulation of IL8 

compared to control oesophageal mucosa, FH patients expressed IL8 at levels similar to that 

of asymptomatic subjects, which suggests that CXCR2 expression in these patients is unlikely 

to induce hypersensitivity via IL8/CXCR2 signalling (Figure 63).  

This section of the study has also expanded the anatomical characterisation of the 

oesophageal mucosa in patients with GORD and in healthy, asymptomatic subjects. 
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Importantly, unlike CXCR2, the other inflammatory cytokine receptors of interest showed a 

largely cytosolic pattern of expression in oesophageal epithelial cells. Of these receptors, 

TNFR1 was the most widely expressed across all GORD phenotypes, with 5-15% DAPI-

stained cells showing cytosolic expression of TNFR1, compared to 5-6% DAPI-stained cells 

in healthy controls (Figure 58). Although there was a slightly increased TNFR1 presence in 

oesophageal epithelial cells in heartburn patients compared to healthy subjects, this difference 

did not reach statistical significance. However, there was considerably less variance in the 

level of TNFR1 expression in the healthy controls compared to the heterogeneity seen in the 

GORD group. This suggests that given a larger sample size, the differences observed 

between GORD and healthy oesophageal mucosa may have been more significant. The role 

of TNFR1 in propagating pain transmission has been recently demonstrated in a rat model of 

arthritis using electrophysiological recordings which highlighted that TNF neutralisation 

reduced the sensory response of TNFR1-immunoreactive Aδ and C fibres to mechanical 

stimuli [311]. However, in this study, TNFR1 expression was not detected on deep afferent 

CGRP-immunoreactive sensory nerves (Figure 57). Moreover, the cytosolic pattern of 

expression of TNFR1 makes it an unlikely candidate target mediating neuro-immune 

mechanisms underlying hypersensitivity, as TNFR1 is known to reside in the Golgi apparatus 

in resting cells where it acts as a reservoir, and only get mobilised to the cell surface to become 

activated [307].  Thus, in the oesophageal mucosa of patients with heartburn, TNFR1 was 

only detected in its inactive form, as seen in the healthy oesophageal epithelium.  

Similarly, IL1R, IL6ST, and RAMP1 also showed a cytosolic expression pattern throughout 

the oesophageal epithelium of patients with GORD. However, the level of detection of these 

inflammatory cytokine receptors was considerably lower when compared with TNFR1 

expression, with RAMP1 expression in GORD patients ranging from 0-4% DAPI-stained cells 

expressing RAMP1, and 0-1% DAPI-stained cells expressing RAMP1 in healthy oesophageal 

mucosa, and these differences did not reach statistical significance (Figure 69). Interestingly, 

RAMP1 was occasionally also detected on CD45-immunoreactive lymphocytes in the papillae 

of patients with ERD, suggesting that CGRP released from sensory afferent nerves can bind 

and activate signalling in both oesophageal epithelial cells, and immune cells infiltrating from 

the submucosa (Figure 69B). Given that deep afferent sensory nerves in ERD, BO and FH 

are often found in the papillae, this could highlight an important mechanism of communication 

between immune cells and nerve endings residing in papillary structures. However, the focus 

of this project is on mucosal sensory mechanisms, and it can be argued that the papillae is 

technically a submucosal structure which protrudes into the epithelium, separated by a layer 

of basal cells. As such, epithelial cells are a more likely candidate for CGRP-induced pain 

transmission in the oesophageal mucosa. However, the cytosolic pattern of RAMP1 
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expression in oesophageal epithelial cells also suggests the receptor to be in its inactive form, 

demonstrating that epithelial cell transmission of pain is not achieved via RAMP1. This can 

also be argued for IL1R and IL6ST, which showed an even more limited cytosolic expression 

pattern in oesophageal epithelial cells in patients with GORD (Figure 65 and Figure 67). The 

unlikeliness of IL1R and IL6ST to play roles in oesophageal hypersensitivity is enhanced by 

RNA sequencing data which showed a relatively low expression of both IL6ST and IL1R 

variants (Figure 70). These findings are further corroborated by the cytokine release data from 

ex vivo biopsy cultures, where IL1β was released at very low concentrations of 2-6 pg/ml, and 

IL6 released at 200 pg/ml, compared to IL8 which was released at 5000 pg/ml respectively 

(Figure 80). Moreover, although there was a slight increase in IL1β release from oesophageal 

mucosal biopsies challenged with pH5 compared to baseline, and pH2 compared to pH5 and 

baseline readings, these changes were negligible, and far from significant (Figure 80). 

Similarly, there was also a slight increase in IL6 release from the oesophageal mucosa when 

luminally challenged with pH5 and pH2 acid, but these differences were not significant. A 

recent study which assessed differences in inflammatory cytokine expression profiles between 

GORD phenotypes by qPCR demonstrated increased expression of IL-1β and IL-6 in ERD 

and NERD compared to healthy controls, which does not align with our data [523]. However, 

our assessment of IL-1β and IL-6 levels was via a multiplex immunoassay, while the said study 

assessed gene expression levels with qPCR. Hence, the gene expression levels and 

cytokines released upon acid challenge into culture may account for these different findings 

in expression levels between patients with ERD and healthy controls. Collectively, the 

preliminary multiplex immunoassay and IF-IHC data from the present study suggest IL6/IL6ST 

and IL1β/IL1R to be unlikely candidates for heartburn pathogenesis in the oesophageal 

mucosa of GORD patients.  

In contrast, IF-IHC assessment of CD3+ T cell infiltration in the oesophageal mucosa of 

patients with GORD did not appear to be significantly different from healthy controls (Figure 

71). There was a slightly increased T cell abundance in patients with ERD, NERD, and FH 

compared to healthy controls and BO patients, but this difference was not significant. A recent 

study which characterised the immune cell subsets which composed the lymphocytic 

inflammation in GORD patients described a CD8+ T cell-predominant immunophenotype 

[547]. Whilst our study used the pan-T cell marker CD3 to identify T cells, using a more specific 

marker to differentiate T helper cells from cytotoxic T cells may have resulted in a more 

significant difference in T cell numbers in GORD patients compared to asymptomatic subjects. 

As CD3 covers regulatory T cells, as well as cytotoxic T cells, the CD3+ T cells identified in 

healthy controls could be part of the oral tolerance mechanism induced together with dendritic 

cells. However, the characterisation of T cell infiltration in the present study is also in contrast 
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to the data demonstrating increased CD3+ T cells in a recent study which investigated 

histologic events of oesophagitis in a rat model of ERD, where the inflammation measured 1 

week-post oesophagoduodenostomy comprised of CD3+ lymphocytes [418]. The same 

findings were also observed in biopsies from ERD patients who stopped PPIs for 2 weeks, 

where at 1 and 2 weeks off PPIs, there was a significant increase in CD3+ T cell infiltration in 

the oesophageal mucosa compared to baseline [278]. However, there are major differences 

between the experimental design in this study and ours. First, while we compared levels of 

CD3+ T cells between healthy control biopsies and GORD patients who stopped PPIs for 7 

days before endoscopy at a single time point, the mentioned study investigated differences in 

T cell infiltration in the same 12 patients at baseline (while they were taking PPIs as part of 

their routine treatment), 1 week off PPI, and 2 weeks off PPI. Second, the mentioned study 

used a different Dako CD3 antibody optimised for use in paraffin embedded tissue sections, 

while our Dako CD3 antibody was optimised for use on frozen tissue. Third, whilst we 

investigated CD3 expression on fixed frozen biopsies using IF-IHC, the mentioned study used 

IHC on formalin-fixed, paraffin-embedded tissue. This may have resulted in small differences 

in the numbers of T cells detected, as demonstrated by a comparative study which found 

optimum staining at highest primary antibody dilutions in frozen tissue, but better tissue 

morphology in paraffin sections [549]. Given the time limit on the project, it was not possible 

to collect follow-up biopsies from patients at different time points, and investigating the effect 

of PPIs on changes in T cell infiltration was not the primary objective of the present study. It 

might be interesting to assess differences in presence of more specific T cell markers, such 

as CD4 and CD8 to distinguish between levels of regulatory T cells and cytotoxic T cells 

infiltrating the oesophageal mucosa across GORD phenotypes and healthy controls for a more 

accurate characterisation of the immune landscape in GORD.    

Similarly, although the population of CD20+ B cells were slightly increased in ERD patients 

compared to other GORD phenotypes and healthy controls, this difference did not reach 

statistical significance (Figure 72). Moreover, the abundance of B cells (and T cells) were 

lower compared to the other immune cells assessed, with B and T cells being detected at 

levels of 0.2-3% DAPI-stained cells, while dendritic cells were detected in 1-8% DAPI-stained 

cells, and mast cells were detected in 1-20% DAPI-stained cells, suggesting that B and T 

lymphocytes might play a less critical role in heartburn pathogenesis in the GORD 

oesophageal mucosa. However, B lymphocytes were most frequently detected surrounding 

the papillae, as with T lymphocytes, dendritic cells, and mast cells, suggesting that signals in 

the oesophageal mucosa recruit these immune cells ‘bottom-up’, i.e. from the submucosa 

[550]. Moreover, in the intestine, immune protection of the intestinal mucosa has been shown 

to depend on IgA secretion by plasma cells residing in subepithelial connective tissue which 
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gets transported into the gut lumen to provide continuous protection of the mucosal barrier 

[495], [551]. Thus, B cells may reside in subepithelial layers in the oesophageal mucosa, and 

B cells that have differentiated into plasma cells may be actively secreting IgA to provide 

protection for the oesophageal mucosal barrier which is highly compromised in patients with 

ERD.  

In summary, the findings presented in this section of the study highlight several important 

mucosal differences between asymptomatic individuals and GORD patients- namely patients 

with a macroscopically normal oesophagus- which may underlie oesophageal sensitivity. First, 

increased expression of NGF on tryptase+ mast cells in the oesophageal mucosa of GORD 

patients compared to healthy controls is likely to be of pathophysiological relevance to 

heartburn sensation. Second, our findings of reduced dendritic cells in the GORD patient 

population, and particularly in FH patients whose symptom generation is not associated with 

acid reflux, highlights a potential peripheral mechanism for food-induced heartburn symptoms 

in patients with GORD. Third, heartburn symptoms in FH may be partially explained by the 

expression of CXCR2 on deep sensory afferent nerves. These findings highlight the enticing 

possibility of novel therapeutic targets for anti-inflammatory treatment of heartburn. 

 

4.4.1 Limitations of Methodology  

 

There are limitations within our experimental methods which may have affected our results. 

Differences in antibodies used in IF-IHC can produce different results from existing literature 

which looked at some of the same markers that we assessed using a different antibody, and 

tissue fixed in a different way as seen with CD3 T lymphocytes. However, given the nature of 

our starting materials, IF-IHC was the best way to assess protein expression and localisation 

for the inflammatory cytokine receptors which have previously never been assessed in the 

oesophageal mucosa of patients with GORD or in healthy individuals. By ensuring that all 

antibodies selected for use in the study underwent vigorous optimisation, we ensured specific 

staining in our samples. With the lack of appropriate animal model to enable the oesophagus 

to be studied in a way that is comparable to the human conditions, assessing protein 

expression in patient endoscopic biopsies was best done using IF-IHC. Moreover, the 

assessment of spatial relationship between afferent nerve endings innervating oesophageal 

mucosa of GORD patients and immune cells was only qualitative in nature and cannot 

ascertain whether immune cells and nerve endings are actually in communication. To this end, 

functional studies that assess the response of ex vivo nerve preparations when challenged 

with inflammatory cytokines may help to elucidate this mechanism. Training in and utilisation 
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of quantitative software such as QuPath will also enable more conclusive results from the 

existing dataset, including in assessing the morphology and granularity of mast cells.  

Biopsies represent only a small percentage of oesophageal surface area, and thus only give 

a snapshot for anatomical localisation studies. The method of biopsy taking is also imprecise, 

and a more defined protocol for future studies would improve the comparability between 

patient samples. However, as patients with GORD rarely undergo surgical procedures, it was 

not possible to obtain larger tissue from patients with heartburn symptoms. Moreover, although 

the ex vivo biopsy culture was a useful tool to maximise the information obtained from limited 

patient samples, due to increased time constraints posed by the global pandemic which 

started in the second year of this project and is ongoing, the number of fresh biopsies collected 

from ERD patients was very low. However, these preliminary results give an indication of the 

feasibility of using this model to test different challenging solutions on biopsies obtained from 

heartburn patients and suggest a neat functional method of obtaining useful quantitative data 

from the available starting materials, adding an important angle to the project. 

 

4.4.2 Future Work 

 

It will be useful to expand several aspects of the study to obtain more information on neuro-

immune interactions in the oesophageal mucosa of patients with GORD. First, expanding 

CXCR2/CGRP staining on greater numbers of subjects would help us reach a clearer 

understanding on the role of CXCR2 in heartburn pathogenesis in FH compared to ERD, 

NERD, and BO patients. Secondly, assessing GAP43 expression on CGRP-immunoreactive 

nerves, and NTRK1/TrkA expression on CGRP/PGP-immunoreactive nerves will help to 

complete the sensory characterisation of the oesophageal mucosa and cement the 

mechanism of action of mast cell release of NGF in heartburn pathogenesis. Moreover, 

expanding the immune cell characterisation to assess the localisation of CD4+ and CD8+ T 

cells will help to answer the question of T cell infiltration in the oesophageal mucosa of patients 

with different phenotypes of GORD. Assessing the relative level of TNF-α gene expression in 

the oesophageal mucosa of patients with GORD via qPCR studies will be useful to elucidate 

the role of TNF-signalling in the pathogenesis of heartburn. Observing the effect of dendritic 

cell infiltration after PPI therapy and assessing tight junction proteins in relation to dendritic 

cells will constitute an interesting follow-up study.  

Given more time in future, it would be very useful to expand the multiplex assays to assess 

whether the changes seen in inflammatory cytokine release might be more significant. 

Moreover, it will also help to perform the ex vivo experiments on oesophageal mucosal 
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biopsies from patients with NERD, BO, and FH to understand differences between mucosal 

cytokine response to different acid buffers. Furthermore, combining bile salt and acid, 

repeating exposure for a longer time, dose response to intermittent pH concentrations, 

conducting multiple treatments over 24h to mimic the multiple reflux mechanisms that GORD 

patients usually experience, and the effect of PPIs, will enable a more comprehensive 

understanding of the mucosal response to refluxate. It is also important to consider that the 

blood supply to biopsies is cut off. This induces the death of lymphocytes, so assessing for 

cell death markers at baseline will be an important follow-up experiment using cell viability 

assays to ensure that the cytokine release response we see in biopsies is not just a 

physiological response to cell death. Finally, utilising in vitro systems such as organotypic or 

organ-on-chip models to enable prolonged testing of different challenge conditions may be a 

fulfilling research avenue to explore in future.   
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5 General Discussion 

5.1 Summary of Data 

Sensory mucosal mechanisms in patients with GORD were investigated with anatomical 

neuronal characterisation studies. To clarify the pathogenic role of oesophageal epithelial cells 

making up the bulk of the mucosa and the role of residing immune cell populations in the 

response to noxious luminal stimulus, bulk RNA sequencing experiments were done on 

oesophageal biopsy samples from healthy controls and GORD patient groups. Data from 

these experiments led to further studies to validate immune cell profiles of individual disease 

groups and healthy controls, and co-localisation studies to elucidate the role of neuro-immune 

interactions in heartburn pathogenesis. These led to preliminary functional experiments to test 

the effect of acid exposure on inflammatory cytokine release in the oesophageal mucosa.  

The contribution of central sensitisation to the development of oesophageal chest pain has 

been well established in prior studies by Aziz et al. which infused acid into the oesophagus, 

measured cortical responses to electrical stimulation, and found central enhancement of 

sensory transfer in patients with visceral hypersensitivity [552], [553]. Earlier studies have also 

addressed the question of whether peripheral sensitisation contributes to visceral 

hypersensitivity in GORD patients where 0.1M HCl was infused into the distal oesophagus, 

and GORD patients demonstrated increased sensitivity to infusion [554], [555]. In this study, 

we document novel mucosal features that can potentially underlie sensory mechanisms 

involved in increased pain perception in heartburn patients by showing neurochemical, 

genetic, and cellular changes to the oesophageal mucosa itself.  These changes are similar 

to the peripheral mechanisms that have been extensively reported in the colon, where 

differential molecular fingerprints of colonic sensory neurons have been shown to be 

responsible for response to IBS treatment [436]. A more detailed account of these concepts 

will be given below.  

5.2 NERD is a unique phenotype of visceral hypersensitivity   

The first and most important findings were the molecular sensory pathways that can potentially 

underlie increased pain perception in patients with non-erosive reflux disease. The expression 

of acid-sensing ion channel TRPV1 on superficial CGRP+ afferent mucosal nerves, and 

increased ASIC3 expression on oesophageal epithelial cells in NERD patients raises the 

potential for topical therapy. These findings confirmed the group’s previous descriptions of 

superficial afferent nerves in NERD, but not in other GORD phenotypes. The novel finding of 

this investigation was the expression of TRPV1 on these superficially located sensory nerves 

in patients with NERD, while deep afferent nerves in patients with ERD, FH, and BO did not 
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express TRPV1 (Figure 81). The uniquely superficial nerves in NERD can explain why in 

patients without significant breach of the oesophageal mucosal barrier integrity, but with 

pathological acid exposure, sensory nerves can be activated by acidic luminal stimuli and thus 

experience similar symptom severity as patients with erosive disease. Moreover, we saw a 

near significant increase in NGF-expressing mast cell infiltration in the NERD oesophageal 

mucosa compared to healthy controls. The release of NGF into the oesophageal mucosa from 

mast cells could increase the excitability of these superficial sensory nerves via TRPV1.  

However, a greater numbers of NERD patient samples are required to establish this concept. 

A similar concept has also been demonstrated in IBS, where a dramatic increase in the 

numbers of CD3+ lymphocytes and ckit+ mast cells in the vicinity of TRPV1+ sensory fibres 

suggested an increased likelihood for these immune cells to release mediators to activate the 

TRPV1 channel [186], [556]. 

 

ASIC3 protein, unlike TRPV1, was not expressed on superficial nor deep afferent nerves, but 

was detected most frequently on oesophageal epithelial cells in patients with NERD and ERD 

(Figure 81 and Figure 82). This suggests that ASIC3 is unlikely to be directly involved in the 

Figure 81 Illustration of NERD oesophageal mucosa 

Mucosal factors contributing to the pathogenesis of NERD. The protective mucus barrier is 

lost, but epithelial lining remains intact. There are superficial sensory nerves expressing 

TRPV1 which are positioned close enough to the lumen to be activated by H+ from the 

refluxate. ASIC3 expression on epithelial cells is increased, and NGF+ mast cells are 

increased.  
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activation of sensory nerves in heartburn pathogenesis. Rather, the activation of ASIC3 on 

epithelial cells may involve the inflammatory pathways. The increased expression of ASIC3 

on NERD and ERD patients, who have increased acid exposure, compared to FH patients, 

who do not have increased acid exposure, suggests that ASIC3 expression may be induced 

by acid exposure of squamous epithelium. Our finding of significantly reduced ASIC3 

expression in BO patients who experience chronic acid exposure suggests an inherent 

difference in the squamous epithelium of these patients compared to NERD and ERD patients. 

This is supported by our transcriptomic data which revealed a higher number of differentially 

expressed genes associated with epithelial cell structure between NERD/ERD and BO than 

between NERD/ERD and healthy controls.  Recently, a strong correlation was shown for 

increased release of proinflammatory cytokines by cultured PBMCs from IBS patients, 

indicating an activated immune system in these patients in the absence of overt colonic 

damage [557]. Our data collectively highlight important mucosal mechanisms that may 

underlie heartburn perception in NERD patients in the absence of pathologic oesophageal 

damage.  

5.3 ERD has a distinct adaptive immune response    

From the transcriptomic studies, it was clear that ERD has an adaptive immune response, 

unlike FH, NERD, and healthy controls. Cellular deconvolution analysis of the sequencing 

dataset highlighted an increased Th2 and CD8+ T cell population in ERD patients compared 

to the other GORD phenotypes and healthy controls, suggesting a T-cell mediated 

inflammatory response in these patients (Figure 82). This data confirms findings from recent 

studies in an in vitro ERD model which demonstrated increased T cell migration induced by 

acidic bile salts [275], [422]. Moreover, in patients with erosive oesophagitis, CD8 T 

lymphocytes were recently identified as the predominant immunophenotype in the lymphocytic 

infiltration associated with this inflammatory group [547]. As such, our results can be 

considered unsurprising. However, we offer a transcriptomic characterisation of ERD which 

has not previously been done. Differential expression analysis between healthy controls/FH 

and ERD patients also significantly highlighted cytokine-mediated signalling pathways, 

leukocyte migration, and immune response as some of the top biological processes 

associated with DE genes between these disease groups. In contrast, in BO patients, cellular 

deconvolution detected an increased memory B cell and plasma cell presence, suggesting a 

predominant humoral immune response in patients with this premalignant lesion (Figure 83). 

This could reflect an inherent difference in the squamous epithelium of patients with BO, or 

could be explained by the fact that BO patients were biopsied while being on PPI treatment 

(due to the ethical restrictions of stopping PPI in patients with known Barrett’s)– the only ‘on 

PPI’ group included in the study. This transcriptomic data provided a useful signpost of 
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immune cell populations which were further validated using IF-IH. The functional studies 

assessing release of inflammatory cytokines from the oesophageal mucosa detected a 

significantly higher level of IL8 secretion when exposed to pH2 and pH5 acid buffer compared 

to the other cytokines assessed, suggesting that the response to acid challenge in ERD 

patients is through the recruitment of T cells and IL8 release is a relatively rapid response to 

luminal acidic content. These findings were further supported by the qPCR studies which 

showed an upregulation of IL8 in GORD, with the highest relative gene expression of IL8 in 

the ERD subgroup.  

Figure 82 Illustration of the ERD oesophageal mucosa 

Figure illustrating mucosal factors contributing to the pathogenesis of ERD. The protective 

mucus barrier is lost, and there are lesions in the oesophageal mucosa. There is increased 

ASIC3 expression on epithelial cells, and increased NGF+ mast cells infiltrating the 

oesophageal mucosa in close apposition to deep intrapapillary nerves (which likely express 

NGF receptors). The basal cell layer is characterised by KRT14-16 expression, and there is 

increased IL8 secretion from T lymphocytes infiltrating the oesophageal epithelium. 

5.4 NGF-expressing mast cells in heartburn pathogenesis 

This study identified increased NGF expression on mast cells infiltrating the oesophageal 

mucosa of patients with GORD, and detected a very close apposition between these mast 

cells and deep afferent nerves in patients with ERD. These data suggest that, unlike NERD, 

in patients where superficial sensory nerves are not detected, (ERD), increased pain 

perception may be achieved through release of neurotrophins such as NGF or inflammatory 

mediators such as histamine from mast cells, and their binding and activation of TrkA/NTRK1 
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or histamine receptor, respectively, thereby inducing activation of deep afferent nerves (Figure 

82). Moreover, increased NGF expression on mast cells could also indirectly result in 

oesophageal hypersensitivity by inducing nerve growth and sprouting. This is similar to what 

has been found in the colon of IBS patients, where the close proximity of mast cells to mucosal 

innervation was positively associated with the frequency and severity of abdominal pain [558]. 

More recently, NGF staining was demonstrated to be significantly increased in the intestinal 

mucosa of IBS patients compared to controls, and most of this NGF staining was co-expressed 

on mucosal mast cells, much like our own findings [268]. Moreover, in a post-inflammatory 

animal model induced by DSS, direct effects of mast cell degranulation on the sensitivity of 

colonic sensory nerve endings were demonstrated [557]. Taken together, these results 

highlight an important neuro-immune mechanism that might underlie heartburn sensation in 

patients with GORD, particularly in patient groups where superficial afferent nerves have not 

been detected.  

Our computational deconvolution analyses revealed a significantly increased mast cell and 

M2 macrophage abundance in patients with BO, ERD, and NERD compared to FH and normal 

oesophageal mucosa. An implication of this is the possibility that mast cells and M2 

macrophages play a pathogenic role in the elicitation of heartburn symptoms in these patients, 

and may be recruited upon acid-induced mechanisms in the oesophageal mucosa. The 

functional experiments performed in this study further support this notion, as NGF release was 

increased in ERD patients when exposed to pH2 HCl (Figure 82). This strongly supports the 

hypothesis that NGF expression and release by mast cells in the oesophageal mucosa of 

patients with ERD is increased upon exposure to acid. This finding was supported by our 

qPCR experiments which also detected a significant upregulation of NGF in patients with ERD 

and NERD when compared to the normal oesophageal mucosa. Coupled with the anatomical 

data demonstrating the close apposition of NGF+ mast cells and deep afferent papillary nerve 

endings in patients with ERD, these data strongly highlight a novel neuro-immune mechanism 

for heartburn sensation in patients with NERD and ERD.   

5.5 Molecular similarities between GORD phenotypes 

Transcriptomic experiments identified important differences in the expression profile of keratin 

proteins between healthy controls and GORD, but also some structural similarities among 

GORD phenotypes. The loss of KRT78 from the basal and parabasal layers in GORD patients 

compared to healthy controls suggests altered structural integrity of the barrier (Figure 84). 

This may enable luminal content to access deep sensory afferent nerves located in the 

papillae, a submucosal structure that is otherwise separated from the mucosa by an intact 

basement membrane, and thereby enable neuronal sensitisation. The downregulation of 
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MUC17 presents another key structural difference between the normal and GORD 

oesophageal mucosal lining, whereby the loss of mucous barrier in the epithelial lining may 

explain the increased permeability of the oesophageal mucosa in patients with GORD. Our 

findings of  KRT17, KRT14, KRT16, and KRT6A-C upregulation in ERD patients compared to 

healthy controls suggests active epithelial regeneration in this group of patients. Functional 

enrichment analysis of these DE basal keratins in ERD and NERD highlighted increased 

epithelial cell differentiation, ECM assembly, and actin cytoskeleton organisation, suggesting 

their regulatory role in signalling pathways that control the differentiation of the oesophageal 

epithelium. Similarly, we detected upregulation of KRT14 in NERD compared to healthy 

controls. This offers a molecular explanation for the basal cell hyperplasia and papillary 

elongation seen in NERD patients, and could explain the superficial localisation of TRPV1+ 

sensory nerves in NERD patients.  

 

The finding of similar upregulation levels of basal keratin genes between NERD and ERD 

patients is also a clear  demonstration of similar structural integrity of the barrier between these 

two groups which present very differently at endoscopy. This also suggests that the 

Figure 83 Illustration of the BO oesophageal mucosa 

Mucosal factors contributing to the pathogenesis BO. The protective mucus barrier is lost, and 

there are erosions in the oesophageal epithelium. There is no ASIC3 expression, but some 

CXCR2 expression on squamous epithelial cells. Inflammation is characterised by infiltration 

of B and T lymphocytes, and increased NGF+ mast cell infiltration. There is differentiation of 

some epithelial cells into columnar cells of the stomach. Basal cell layer is characterised by 

KRT8 expression.     
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differentiation between NERD and ERD is likely due to differences in the composition of 

luminal contents and exposure. Although there are no overt inflammatory defects in the NERD 

oesophageal mucosa, in vivo studies have previously demonstrated impaired mucosal 

integrity in these patients who were found to have lower baseline impedance and slower post-

acid impedance recovery compared to FH patients [559]. Baseline oesophageal impedance 

can be seen to represent oesophageal mucosal integrity, and the findings of lower baseline 

impedance in NERD patients compared to healthy controls and FH patients suggests that 

increased acid perception could be associated with a more vulnerable mucosal structure. In 

vitro studies in patients with heartburn without oesophagitis also demonstrated a greater 

reduction of TER in heartburn patients than controls when exposed to acidic and weakly acidic 

buffer, further highlighting distinct vulnerability of the oesophageal mucosa in these patients 

[560]. Collectively, our gene expression data on basal keratin overexpression and mucin 

downregulation could be a possible molecular explanation for this breached structural integrity 

in patients with NERD (and ERD). Conversely, the finding of increased expression of KRT8 

only in BO compared to normal oesophageal mucosa highlights the distinct structural ability 

of oesophageal epithelial cells in premalignant BO to have augmented cell motility, as 

supported by animal studies which show increased migratory properties in cells 

overexpressing KRT8 [561], [562] (Figure 83). 

5.6 Dendritic cells are important sentinel cells within the normal oesophageal 

mucosa  

IF-IHC experiments revealed a significantly higher CD1a+ dendritic cell infiltration in the 

oesophageal mucosa of asymptomatic subjects compared to patients with GORD (Figure 84). 

Dendritic cell abundance in the healthy oesophageal mucosa likely primes naïve T cells to 

release anti-inflammatory cytokines to suppress an adaptive immune response. The loss of 

dendritic cells in patients experiencing heartburn symptoms likely highlights a switch to the 

adaptive immune response, where other immune cell populations are recruited to protect the 

oesophageal mucosa against luminal antigens, and oral tolerance is no longer maintained. 

This data highlights an important homeostatic mucosal mechanism that is followed by 

inflammation in the oesophageal epithelium in GORD.  The finding of increased adaptive 

immune response mechanisms such as complement activation and leukocyte migration in 

GORD groups compared to healthy controls with the biological interpretation analyses of our 

transcriptomic data further supports this notion. Moreover, cellular deconvolution of RNA 

sequencing data also partially confirmed the finding of decreased dendritic cell composition in 

BO, ERD, and NERD compared to healthy controls and FH. The small discrepancy between 

IF and sequencing findings for FH patients could be ascribed, at least in part, to the 
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heterogeneity of the FH population, or the distinctions that exist between subpopulations of 

dendritic cells according to cell surface receptor expression [563]. This is similar to what has 

been observed in the intestine, where intestinal dendritic cells are integral for preventing 

pathological immune responses to harmless antigens [563]. An animal study which assessed 

dendritic cells from the gut of germ-free mice demonstrated expression of maturation markers 

in dendritic cells as being similar to those in normal mice, suggesting that the phenotypic 

maturation of DCs is regulated in the steady state by the release of low levels of inflammatory 

antigens from normal tissues, even in the absence of commensal flora [564]. These results 

collectively suggest a sentinel role for these immune cells in the normal, and perhaps also FH 

oesophageal mucosa, against the activation of an adaptive immune response resulting in 

inflammation.    

 

Interestingly, the majority of literature on the regulatory role of CGRP on dendritic cell function 

suggests a predominant anti-inflammatory rather than pro-inflammatory role. CGRP 

expressing nociceptive C fibres were found to be closely associated with dendritic cells 

Figure 84 Illustration of the Normal Oesophageal Mucosa 

Figure illustrating the normal oesophageal mucosa in asymptomatic individuals based on our 

findings in this study. A mucus layer protects the epithelial lining from noxious content of the 

refluxate. There are tight junction proteins that hold epithelial cells tightly together. Dendritic 

cells act as sentinels of the oesophageal mucosa from antigens ingested through food. There 

is CXCR2 expression on squamous epithelial cells under physiologic conditions. The basal 

layer is characterised by high KRT78 expression. Deep afferent nerves do not express 

inflammatory cytokine receptors.  
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residing in the epidermis of the skin, and CGRP was also reported to be expressed on the 

surface of some dendritic cells where functional assays reported CGRP to inhibit antigen 

presentation by dendritic cells [264]. Our finding of reduced CD1a+ dendritic cells in the 

oesophageal mucosa of GORD could be linked to the presence of CGRP+ sensory nerves in 

these patients. However, we did not detect a close apposition between dendritic cells and 

nerve endings, nor found any CGRP expression on dendritic cells, so this is an unlikely 

mechanism in the context of GORD.   

5.7 Functional heartburn patients are microscopically different to healthy 

controls  

FH patients have normal endoscopy, no pathological amount of reflux and no clear association 

between reflux episodes and symptoms. However, they have typical heartburn, yet the 

mechanism for heartburn in these patients remains unknown. We identified interesting 

oesophageal mucosal and molecular differences between patients with FH and healthy 

controls. The most important finding was co-expression of IL8 receptor CXCR2 on 

intrapapillary CGRP-immunoreactive nerves in FH, but not healthy controls. This suggests a 

potential neuroinflammatory signalling mechanism whereby hypersensitivity in these patients 

may be achieved through IL8 release activating CXCR2 expressed on deep afferent nerves, 

leading to neuronal activation. We also detected membranous expression of CXCR2 on 

oesophageal squamous epithelial cells in both healthy controls and FH patients. However, 

CXCR2 expression was detected on epithelial cells in very close proximity to deep CGRP-

immunoreactive nerves in FH, but not controls.  The close vicinity of these CXCR2+CGRP+ 

sensory nerves to the CXCR2+ epithelial cells may highlight a crosstalk mechanism underlying 

the onset of increased sensitivity in patients with FH (Figure 85). This also suggests that deep 

sensory afferent nerves innervating papillary structures in patients with heartburn are likely to 

become sensitised by increased IL8 secretion. Heartburn sensation in FH patients may be 

explained by the increased abundance of CD8+ T cells detected by transcriptomic analysis, 

which may result in increased IL8 secretion in the oesophageal mucosa and thus increased  

sensitisation of deep sensory nerves via CXCR2 activation.  

Moreover, compared with the oesophageal mucosa of healthy asymptomatic subjects, FH 

patients had 521 significantly DE genes highlighted in 87 molecular pathways including 

increased circadian regulation of gene expression, establishment of epithelial cell apical/basal 

polarity, and desmosome assembly, as statistically significative. The downregulation of ‘clock 

genes’ such as PER1 and TEF in FH patients might be related to the psychological 

comorbidities frequently associated with this group of patients [565]. Clock gene 

polymorphisms were associated with bipolar syndrome and alcohol dependence in a case-



212 
 

control study which assessed single nucleotide polymorphisms in 4 clock genes including 

PER1  [566]. This suggests that changes in the expression pattern of circadian pacemakers 

in the brain have a knock-on effect in the form of psychological morbidities which likely 

contribute to the perception of pain in the form of FH. 

Figure 85 Illustration of the FH oesophageal mucosa 

Figure illustrating the mucosal factors contributing to the pathogenesis of FH. A mucus layer 

protects the epithelial lining from noxious content of the refluxate. There are tight junction 

proteins that hold epithelial cells tightly together. There is CXCR2 expression on epithelial 

cells in close apposition to deep sensory nerves, and some CXCR2 expression on these 

intrapapillary nerve endings. Basal cell layer is characterised by KRT78 expression as in the 

normal oesophageal mucosa. NGF+ mast cell infiltration is increased in FH compared to 

healthy controls 

5.8 Limitations and future work  

 

Being limited to characterisation, this study lacks significant functional data explaining the 

mechanistic involvement of the mucosal factors identified. Although the preliminary functional 

data from the ex vivo cytokine release assay provides interesting data to build on, it is far from 

complete. However, the study has fulfilled its aim of characterising mucosal factors that hold 

translational relevance and may become potential topical treatment targets with further 

research. Moreover, due to additional challenges posed by the ongoing SARS-CoV2 

pandemic, healthy control biopsies were collected at a later date than the time at which patient 

samples were collected and experimented. While the latter IF-IHC experiments in the study 

were done simultaneously on healthy controls and patient samples, RNA sequencing and 

qPCR experiments for patient biopsy samples and healthy controls were completed at different 
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time points, in different batches. Due to the limitation of sample collection and preparations, 

technical variations may exist among reads from different batches of experiments, such as 

varying sequencing depth and amplification bias. However, batch effects were minimised by 

sequencing all healthy controls in the same batch, and all GORD samples in a separate batch, 

thus minimising unwanted technical variations within GORD phenotypes and among healthy 

control samples. Finally, this study suffered loss of statistical power due to being based on a 

small sample of biopsies due to the nature of consenting patients, and recruiting asymptomatic 

participants following ethical approval being granted. In spite of its limitations, this study adds 

to our understanding of the mucosal factors contributing to the oesophageal hypersensitivity 

experienced by GORD patients. 

The mucosal targets identified in this study are intriguing and could be usefully explored in 

further research. The ex vivo biopsy culture is a useful system for exploring the effect of acid 

challenge on GORD oesophageal mucosa and topical protective agents on a preclinical, 

human-like, well-preserved GORD model that is readily translational into responses in 

patients. Thus, a natural progression of this work is to analyse the effect of acid exposure on 

a larger cohort of ERD and healthy control samples, and secondly, to apply topical protectant 

onto the apical aspect of the biopsies to test the efficacy of these protectant therapies at a 

molecular level by measuring the change in cytokine release with and without topical 

treatment. Second, topical antagonists for mucosal factors identified, such as TRPV1, ASIC3, 

NGF receptors, and CXCR2 should be investigated using this ex vivo biopsy culture system 

to measure whether antagonising these targets may reduce the release of inflammatory and/or 

pain-inducing cytokines.   

This study has also highlighted important questions on the structure of the oesophageal 

mucosa in need of further investigation. Further work into the differences in structural 

mechanisms for keratin proteins and MUC glycoproteins through IF-IHC experiments, and 

validation studies using qPCR will provide important information on the oesophageal structural 

barrier integrity across GORD phenotypes in relation to the patients’ acid exposure profile and 

symptomatology. The question of oesophageal epithelial regeneration is also interesting to 

consider, and is an avenue signposted by our transcriptomic data worth exploring, particularly 

to help us further understand why some patients develop ERD, while others develop NERD.  

 

5.9 Conclusions  

The main goal of this study was to determine the mucosal factors potentially underlying 

heartburn perception in patients with GORD. In summary, based on our characterisation and 



214 
 

transcriptomic studies, it is possible to infer a model for heartburn pathogenesis in the different 

phenotypes of GORD. Sensory mechanisms of pain transmission have a critical role in NERD, 

where we have demonstrated a likely pathogenic role for superficial sensory nerves 

expressing TRPV1, and epithelial cells expressing ASIC3. In ERD patients where superficial 

nerves were not identified, NGF-expressing mast cells in close vicinity to deep afferent nerves 

are likely to have an indirect role in inducing pain transmission upon NGF release into the 

oesophageal mucosa, and subsequent activation of the neighbouring nerves. FH patients are 

different to healthy subjects at the mucosal level, where they express IL8 receptor CXCR2 on 

deep intrapapillary nerves. These findings have significant translational implications for 

oesophageal therapies that raise the enticing possibility of topical antagonists in the treatment 

of NERD, ERD, and FH. Further studies are needed to link these mucosal differences with 

symptoms in heartburn patients.  

 

  



                                      
                                                       

 
 

6 Appendix 

Table 10 Clinical and Demographic Data for GORD Patients 

Table includes RDQ score, LA grade for patients with ERD, and total acid exposure time (AET) where clinical data was available for recruited 

patients.  

Sample ID  Phenotype  Gender  Age  Ethnicity  RDQ 
Score 

LA grade  Total AET 
(%)  

Studies  Notes  

AE161118 NERD Male  19 White British 40 n/a  n/a  IF, qPCR, RNA-
seq 

Sensory testing showed patient to have 
increased sensitivity to painful stimuli. He 
has oesophageal atresia which is almost 
always associated with pathological 
reflux.  

JF110219 ERD  Male  45 White British  30 2 n/a IF, qPCR  

RQ110219 NERD  Female  70 White British  16 n/a 15.5 IF, qPCR 2cm hiatus hernia with severe 
pathological acid exposure  

JG120219 ERD  Male  60 White British n/a  3 n/a  IF, qPCR 4cm sliding hiatus hernia  

AG140219 NERD  Male  40 Indian  12 n/a  8 IF, qPCR  

MS161118 ERD  Male  58 White other  12 4 n/a IF, qPCR 4cm sliding hiatus hernia, 18mm balloon 
distention  

AG200219 FH Male  42 White British  28 n/a 3.4  IF, qPCR, RNA-
seq 

1cm sliding hiatus hernia  

DS200219 NERD  Male  54 Other  60 1 7 IF, qPCR, RNA-
seq 

2cm hiatus hernia  

JM010319 ERD  Male  32 Other  5 3 n/a IF, qPCR, RNA-
seq 

4cm sliding hiatus hernia  

JH050319 FH Male  69 White British 45 n/a  n/a  IF, qPCR Patient had no PPI response, suggesting 
absence of pathological reflux 

BA060319 NERD  Male  54 White British  15 n/a 14.1  IF, qPCR, RNA-
seq  

2cm hiatus hernia 

JU130319 FH  Female  37 White British  54 n/a Physiological  IF, qPCR, RNA-
seq 

2cm hiatus hernia  

SSG130319 ERD  Male  39 Other  57 2 n/a  IF, qPCR, RNA-
seq 

 

JD220319 ERD Male  50 Other  0 2 n/a  IF, qPCR   
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EM230519 BO Male  61 White other  12 n/a  n/a  IF, qPCR Short-segment BO  

CB120419 FH Female  72 White British  58 n/a  1.3  IF, qPCR, RNA-
seq 

 

EB120419 FH Female 33 Bangladeshi 40 n/a  3 IF, qPCR, RNA-
seq 

 

RM120419 FH Male  34 Bangladeshi  38 n/a  4 IF, qPCR, RNA-
seq 

 

SC160519 NERD  Female  46 White other 47 n/a  6.6  IF, qPCR, RNA-
seq 

 

BT150519 ERD  Male  48 White British  33 2 n/a  IF, qPCR  

LJ300519 NERD  Female  52 Indian 24 n/a  n/a  IF, qPCR, RNA-
seq  

Reflux symptoms reduced with PPI, 
suggesting pathological reflux. 

RM250619 ERD  Male  46 White British  8 3 n/a  IF, qPCR, RNA-
seq 

Large hiatus hernia  

AO190719 NERD  Female  52 Black  0 n/a  n/a  IF, qPCR, RNA-
seq 

2cm hiatus hernia. Reflux changes on 
histology 

JW140819 BO  Male  29 White British  29 1 n/a  IF, qPCR, RNA-
seq 

BO prague C 0 and M2  

MK210819 NERD  Female  32 White British  32 n/a  13.4 IF, qPCR 3cm sliding hernia  

SV210819 NERD  Female  39 Indian  16 n/a 6.3 IF, qPCR, RNA-
seq 

Reflux symptoms were reduced with PPI 

ML290819 FH Female  58 n/a 60 n/a  3.7 IF, qPCR Shatzki ring and hiatus hernia  

DS120919 NERD  Male  29 n/a  8 3 n/a  IF, qPCR, RNA-
seq  

4cm hiatus hernia. He is technically ERD 
due to previous grade 3, but did not have 
inflammation at time of endoscopy. 

WB081019 ERD  Male  40 White British  27 2 n/a  IF, qPCR, RNA-
seq 

3cm hiatus hernia  

PB091019 BO  Female  61 White British  0 n/a n/a  IF, qPCR, RNA-
seq 

Prague COM1 tongue of BO at 37cm 

LK091019 BO Female  73 White British  0 n/a n/a IF, qPCR, RNA-
seq 

 

SM211019 BO Female  36 Other  38 n/a n/a IF, qPCR  

BA221019 BO  Female  67 White British  0 n/a n/a  IF, qPCR, RNA-
seq 

Lip of BO with large hiatus hernia  

CF231019 BO  Female  55 Other  28 1  n/a  IF, qPCR, RNA-
seq 

3cm hiatus hernia  

SH061119 BO Female  57 n/a  0 n/a n/a IF, qPCR, RNA-
seq 
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SG131119 FH Male  53 Ethiopian  n/a  n/a  n/a  IF, qPCR, RNA-
seq 

 

JI050220 NERD  Female  54 Arab  27 n/a 8.4 IF, qPCR, RNA-
seq 

2cm hiatus hernia  

SM050220 ERD  Female  73 White British 11 4 n/a IF, qPCR, RNA-
seq 

7cm hiatus hernia  

GK190220 BO Male  37 Greek  33 n/a n/a  IF, qPCR, RNA-
seq 

Short BO tongue COM1 at 42cm 

CB050320 ERD Male  19 White British  27 3 n/a  IF, qPCR, RNA-
seq 

 

JB110320 BO Male  54 White Irish  6 n/a  n/a  IF, qPCR, RNA-
seq 

COM2 short segment BO with 3cm hiatus 
hernia  

RC110320 BO  Male  73 White British  0 n/a n/a IF, qPCR, RNA-
seq 

 

SF030320 ERD  Male  56 White British  0 2 n/a IF  

CB050320 ERD  Male  19 White British  27 3 n/a Functional assay  

SJ010921 ERD Female  33 White British  38 3 n/a  Functional assay   

SF270921 ERD Female  76 White British  25 3 n/a  Functional assay   

 

  



                                      
                                                       

 
 

Table 11 Healthy Volunteer Demographics 

Sample ID RDQ Score Gender  Age  

HF040320 0 F 34 

MV120521 0 F 35 

BB260521 0 M 25 

HD090621 0 M 70 

AV140721 0 F 25 

ZP280721 0 F 20 

MG050821 0 F 24 

CL180821 0 F 26 

TG010921 0 M 26 

SZ290921 0 M 20 

NU061021 0 F 25 

MRM201021 0 F 27 

RD271021 2 M 27 

MA031121 0 M 45 

 

 

 

 

Appendix  1: Control Antigen Staining blocks TRPV1 staining in the myenteric plexus 
of the inflamed human colon 

A) TRPV1 optimisation in the myenteric plexus of IBD colon co-stained with CGRP, showing 

TRPV1-immunoreactivity on CGRP-expressing neurons in the plexus. Arrowheads highlight 

TRPV1+CGRP+ colocalisation B) Control antigen staining showing no TRPV1 

immunoreactivity in the myenteric plexus of the same IBD colon sample. A total of 2 IBD colon 

samples and 2 normal colon samples were used for optimisation. Scale bar: 100µm, Insert 

scale bar 20 µm. 
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Appendix  2: Correlation between ASIC3 immunoreactivity and RDQ score  

There was no correlation between reflux disease questionnaire score and ASIC3 

expression by oesophageal epithelial cells for the 24 GORD patients whose RDQ scores 

could be retrieved.  

Appendix  3: Correlation between TRPV1:CGRP Co-expression and RDQ Score 

There was no correlation between reflux disease questionnaire score and TRPV1 expression 

by mucosal sensory nerves for the 6 NERD patients whose RDQ scores could be retrieved.  
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Appendix  4 Correlation between acid exposure time and ASIC3 expression 

No correlation was found between acid exposure time in patients with FH and 

NERD (N=9) and ASIC3 expression (Spearman correlation: p = 0.41). AET data 

was not accessible for all patients.  
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Appendix  5 RNA Sample QC Overview of RNA Integrity 

Electrophoresis file run overview from Bioanalyser showing all samples in batch one to have 

RIN above 7.  



                                      
                                                       

 
 

Table 12 Pre-alignment QC for RNA-sequenced samples 

The quality of raw reads was assessed by performing pre-alignment QC on Partek. This overview table presents input files per row, with corresponding 

typical metrics on columns. (%GC: fraction of GC content; %N: fraction of no-calls). 

Sample ID Batch Phenotype RIN Disease group Total reads Read length 
Avg. read 
quality % N % GC 

AE161118 2 FH 8 GORD 16915905 76 34.52 0.0854339 52.7687 

AG200219 1 FH 9.8 GORD 19397676 76 34.7969 0.0146707 49.8261 

AO190719 1 NERD 10 GORD 20668827 76 34.7962 0.0145458 50.4245 

AV140721 3 HC 8.1 Control 20152438 76 34.4088 0.0050293 51.2916 

BA060319 1 NERD 10 GORD 15403330 76 34.7991 0.0143659 48.5226 

BA221019 2 BO 10 GORD 20917085 76 34.6326 0.0853905 49.6187 

BB260521 3 HC 9 Control 23869132 76 34.3163 0.0051738 50.4601 

BT150519 2 ERD 10 GORD 14711530 76 34.6393 0.0860101 49.8247 

CB050220 2 ERD 10 GORD 19988855 76 34.6477 0.0854044 49.9026 

CB120419 2 FH 9 GORD 19322257 76 34.6436 0.0855278 49.4475 

CF231019 1 BO 9.9 GORD 19819499 76 34.7865 0.0147845 49.8263 

CL190821 3 HC 8.7 Control 21079473 76 34.3114 0.0050263 51.939 

DS120919 1 NERD 9.9 GORD 18229780 76 34.8012 0.015035 49.6413 

DS200219 1 NERD 10 GORD 17959504 76 34.7962 0.0144555 49.5498 

E4 2 NERD 8 GORD 18401151 76 34.4501 0.0847827 49.9044 

E6 2 NERD 9 GORD 19203679 76 34.6421 0.0859442 47.6206 

EB120419 2 FH 10 GORD 20642696 76 34.6106 0.0851622 50.2585 

GK190220 2 BO 10 GORD 18985574 76 34.6237 0.0853391 49.8338 

HF040320 2 HC 10 Control 19316231 76 34.6533 0.0850024 49.275 

JB110320 2 BO 10 GORD 19370522 76 34.6211 0.0857708 47.6722 

JG120219 1 ERD 10 GORD 17100589 76 34.7682 0.0146092 50.7695 

JI050220 2 NERD 10 GORD 19345177 76 34.6134 0.0865534 50.0331 

JM010319 1 ERD 10 GORD 19211167 76 34.7928 0.0146589 49.6816 

JU130319 1 FH 9.6 GORD 16543398 76 34.7807 0.0145011 49.832 

JW140819 1 BO 9.8 GORD 18639482 76 34.8002 0.0146646 50.5281 

LJ300319 2 NERD 10 GORD 15867118 76 34.6663 0.0869433 49.0337 
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MG050821 3 HC 8.2 Control 21870116 76 34.4313 0.0051368 50.0048 

MS161118 2 ERD 9 GORD 19173461 76 34.5769 0.0853171 51.5548 

MV120521 3 HC 10 Control 21625289 76 33.9049 0.0050918 50.7925 

NE4-2 2 FH 8 GORD 21034800 76 34.6133 0.0857875 49.9242 

NE8 2 FH 9 GORD 18700628 76 34.6108 0.0858786 49.855 

PB091019 2 BO 10 GORD 19452692 76 34.6192 0.0865353 49.3819 

PJ281118 2 ERD 8 GORD 16608207 76 34.642 0.0851409 50.1508 

RC110320 2 BO 10 GORD 17142616 76 34.6233 0.0860132 48.702 

RM120419 2 FH 10 GORD 18726703 76 34.5485 0.0856064 48.8732 

RM250619 1 ERD 9.8 GORD 17097826 76 34.7548 0.0145546 50.1576 

SC160519 1 NERD 9.8 GORD 17147128 76 34.7978 0.0146726 50.6094 

SG131119 1 FH 10 GORD 21078537 76 34.7791 0.014801 49.6226 

SH061119 1 BO 9.8 GORD 15537215 76 34.781 0.014621 49.0773 

SM050220 2 ERD 10 GORD 20498418 76 34.6821 0.0858706 49.0268 

SM211019 1 BO 10 GORD 34340582 76 34.7828 0.014743 50.001 

SSG130319 1 ERD 10 GORD 15391252 76 34.7431 0.0148291 50.7602 

SV210819 1 NERD 9 GORD 17283197 76 34.792 0.0144586 49.5295 

TG010921 3 HC N/A Control 22622540 76 34.4254 0.0050585 49.4918 

WB081019 1 ERD 9.9 GORD 19180512 76 34.7413 0.0145099 51.9509 

ZP290721 3 HC 9.5 Control 20575176 76 34.4103 0.0052584 50.2603 
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Table 13 Post-alignment QC of RNA-sequenced samples 

The quality of alignment was assessed by performing post-alignment QC. All samples had above 97% alignment, with most samples having at least 17 

million total reads. Base quality scores are in the Phred-33 format. These samples were aligned by STAR.    

Sample ID Phenotype Total 
reads 

Total 
alignments 

Aligned Total 
unaligned 

Unaligned Total 
unique 
paired 

Unique 
paired 

Total 
non-
unique 
paired 

Non-unique 
paired 

Coverage Avg. 
length 

Avg. 
quality 

%GC 

AE161118 FH 16915905 37813010 98.16418 310545 1.835817 15363100 90.82044 1242260 7.343739516 2.63801 76 34.6025 53.0524 

AG200219 FH 19397676 41691072 98.74922 242623 1.250784 18142364 93.52854 1012689 5.220671796 4.68832 76 34.8437 50.0521 

AO190719 NERD 20668827 43818810 98.61452 286362 1.385478 19426225 93.98804 956240 4.626484125 4.33815 76 34.8399 50.5103 

AV140721 HC 20152438 42291006 98.58865 284422 1.411353 19049084 94.52496 818932 4.063686984 3.95874 76 34.4626 51.3336 

BA060319 NERD 15403330 33015148 98.44915 238882 1.550846 14381868 93.36856 782580 5.080589717 5.01349 76 34.8486 48.7822 

BA221019 BO 20917085 44537320 98.52442 308648 1.475578 19589581 93.65349 1018856 4.870927283 6.32034 76 34.7066 49.7637 

BB260521 HC 23869132 49905112 98.45058 369833 1.54942 22517000 94.33523 982299 4.115352833 4.74135 76 34.3937 50.4782 

BT150519 ERD 14711530 31556164 98.70953 189848 1.290471 13772553 93.61741 749129 5.092121622 4.11107 76 34.7137 50.0621 

CB050220 ERD 19988855 42249122 98.59781 280282 1.402191 18812184 94.11336 896389 4.484443956 4.84404 76 34.7267 49.993 

CB120419 FH 19322257 40913354 98.58739 272949 1.412614 18150895 93.93776 898413 4.649627629 4.34088 76 34.7216 49.5469 

CF231019 BO 19819499 43850036 98.75192 247364 1.248084 18326285 92.46593 1245850 6.285981295 5.24221 76 34.8284 50.3276 

CL190821 HC 21079473 44170948 98.50027 316136 1.499734 19908785 94.44631 854552 4.053953341 3.8037 76 34.3764 51.9807 

DS120919 NERD 18229780 40208244 98.66264 243798 1.337361 16827530 92.30792 1158452 6.354722877 4.80896 76 34.8484 50.0988 

DS200219 NERD 17959504 39133154 98.76839 221191 1.23161 16708127 93.03223 1030186 5.736160642 4.31675 76 34.846 49.9206 

E4 NERD 18401151 39939250 97.86741 392421 2.132589 16893447 91.80647 1115283 6.060941514 3.58782 76 34.5283 50.1202 

E6 NERD 19203679 42343014 98.46636 294516 1.533644 17581867 91.55468 1327296 6.911675622 3.58785 76 34.7234 48.0077 

EB120419 FH 20642696 43569480 98.56253 296732 1.437467 19455073 94.24676 890891 4.315768638 4.46431 76 34.6879 50.3392 

GK190220 BO 18985574 40182492 98.59304 267120 1.406963 17845797 93.99662 872657 4.596421472 4.63533 76 34.7033 49.9389 

HF040320 HC 19316231 40604634 98.18519 350552 1.814805 18141953 93.92077 823726 4.264424048 5.41702 76 34.7304 49.3019 

JB110320 BO 19370522 41242502 98.28875 331478 1.71125 18056479 93.21627 982565 5.072475589 6.30901 76 34.7032 47.8267 

JG120219 ERD 17100589 39598632 98.50188 256187 1.498118 15402928 90.0725 1441474 8.429382169 3.56892 76 34.8025 51.6035 

JI050220 NERD 19345177 41482444 98.53687 283045 1.46313 18116482 93.64857 945650 4.888298515 5.48864 76 34.6834 50.2336 

JM010319 ERD 19211167 42671168 98.87005 217077 1.129952 17712122 92.19701 1281968 6.673035532 5.19865 76 34.8417 50.2066 

JU130319 FH 16543398 37897300 98.62879 226845 1.371212 14993243 90.62977 1323310 7.999021725 4.32168 76 34.8228 50.5612 

JW140819 BO 18639482 41405722 98.46581 285966 1.534195 17107130 91.779 1246386 6.686805996 5.14862 76 34.8425 50.9893 

LJ300319 NERD 15867118 33720372 98.64556 214910 1.354436 14904850 93.93546 747358 4.710105515 4.14675 76 34.7434 49.2183 

MG050821 HC 21870116 45694148 98.46935 334756 1.530655 20669699 94.51115 865661 3.958191168 4.04242 76 34.4988 50.067 
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MS161118 ERD 19173461 42793870 97.78227 425215 2.217727 17279024 90.11948 1469222 7.662789728 2.53498 76 34.6731 51.9179 

MV120521 HC 21625289 45170388 98.01469 429328 1.985305 20291370 93.83167 904591 4.183023866 5.17267 76 34.008 50.8263 

NE4-2 FH 21034800 46613042 98.38736 339215 1.612637 19207495 91.31294 1488090 7.074419533 4.04027 76 34.6829 50.32 

NE8 FH 18700628 41525806 97.17349 528575 2.826509 16739117 89.51099 1432936 7.662502029 3.80548 76 34.7004 50.3828 

PB091019 BO 19452692 41366370 98.5032 291167 1.496795 18248178 93.80798 913347 4.695221618 6.30868 76 34.6933 49.5348 

PJ281118 ERD 16608207 36564892 98.55218 240457 1.44782 15270229 91.94387 1097521 6.608305159 2.91674 76 34.7122 50.4329 

RC110320 BO 17142616 38360114 97.68612 396659 2.313877 15620613 91.12152 1125344 6.564599009 5.42984 76 34.7205 49.3975 

RM120419 FH 18726703 39260274 98.37722 303893 1.622779 17649353 94.24699 773457 4.130235846 4.63594 76 34.65 48.9161 

RM250619 ERD 17097826 37156954 98.76717 210787 1.232829 15912977 93.07018 974062 5.69699329 4.15813 76 34.8018 50.4755 

SC160519 NERD 17147128 37521302 98.83985 198933 1.160153 15941621 92.96963 1006574 5.870219199 4.16398 76 34.8392 50.9467 

SG131119 FH 21078537 45313888 98.87917 236254 1.120827 19747606 93.68585 1094677 5.193325324 5.33043 76 34.8272 49.841 

SH061119 BO 15537215 33858280 98.48874 234808 1.511262 14374332 92.5155 928075 5.973239091 5.65325 76 34.8298 49.4671 

SM050220 ERD 20498418 43915174 98.66614 273420 1.333859 19170476 93.52173 1054522 5.144406754 4.09588 76 34.7532 49.2746 

SM211019 BO 34340582 75775400 98.83614 399675 1.163856 31790241 92.57339 2150666 6.262753497 6.03973 76 34.8261 50.4685 

SSG130319 ERD 15391252 33988658 98.83781 178876 1.162193 14241732 92.53134 970644 6.306465517 4.54431 76 34.7886 51.1818 

SV210819 NERD 17283197 37398446 98.43446 270575 1.565538 16061943 92.93387 950679 5.500596909 3.73108 76 34.8384 49.8137 

TG010921 HC 22622540 47310480 98.53816 330705 1.461839 21356280 94.40266 935555 4.135499374 4.91051 76 34.4942 49.5112 

WB081019 ERD 19180512 41513426 98.24893 335864 1.751069 17765601 92.62318 1079047 5.625746591 4.35283 76 34.8154 52.2216 

ZP290721 HC 20575176 42997176 98.36052 337325 1.639476 19403457 94.30518 834394 4.055343196 4.50775 76 34.4809 50.2911 
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Table 14 DEseq2 Comparison Between Healthy Controls and GORD Oesophageal Mucosa 

DEseq2 output with FDR-filtered p value less than 0.01  for significantly differentially expressed genes between healthy controls and GORD patients. A 

negative fold change indicates genes downregulated in healthy controls compared to GORD samples, while positive fold change indicates genes 

downregulated in GORD compared to HC oesophageal mucosa.  

Gene ID P-value (HC vs. 
GORD) 

FDR step up (HC vs. 
GORD) 

Ratio (HC vs. GORD) Fold change (HC vs. 
GORD) 

LSMean(HC) (HC vs. 
GORD) 

LSMean(GORD) (HC 
vs.GORD) 

REG4 0.00E+00 0.00E+00 1.00E-06 -1.00E+06 3.88E-23 2.91E+02 

GKN2 1.43E-72 1.44E-68 1.00E-06 -1.00E+06 4.13E-07 9.80E+01 

CLDN18 7.68E-64 5.13E-60 1.00E-06 -1.00E+06 1.58E-06 2.94E+02 

DMBT1 5.58E-57 2.80E-53 1.00E-06 -1.00E+06 5.78E-07 5.07E+01 

IGLV3-25 1.70E-53 6.82E-50 1.00E-06 -1.00E+06 1.10E-06 4.27E+01 

IGKV1-5 2.34E-51 7.82E-48 1.00E-06 -1.00E+06 4.25E-06 1.44E+02 

IGHV1-2 1.36E-40 3.90E-37 1.00E-06 -1.00E+06 1.69E-05 1.13E+02 

CCL18 3.24E-39 8.12E-36 1.00E-06 -1.00E+06 6.41E-06 1.51E+01 

DAZ1 3.75E-35 8.36E-32 1.00E-06 -1.00E+06 6.36E-08 1.57E+01 

ADGRG7 1.68E-34 3.38E-31 1.00E-06 -1.00E+06 3.39E-07 3.52E+01 

IGHV3-43 2.29E-32 4.18E-29 1.00E-06 -1.00E+06 9.52E-06 1.63E+01 

IGKV1-12 2.21E-30 3.69E-27 1.00E-06 -1.00E+06 1.38E-05 5.62E+01 

DCDC2 1.33E-29 2.05E-26 1.61E-06 -6.21E+05 1.47E-05 9.15E+00 

SLC5A5 2.55E-29 3.66E-26 1.00E-06 -1.00E+06 1.20E-05 2.08E+01 

IGHV1-24 1.46E-27 1.95E-24 1.00E-06 -1.00E+06 2.07E-06 1.36E+01 

UGT2B15 1.18E-26 1.49E-23 1.00E-06 -1.00E+06 5.52E-06 1.63E+01 

SPINK1 8.89E-26 1.05E-22 1.00E-06 -1.00E+06 1.32E-05 2.96E+01 

MUC17 5.44E-25 6.06E-22 1.00E-06 -1.00E+06 6.46E-06 3.13E+01 

PRSS2 6.92E-23 7.30E-20 1.00E-06 -1.00E+06 2.83E-06 1.51E+01 

IGHV3-72 4.31E-20 4.32E-17 2.02E-06 -4.94E+05 2.30E-05 1.14E+01 

CLDN2 3.19E-16 3.05E-13 1.34E-06 -7.46E+05 1.54E-05 1.15E+01 

PIGR 2.16E-15 1.97E-12 1.63E-03 -6.15E+02 1.91E+00 1.17E+03 

ACTC1 3.39E-15 2.96E-12 3.91E-06 -2.56E+05 1.39E-05 3.56E+00 

MYH11 5.33E-15 4.45E-12 5.81E-03 -1.72E+02 2.71E+00 4.66E+02 

ARNTL 6.30E-15 5.06E-12 2.40E-01 -4.17E+00 3.19E+01 1.33E+02 

TFF1 7.62E-15 5.88E-12 2.85E-04 -3.51E+03 2.44E-01 8.56E+02 

CTSE 6.46E-14 4.80E-11 3.63E-04 -2.75E+03 1.18E-01 3.25E+02 

TM4SF20 1.37E-13 9.78E-11 1.05E-06 -9.50E+05 4.56E-06 4.33E+00 

IGHV3-66 1.66E-13 1.15E-10 6.34E-06 -1.58E+05 2.91E-05 4.60E+00 

IGHV4-55 2.73E-13 1.83E-10 1.70E-06 -5.88E+05 9.13E-06 5.37E+00 

AC130304.1 3.85E-13 2.49E-10 5.71E+00 5.71E+00 6.06E+01 1.06E+01 
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IGKC 5.03E-13 3.15E-10 2.87E-03 -3.48E+02 1.93E+01 6.71E+03 

TFF2 1.01E-12 6.13E-10 4.41E-04 -2.27E+03 1.18E-01 2.68E+02 

DES 2.78E-12 1.64E-09 8.56E-04 -1.17E+03 1.81E-01 2.11E+02 

IGKV2D-29 4.14E-12 2.34E-09 8.25E-06 -1.21E+05 2.95E-05 3.57E+00 

IGHA1 4.20E-12 2.34E-09 5.12E-03 -1.95E+02 2.21E+01 4.32E+03 

JCHAIN 1.33E-11 7.24E-09 7.70E-03 -1.30E+02 1.49E+01 1.94E+03 

CLMP 1.45E-11 7.67E-09 2.26E-02 -4.42E+01 1.20E+00 5.29E+01 

MUC5AC 1.87E-11 9.64E-09 4.30E-04 -2.33E+03 4.57E-01 1.06E+03 

TSPAN8 5.51E-11 2.77E-08 1.14E-02 -8.81E+01 3.45E+00 3.04E+02 

ACTG2 1.14E-10 5.57E-08 2.92E-03 -3.43E+02 2.98E-01 1.02E+02 

THBS2 1.21E-10 5.76E-08 1.59E-01 -6.30E+00 2.76E+01 1.74E+02 

LGALS4 1.38E-10 6.42E-08 3.69E-03 -2.71E+02 8.26E-01 2.24E+02 

FN1 1.48E-10 6.75E-08 4.10E-02 -2.44E+01 1.12E+01 2.73E+02 

ALDOB 1.55E-10 6.91E-08 1.73E-05 -5.79E+04 1.07E-05 6.21E-01 

REG1A 1.69E-10 7.38E-08 6.99E-06 -1.43E+05 7.75E-06 1.11E+00 

PER1 1.82E-10 7.77E-08 4.83E+00 4.83E+00 1.68E+03 3.48E+02 

TEF 2.79E-10 1.17E-07 2.98E+00 2.98E+00 9.87E+02 3.31E+02 

BEST1 3.23E-10 1.32E-07 8.56E+00 8.56E+00 6.36E+02 7.43E+01 

LIPG 3.38E-10 1.36E-07 4.32E-02 -2.31E+01 1.90E+00 4.39E+01 

DPT 4.54E-10 1.76E-07 3.33E-02 -3.01E+01 1.60E+00 4.82E+01 

IGLC3 4.56E-10 1.76E-07 6.07E-03 -1.65E+02 2.87E+00 4.74E+02 

IGHA2 5.31E-10 2.01E-07 1.08E-02 -9.27E+01 9.26E+00 8.58E+02 

PHLDB2 6.45E-10 2.40E-07 1.98E-01 -5.06E+00 3.36E+01 1.70E+02 

IGHV4-59 9.68E-10 3.53E-07 8.78E-04 -1.14E+03 1.15E-01 1.31E+02 

SPRR2G 1.10E-09 3.94E-07 9.42E-03 -1.06E+02 7.17E-01 7.61E+01 

MAP1B 1.29E-09 4.54E-07 1.11E-01 -9.02E+00 7.98E+00 7.20E+01 

SLC6A14 1.39E-09 4.82E-07 5.90E-02 -1.70E+01 1.21E+01 2.04E+02 

AC087190.3 2.05E-09 6.96E-07 6.56E-02 -1.53E+01 3.33E+00 5.07E+01 

AGR2 2.08E-09 6.96E-07 2.82E-02 -3.55E+01 3.40E+01 1.21E+03 

CLCA1 2.76E-09 9.09E-07 5.24E-06 -1.91E+05 1.60E-06 3.05E-01 

CCL21 2.89E-09 9.36E-07 1.49E-02 -6.70E+01 4.87E-01 3.26E+01 

IGLV3-1 3.15E-09 9.88E-07 2.51E-03 -3.99E+02 2.39E-01 9.53E+01 

GREM1 3.15E-09 9.88E-07 9.11E-03 -1.10E+02 1.00E+00 1.10E+02 

CIART 3.41E-09 1.05E-06 5.68E+00 5.68E+00 2.25E+02 3.96E+01 

CSPG4 3.68E-09 1.12E-06 1.02E-01 -9.84E+00 3.41E+00 3.35E+01 

IGKV3-20 4.63E-09 1.39E-06 4.47E-03 -2.24E+02 1.74E+00 3.90E+02 

FABP1 4.72E-09 1.39E-06 5.82E-06 -1.72E+05 2.00E-06 3.44E-01 

CAPN6 5.51E-09 1.57E-06 1.33E-01 -7.51E+00 1.22E+01 9.16E+01 

7SK 5.53E-09 1.57E-06 1.39E-01 -7.18E+00 5.34E+00 3.83E+01 
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STK40 5.57E-09 1.57E-06 2.04E+00 2.04E+00 1.71E+03 8.39E+02 

CXCL1 8.29E-09 2.31E-06 1.23E-02 -8.16E+01 1.15E+00 9.38E+01 

NEXN 1.08E-08 2.94E-06 2.85E-02 -3.51E+01 1.10E+00 3.87E+01 

AL161665.1 1.10E-08 2.94E-06 4.96E+00 4.96E+00 3.77E+01 7.59E+00 

IGHV3-23 1.10E-08 2.94E-06 2.99E-03 -3.34E+02 7.47E-01 2.50E+02 

RN7SK 1.26E-08 3.32E-06 1.42E-01 -7.07E+00 8.05E+00 5.69E+01 

IGKV2D-28 1.60E-08 4.16E-06 3.33E-03 -3.00E+02 3.05E-01 9.15E+01 

GKN1 1.66E-08 4.21E-06 8.72E-03 -1.15E+02 5.42E+00 6.22E+02 

AC022400.7 1.66E-08 4.21E-06 2.59E+00 2.59E+00 6.85E+01 2.64E+01 

APLNR 1.76E-08 4.43E-06 2.54E-01 -3.93E+00 2.22E+01 8.73E+01 

PCDH17 1.82E-08 4.50E-06 2.41E-01 -4.15E+00 1.43E+01 5.92E+01 

HOXA7 2.53E-08 6.18E-06 1.62E-01 -6.18E+00 1.19E+01 7.39E+01 

GABPB1-AS1 2.56E-08 6.18E-06 4.17E-01 -2.40E+00 1.51E+02 3.61E+02 

DBP 2.69E-08 6.43E-06 3.26E+00 3.26E+00 6.26E+02 1.92E+02 

FLII 2.91E-08 6.88E-06 1.54E+00 1.54E+00 3.41E+03 2.21E+03 

SERPINA3 3.16E-08 7.38E-06 7.53E-03 -1.33E+02 6.26E-01 8.32E+01 

NR1D2 3.22E-08 7.43E-06 3.27E+00 3.27E+00 2.07E+03 6.32E+02 

MUC6 3.70E-08 8.44E-06 5.61E-04 -1.78E+03 1.17E-01 2.08E+02 

TSPAN1 3.99E-08 8.98E-06 3.13E-02 -3.20E+01 8.48E+00 2.71E+02 

SPON1 4.71E-08 1.05E-05 1.78E-01 -5.61E+00 1.43E+01 8.01E+01 

AZGP1 4.86E-08 1.07E-05 7.62E-03 -1.31E+02 4.92E-01 6.46E+01 

TTR 4.93E-08 1.08E-05 6.21E-05 -1.61E+04 1.31E-05 2.11E-01 

LTF 5.49E-08 1.18E-05 3.61E-02 -2.77E+01 2.74E+00 7.59E+01 

SLCO4A1 5.72E-08 1.22E-05 2.73E+00 2.73E+00 6.74E+02 2.47E+02 

OLFM4 5.80E-08 1.22E-05 8.62E-03 -1.16E+02 1.54E+00 1.78E+02 

S100A7 6.82E-08 1.43E-05 4.28E-02 -2.34E+01 1.64E+02 3.83E+03 

ZC3H6 7.05E-08 1.46E-05 6.55E-01 -1.53E+00 1.22E+02 1.86E+02 

SLC44A4 7.48E-08 1.53E-05 3.22E-02 -3.10E+01 4.43E+00 1.38E+02 

ACTN4 7.88E-08 1.60E-05 1.66E+00 1.66E+00 1.14E+04 6.86E+03 

FADS1 8.58E-08 1.72E-05 2.90E-01 -3.44E+00 1.97E+01 6.80E+01 

ANXA10 9.35E-08 1.86E-05 2.20E-03 -4.54E+02 2.54E-01 1.15E+02 

LMOD1 9.80E-08 1.93E-05 5.66E-02 -1.77E+01 3.18E+00 5.62E+01 

IGKV4-1 9.89E-08 1.93E-05 3.80E-03 -2.63E+02 1.08E+00 2.85E+02 

TCIM 1.02E-07 1.97E-05 1.35E-01 -7.43E+00 9.44E+00 7.01E+01 

TMEM80 1.09E-07 2.07E-05 2.76E+00 2.76E+00 9.71E+02 3.52E+02 

IGKV1D-39 1.16E-07 2.19E-05 3.65E-03 -2.74E+02 5.58E-01 1.53E+02 

ADAM23 1.19E-07 2.23E-05 3.34E-01 -2.99E+00 4.19E+01 1.25E+02 

LYZ 1.25E-07 2.33E-05 6.31E-02 -1.58E+01 2.81E+02 4.45E+03 

RHOA 1.35E-07 2.46E-05 1.24E+00 1.24E+00 7.82E+03 6.29E+03 
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AP2A1 1.35E-07 2.46E-05 1.46E+00 1.46E+00 1.19E+03 8.15E+02 

KRTDAP 1.41E-07 2.56E-05 9.11E-02 -1.10E+01 4.20E+01 4.61E+02 

TAGLN 1.45E-07 2.60E-05 8.55E-02 -1.17E+01 2.86E+01 3.34E+02 

SYTL2 1.54E-07 2.73E-05 8.21E-02 -1.22E+01 1.60E+01 1.95E+02 

HOXA10 1.62E-07 2.85E-05 3.76E-02 -2.66E+01 9.82E-01 2.61E+01 

POU2AF1 1.66E-07 2.90E-05 6.70E-02 -1.49E+01 5.72E+00 8.54E+01 

IL33 1.89E-07 3.26E-05 1.90E-01 -5.25E+00 2.55E+01 1.34E+02 

SEMA3C 1.94E-07 3.32E-05 1.57E-01 -6.36E+00 2.36E+01 1.50E+02 

PFKP 2.05E-07 3.49E-05 1.46E+00 1.46E+00 1.60E+03 1.09E+03 

ACTA2 2.07E-07 3.49E-05 1.21E-01 -8.26E+00 2.54E+01 2.10E+02 

COL5A2 2.14E-07 3.57E-05 1.98E-01 -5.06E+00 3.35E+01 1.69E+02 

SERPINA1 2.15E-07 3.57E-05 5.54E-02 -1.81E+01 1.52E+01 2.75E+02 

MACO1 2.40E-07 3.94E-05 1.83E+00 1.83E+00 1.81E+03 9.89E+02 

AL357033.1 2.51E-07 4.09E-05 4.10E+00 4.10E+00 1.19E+02 2.90E+01 

RTP4 2.72E-07 4.37E-05 1.77E-01 -5.64E+00 7.67E+00 4.32E+01 

IGHV1-18 2.72E-07 4.37E-05 3.25E-03 -3.08E+02 2.57E-01 7.93E+01 

MCAM 2.76E-07 4.40E-05 2.04E-01 -4.91E+00 3.59E+01 1.76E+02 

GOLM1 3.02E-07 4.78E-05 7.58E-02 -1.32E+01 3.95E+01 5.21E+02 

NR2F1 3.17E-07 4.96E-05 2.08E-01 -4.80E+00 8.77E+00 4.21E+01 

IGHV5-51 3.43E-07 5.34E-05 3.05E-03 -3.27E+02 2.77E-01 9.08E+01 

VSIG1 3.57E-07 5.50E-05 2.34E-02 -4.28E+01 3.36E+00 1.44E+02 

HMGA1P1 3.59E-07 5.50E-05 1.97E+00 1.97E+00 5.96E+01 3.03E+01 

PAMR1 3.80E-07 5.78E-05 1.63E-01 -6.13E+00 3.89E+00 2.38E+01 

CPT1B 3.98E-07 6.00E-05 4.49E-01 -2.23E+00 5.92E+01 1.32E+02 

TMC5 4.06E-07 6.08E-05 6.34E-02 -1.58E+01 1.05E+01 1.65E+02 

PI15 4.13E-07 6.14E-05 2.97E-02 -3.37E+01 5.92E-01 1.99E+01 

TFF3 4.53E-07 6.68E-05 1.36E-02 -7.34E+01 1.04E+00 7.62E+01 

COL1A2 4.64E-07 6.80E-05 1.21E-01 -8.26E+00 8.34E+01 6.89E+02 

MMP2 4.67E-07 6.80E-05 1.44E-01 -6.97E+00 3.39E+01 2.36E+02 

MEG3 4.89E-07 7.06E-05 1.70E-01 -5.87E+00 1.48E+01 8.71E+01 

UBA6-AS1 5.13E-07 7.27E-05 6.36E-01 -1.57E+00 6.34E+01 9.97E+01 

SI 5.13E-07 7.27E-05 1.46E-05 -6.83E+04 5.44E-06 3.72E-01 

SELENOP 5.14E-07 7.27E-05 5.90E-01 -1.70E+00 1.36E+03 2.31E+03 

DEPDC7 5.55E-07 7.78E-05 4.95E-01 -2.02E+00 3.85E+01 7.77E+01 

CCDC127 5.65E-07 7.82E-05 1.66E+00 1.66E+00 3.83E+02 2.30E+02 

GNAS 5.65E-07 7.82E-05 1.44E+00 1.44E+00 9.27E+03 6.42E+03 

POSTN 5.83E-07 8.02E-05 7.20E-02 -1.39E+01 1.29E+01 1.80E+02 

PCBP1 6.55E-07 8.94E-05 1.56E+00 1.56E+00 7.10E+03 4.56E+03 

AC008875.3 6.63E-07 8.99E-05 1.92E-01 -5.21E+00 1.12E+01 5.83E+01 
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MEDAG 6.92E-07 9.32E-05 1.62E-01 -6.18E+00 2.96E+00 1.83E+01 

FYB1 7.19E-07 9.61E-05 2.54E-01 -3.94E+00 7.24E+01 2.85E+02 

HOOK2 7.92E-07 1.05E-04 1.61E+00 1.61E+00 1.13E+03 6.99E+02 

CTSL 8.07E-07 1.07E-04 1.81E-01 -5.53E+00 4.46E+01 2.47E+02 

MUC5B 8.18E-07 1.07E-04 5.46E-02 -1.83E+01 1.75E+01 3.20E+02 

MSMB 8.26E-07 1.08E-04 6.64E-03 -1.51E+02 1.19E-01 1.79E+01 

AC078816.1 8.64E-07 1.12E-04 1.01E+01 1.01E+01 8.60E+00 8.54E-01 

PGM5 8.69E-07 1.12E-04 1.16E-01 -8.64E+00 4.67E+00 4.03E+01 

EPHB2 8.95E-07 1.14E-04 1.20E-01 -8.35E+00 6.33E+00 5.28E+01 

BCR 9.32E-07 1.18E-04 1.49E+00 1.49E+00 1.94E+03 1.30E+03 

RNASE1 9.92E-07 1.25E-04 1.23E-01 -8.14E+00 2.31E+01 1.88E+02 

MUC13 9.98E-07 1.25E-04 2.27E-03 -4.40E+02 2.48E-01 1.09E+02 

LUM 1.04E-06 1.28E-04 1.39E-01 -7.21E+00 5.46E+01 3.94E+02 

PLEKHB1 1.04E-06 1.28E-04 5.95E-02 -1.68E+01 1.19E+00 2.00E+01 

FCRL5 1.05E-06 1.28E-04 6.30E-03 -1.59E+02 1.18E-01 1.88E+01 

IGHV3-21 1.05E-06 1.28E-04 2.00E-03 -5.00E+02 1.27E-01 6.34E+01 

KCNN4 1.06E-06 1.28E-04 1.32E-01 -7.56E+00 8.48E+00 6.41E+01 

MMP9 1.08E-06 1.31E-04 7.52E-02 -1.33E+01 3.77E+00 5.01E+01 

SPRY4 1.11E-06 1.34E-04 2.49E-01 -4.01E+00 1.66E+01 6.66E+01 

GALNT6 1.16E-06 1.39E-04 1.56E-01 -6.42E+00 3.26E+01 2.09E+02 

LURAP1L 1.19E-06 1.41E-04 1.22E-01 -8.18E+00 4.32E+00 3.53E+01 

SULT1A4 1.20E-06 1.41E-04 1.47E-01 -6.79E+00 4.03E+00 2.74E+01 

CHCHD3 1.29E-06 1.51E-04 7.23E-01 -1.38E+00 3.59E+02 4.97E+02 

PMP22 1.30E-06 1.51E-04 2.19E-01 -4.56E+00 1.83E+01 8.36E+01 

FAM155A 1.30E-06 1.51E-04 4.86E-02 -2.06E+01 2.98E-01 6.14E+00 

IQGAP2 1.31E-06 1.51E-04 1.53E-01 -6.52E+00 2.53E+01 1.65E+02 

CLEC2B 1.36E-06 1.56E-04 3.10E-01 -3.22E+00 5.52E+01 1.78E+02 

SEMA3G 1.54E-06 1.76E-04 2.50E-01 -4.01E+00 7.77E+00 3.11E+01 

KCNMA1 1.58E-06 1.79E-04 2.26E-01 -4.43E+00 1.00E+01 4.45E+01 

ABCA12 1.62E-06 1.83E-04 2.23E-01 -4.48E+00 3.93E+01 1.76E+02 

S100A7A 1.63E-06 1.83E-04 1.79E-02 -5.59E+01 1.03E+00 5.76E+01 

RETREG1 1.67E-06 1.86E-04 2.34E-01 -4.28E+00 1.37E+01 5.87E+01 

PLCB4 1.69E-06 1.88E-04 1.10E-01 -9.07E+00 3.37E+00 3.05E+01 

HOXB7 1.75E-06 1.93E-04 4.38E-02 -2.28E+01 1.07E+00 2.44E+01 

COL12A1 1.76E-06 1.93E-04 1.93E-01 -5.19E+00 4.57E+01 2.37E+02 

UBE2MP1 1.82E-06 1.98E-04 1.40E+00 1.40E+00 1.54E+02 1.10E+02 

LNX1 1.82E-06 1.98E-04 2.46E+00 2.46E+00 2.01E+03 8.16E+02 

VNN3 1.87E-06 2.02E-04 2.03E-02 -4.92E+01 1.81E-01 8.89E+00 

NID1 1.89E-06 2.03E-04 1.79E-01 -5.60E+00 1.76E+01 9.86E+01 
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HAS2 1.92E-06 2.05E-04 2.81E-02 -3.56E+01 4.67E-01 1.66E+01 

DIAPH1 1.97E-06 2.10E-04 1.51E+00 1.51E+00 4.67E+03 3.10E+03 

AL357033.4 2.00E-06 2.11E-04 3.01E+00 3.01E+00 5.55E+02 1.84E+02 

BAG6 2.04E-06 2.14E-04 1.36E+00 1.36E+00 2.27E+03 1.67E+03 

MACROH2A1 2.06E-06 2.15E-04 1.41E+00 1.41E+00 4.75E+03 3.36E+03 

HTRA3 2.19E-06 2.28E-04 7.57E-02 -1.32E+01 1.54E+00 2.04E+01 

EZR 2.21E-06 2.28E-04 1.42E+00 1.42E+00 1.14E+04 8.02E+03 

MIR31HG 2.23E-06 2.30E-04 2.76E-01 -3.62E+00 2.04E+01 7.41E+01 

CHST2 2.24E-06 2.30E-04 1.56E-01 -6.40E+00 6.99E+00 4.47E+01 

AKAP12 2.35E-06 2.40E-04 1.57E-01 -6.35E+00 6.65E+00 4.23E+01 

CPNE8 2.48E-06 2.51E-04 4.68E-01 -2.13E+00 3.94E+01 8.42E+01 

GATA6 2.60E-06 2.63E-04 2.20E-02 -4.55E+01 7.12E-01 3.24E+01 

ANPEP 2.62E-06 2.63E-04 5.96E-02 -1.68E+01 1.21E+01 2.03E+02 

ADAMTS5 2.67E-06 2.67E-04 1.11E-01 -9.01E+00 1.66E+00 1.49E+01 

MALAT1 2.70E-06 2.68E-04 4.65E-01 -2.15E+00 2.02E+04 4.35E+04 

ZBTB25 2.71E-06 2.68E-04 6.73E-01 -1.48E+00 7.42E+01 1.10E+02 

HAPLN1 2.74E-06 2.69E-04 1.99E-02 -5.03E+01 2.98E-01 1.50E+01 

INPP5A 2.83E-06 2.77E-04 1.51E+00 1.51E+00 5.63E+02 3.73E+02 

PROM1 2.90E-06 2.83E-04 7.91E-03 -1.26E+02 6.12E-01 7.74E+01 

IGHV3-49 2.92E-06 2.83E-04 2.95E-03 -3.39E+02 1.27E-01 4.30E+01 

TMC7 2.96E-06 2.85E-04 1.53E-01 -6.54E+00 3.03E+00 1.98E+01 

AC005062.1 2.97E-06 2.85E-04 4.84E+00 4.84E+00 1.34E+01 2.77E+00 

SNX9 3.03E-06 2.89E-04 2.19E+00 2.19E+00 5.36E+03 2.45E+03 

TSPAN18 3.04E-06 2.89E-04 2.50E-01 -4.01E+00 7.51E+00 3.01E+01 

CXCL12 3.21E-06 3.03E-04 2.25E-01 -4.44E+00 2.16E+01 9.61E+01 

IL20RA 3.24E-06 3.04E-04 6.75E-01 -1.48E+00 1.51E+02 2.24E+02 

KCNA2 3.24E-06 3.04E-04 2.91E-01 -3.43E+00 8.69E+00 2.98E+01 

IGHV3-7 3.50E-06 3.26E-04 6.16E-03 -1.62E+02 4.84E-01 7.87E+01 

SUSD6 3.53E-06 3.27E-04 1.95E+00 1.95E+00 2.92E+03 1.50E+03 

PGK1P2 3.53E-06 3.27E-04 1.53E+00 1.53E+00 1.26E+02 8.21E+01 

CA2 3.57E-06 3.29E-04 1.73E-01 -5.78E+00 2.17E+02 1.26E+03 

OASL 3.63E-06 3.32E-04 1.25E-01 -8.02E+00 1.15E+01 9.22E+01 

IGFBP6 3.73E-06 3.40E-04 1.85E-01 -5.40E+00 3.02E+01 1.63E+02 

CMBL 3.78E-06 3.42E-04 1.88E-01 -5.33E+00 2.55E+01 1.36E+02 

POMK 3.78E-06 3.42E-04 6.66E-01 -1.50E+00 1.71E+02 2.56E+02 

PRSS1 3.82E-06 3.43E-04 1.03E-04 -9.71E+03 1.95E-05 1.89E-01 

AL662797.1 3.84E-06 3.44E-04 4.50E+00 4.50E+00 1.07E+01 2.37E+00 

CCDC80 3.94E-06 3.51E-04 2.57E-01 -3.88E+00 5.34E+01 2.08E+02 

CTHRC1 3.99E-06 3.54E-04 4.06E-02 -2.46E+01 7.15E-01 1.76E+01 
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MMRN1 4.05E-06 3.57E-04 9.15E-02 -1.09E+01 2.81E+00 3.07E+01 

LHFPL2 4.05E-06 3.57E-04 2.31E-01 -4.32E+00 2.55E+01 1.10E+02 

PTPRH 4.20E-06 3.68E-04 4.28E-02 -2.33E+01 2.78E+00 6.50E+01 

TNIP1 4.22E-06 3.69E-04 1.58E+00 1.58E+00 4.20E+03 2.65E+03 

FREM2 4.42E-06 3.84E-04 3.16E-02 -3.17E+01 2.32E-01 7.35E+00 

TRIM31 4.61E-06 3.99E-04 2.18E-02 -4.59E+01 7.11E-01 3.27E+01 

PLCD4 4.68E-06 4.03E-04 4.62E-01 -2.17E+00 2.07E+01 4.49E+01 

CNN1 4.78E-06 4.10E-04 9.15E-03 -1.09E+02 3.83E-01 4.18E+01 

GIMAP7 4.80E-06 4.10E-04 3.44E-01 -2.91E+00 2.54E+01 7.39E+01 

FBN1 4.85E-06 4.12E-04 1.93E-01 -5.18E+00 1.60E+01 8.27E+01 

GNE 4.89E-06 4.14E-04 2.70E+00 2.70E+00 1.68E+03 6.22E+02 

CXCL6 4.94E-06 4.15E-04 2.85E-02 -3.51E+01 1.08E+00 3.78E+01 

ADAMTS15 4.94E-06 4.15E-04 1.11E-01 -8.99E+00 3.79E+00 3.41E+01 

RFTN2 5.07E-06 4.24E-04 1.83E-01 -5.46E+00 1.97E+00 1.08E+01 

SLC16A4 5.15E-06 4.29E-04 6.23E-02 -1.61E+01 7.23E-01 1.16E+01 

CHN1 5.40E-06 4.48E-04 2.32E-01 -4.31E+00 6.38E+00 2.75E+01 

COL1A1 5.51E-06 4.55E-04 1.66E-01 -6.02E+00 9.96E+01 5.99E+02 

NR1D1 5.55E-06 4.56E-04 5.00E+00 5.00E+00 1.64E+03 3.28E+02 

IGF2 5.69E-06 4.66E-04 1.47E-01 -6.82E+00 4.61E+00 3.14E+01 

CA9 5.83E-06 4.76E-04 1.43E-02 -7.00E+01 5.63E-01 3.94E+01 

AL049555.1 5.96E-06 4.83E-04 1.19E-02 -8.42E+01 5.19E-01 4.37E+01 

CARMN 5.97E-06 4.83E-04 1.85E-01 -5.42E+00 6.13E+00 3.32E+01 

ADAMTS4 6.00E-06 4.83E-04 7.27E-02 -1.38E+01 7.08E-01 9.74E+00 

TMPRSS3 6.21E-06 4.98E-04 2.65E-02 -3.77E+01 6.44E-01 2.43E+01 

DCTN1 6.26E-06 5.00E-04 1.34E+00 1.34E+00 2.15E+03 1.60E+03 

LBX2-AS1 6.30E-06 5.02E-04 1.21E-01 -8.30E+00 1.30E+00 1.08E+01 

TGFB3 6.43E-06 5.08E-04 4.19E-01 -2.39E+00 3.28E+01 7.81E+01 

CDH11 6.43E-06 5.08E-04 1.59E-01 -6.30E+00 7.70E+00 4.85E+01 

ERN2 6.64E-06 5.21E-04 1.28E-02 -7.82E+01 5.99E-01 4.68E+01 

IGHV3-48 6.66E-06 5.21E-04 3.45E-03 -2.90E+02 1.12E-01 3.24E+01 

ROR2 6.68E-06 5.21E-04 1.42E-01 -7.02E+00 3.30E+00 2.31E+01 

MYL9 6.75E-06 5.25E-04 1.76E-01 -5.68E+00 3.70E+01 2.10E+02 

QRFPR 6.81E-06 5.25E-04 3.99E-02 -2.51E+01 2.98E-01 7.48E+00 

CADPS2 6.82E-06 5.25E-04 2.86E-01 -3.50E+00 2.22E+01 7.77E+01 

MYLK 6.83E-06 5.25E-04 2.06E-01 -4.85E+00 3.58E+01 1.74E+02 

GCNT2 6.94E-06 5.31E-04 5.55E-01 -1.80E+00 9.19E+01 1.66E+02 

SAP30-DT 7.06E-06 5.39E-04 3.91E-01 -2.56E+00 4.59E+00 1.18E+01 

COL3A1 7.21E-06 5.48E-04 1.69E-01 -5.90E+00 2.51E+02 1.48E+03 

VPS52 7.31E-06 5.53E-04 1.42E+00 1.42E+00 9.84E+02 6.93E+02 
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ELF3 7.37E-06 5.56E-04 1.92E+00 1.92E+00 1.14E+04 5.95E+03 

HMGA2 7.45E-06 5.58E-04 1.27E-01 -7.89E+00 3.61E+00 2.85E+01 

PER3 7.45E-06 5.58E-04 3.08E+00 3.08E+00 1.47E+03 4.77E+02 

RNF122 7.50E-06 5.59E-04 4.55E-01 -2.20E+00 1.30E+01 2.86E+01 

WFDC2 7.52E-06 5.59E-04 2.05E-02 -4.88E+01 8.58E-01 4.19E+01 

OSMR 7.55E-06 5.59E-04 6.17E-01 -1.62E+00 1.98E+02 3.21E+02 

SLIT3 7.58E-06 5.59E-04 2.14E-01 -4.68E+00 1.04E+01 4.88E+01 

FOXD1 7.69E-06 5.65E-04 1.18E-01 -8.45E+00 1.36E+00 1.15E+01 

FOXF2 7.73E-06 5.66E-04 1.34E-01 -7.47E+00 2.83E+00 2.12E+01 

FCF1 7.81E-06 5.70E-04 8.01E-01 -1.25E+00 4.41E+02 5.51E+02 

ATP6AP1 7.84E-06 5.70E-04 1.40E+00 1.40E+00 1.66E+03 1.18E+03 

DNAJC22 8.25E-06 5.96E-04 1.86E-02 -5.38E+01 3.83E-01 2.06E+01 

PAX5 8.28E-06 5.96E-04 2.87E-02 -3.49E+01 2.32E-01 8.09E+00 

NFIL3 8.31E-06 5.96E-04 4.27E-01 -2.34E+00 1.09E+02 2.55E+02 

KRT14 8.32E-06 5.96E-04 1.41E-01 -7.09E+00 3.04E+03 2.15E+04 

MUC3A 8.38E-06 5.98E-04 4.44E-03 -2.25E+02 1.27E-01 2.85E+01 

C1S 8.40E-06 5.98E-04 2.53E-01 -3.96E+00 1.17E+02 4.63E+02 

FCGR3A 8.53E-06 6.03E-04 1.42E-01 -7.05E+00 7.85E+00 5.54E+01 

SLC7A7 8.53E-06 6.03E-04 1.69E-01 -5.90E+00 6.39E+00 3.77E+01 

RCAN2 8.61E-06 6.06E-04 2.29E-01 -4.36E+00 1.10E+01 4.79E+01 

SNX33 8.67E-06 6.08E-04 1.55E+00 1.55E+00 2.32E+03 1.50E+03 

EBF1 8.73E-06 6.10E-04 2.31E-01 -4.33E+00 4.86E+00 2.10E+01 

ELAPOR1 8.85E-06 6.16E-04 7.42E-02 -1.35E+01 6.67E+00 8.98E+01 

AL139099.1 8.91E-06 6.18E-04 4.15E+00 4.15E+00 7.83E+00 1.89E+00 

LINC01232 8.96E-06 6.20E-04 2.81E-01 -3.56E+00 6.98E+00 2.49E+01 

BAIAP2 9.21E-06 6.35E-04 1.81E+00 1.81E+00 2.56E+03 1.42E+03 

THY1 9.32E-06 6.40E-04 1.53E-01 -6.53E+00 1.34E+01 8.71E+01 

PAK4 9.43E-06 6.45E-04 1.45E+00 1.45E+00 7.51E+02 5.19E+02 

ADAMTSL4-AS1 9.44E-06 6.45E-04 2.48E+00 2.48E+00 2.16E+01 8.70E+00 

MED24 9.52E-06 6.46E-04 1.29E+00 1.29E+00 6.40E+02 4.97E+02 

CTTN 9.53E-06 6.46E-04 1.26E+00 1.26E+00 4.59E+03 3.65E+03 

YY1AP1 9.67E-06 6.54E-04 1.37E+00 1.37E+00 1.41E+03 1.03E+03 

HSD17B2 9.78E-06 6.58E-04 6.85E-02 -1.46E+01 3.18E+00 4.63E+01 

MDM2 9.89E-06 6.64E-04 8.04E-01 -1.24E+00 7.98E+02 9.94E+02 

CYSTM1 9.93E-06 6.64E-04 1.20E-01 -8.30E+00 3.45E+01 2.86E+02 

PPP2R1A 1.00E-05 6.65E-04 1.48E+00 1.48E+00 3.41E+03 2.30E+03 

CCDC68 1.00E-05 6.65E-04 1.89E-01 -5.29E+00 1.27E+01 6.71E+01 

SLC25A21 1.00E-05 6.65E-04 2.14E+00 2.14E+00 2.92E+01 1.37E+01 

MAP2K6 1.01E-05 6.66E-04 5.65E-01 -1.77E+00 1.16E+02 2.05E+02 
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FLNC 1.01E-05 6.67E-04 1.78E-01 -5.62E+00 5.87E+00 3.30E+01 

ZFYVE1 1.04E-05 6.80E-04 1.67E+00 1.67E+00 9.59E+02 5.76E+02 

UBA1 1.04E-05 6.80E-04 1.41E+00 1.41E+00 4.00E+03 2.83E+03 

KRT20 1.04E-05 6.80E-04 1.56E-02 -6.42E+01 1.39E+00 8.92E+01 

SULT1C2 1.06E-05 6.87E-04 7.27E-03 -1.38E+02 3.67E-01 5.05E+01 

CDK6 1.06E-05 6.89E-04 5.76E-01 -1.74E+00 2.88E+02 5.01E+02 

NFIB 1.07E-05 6.91E-04 6.32E-01 -1.58E+00 3.45E+02 5.45E+02 

NRCAM 1.08E-05 6.95E-04 1.73E-01 -5.77E+00 3.25E+00 1.88E+01 

TBX3 1.11E-05 7.09E-04 3.80E-01 -2.63E+00 3.28E+01 8.64E+01 

UNC13D 1.12E-05 7.17E-04 1.65E+00 1.65E+00 9.79E+02 5.95E+02 

NRP2 1.15E-05 7.32E-04 3.21E-01 -3.12E+00 3.98E+01 1.24E+02 

BCAR3 1.18E-05 7.51E-04 1.95E+00 1.95E+00 4.35E+02 2.23E+02 

BMERB1 1.20E-05 7.60E-04 1.85E-01 -5.40E+00 5.79E+00 3.13E+01 

CSNK1D 1.21E-05 7.61E-04 1.37E+00 1.37E+00 2.07E+03 1.51E+03 

TPM1 1.23E-05 7.75E-04 2.45E-01 -4.08E+00 1.08E+02 4.42E+02 

TFEC 1.24E-05 7.80E-04 2.32E-01 -4.31E+00 4.42E+00 1.91E+01 

PRUNE2 1.25E-05 7.82E-04 4.64E-02 -2.16E+01 1.22E+00 2.62E+01 

AEBP1 1.27E-05 7.90E-04 1.80E-01 -5.54E+00 1.88E+01 1.04E+02 

GSN 1.28E-05 7.93E-04 1.50E+00 1.50E+00 8.32E+03 5.54E+03 

AKR1B10 1.29E-05 7.99E-04 4.19E-01 -2.39E+00 1.33E+03 3.17E+03 

MFAP4 1.31E-05 8.12E-04 1.92E-01 -5.20E+00 2.04E+01 1.06E+02 

AC024592.2 1.32E-05 8.12E-04 2.85E+00 2.85E+00 1.52E+02 5.34E+01 

ADCY9 1.35E-05 8.24E-04 1.77E+00 1.77E+00 4.46E+02 2.52E+02 

TGM2 1.35E-05 8.24E-04 1.02E-01 -9.81E+00 9.90E+00 9.71E+01 

AC010422.3 1.36E-05 8.32E-04 4.81E-01 -2.08E+00 1.80E+01 3.73E+01 

IGLV1-40 1.40E-05 8.49E-04 8.76E-03 -1.14E+02 1.27E+00 1.45E+02 

NCAM1 1.44E-05 8.73E-04 6.80E-02 -1.47E+01 7.50E-01 1.10E+01 

TENT5C 1.45E-05 8.73E-04 1.11E-01 -9.03E+00 1.71E+01 1.54E+02 

PRDM1 1.45E-05 8.73E-04 1.90E+00 1.90E+00 3.58E+03 1.88E+03 

STK24 1.48E-05 8.87E-04 1.61E+00 1.61E+00 7.73E+03 4.80E+03 

CFH 1.49E-05 8.91E-04 2.93E-01 -3.42E+00 1.34E+02 4.58E+02 

C2orf16 1.50E-05 8.97E-04 4.25E+00 4.25E+00 7.72E+01 1.82E+01 

USP11 1.56E-05 9.27E-04 1.40E+00 1.40E+00 3.02E+02 2.15E+02 

RARRES1 1.58E-05 9.37E-04 3.13E-02 -3.20E+01 6.13E-01 1.96E+01 

TMEM127 1.59E-05 9.40E-04 1.58E+00 1.58E+00 2.81E+03 1.78E+03 

KAZALD1 1.59E-05 9.40E-04 2.11E-01 -4.74E+00 6.97E+00 3.31E+01 

RAB7A 1.61E-05 9.46E-04 1.31E+00 1.31E+00 4.27E+03 3.27E+03 

IGFBP7 1.62E-05 9.49E-04 3.28E-01 -3.05E+00 8.73E+01 2.66E+02 

SNAP29 1.64E-05 9.57E-04 1.36E+00 1.36E+00 7.49E+02 5.49E+02 
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MIR100HG 1.65E-05 9.60E-04 3.72E-01 -2.69E+00 2.23E+01 5.99E+01 

AC024560.5 1.66E-05 9.63E-04 5.40E+00 5.40E+00 8.47E+00 1.57E+00 

SERTAD2 1.66E-05 9.65E-04 1.90E+00 1.90E+00 2.54E+03 1.34E+03 

CXCL14 1.68E-05 9.69E-04 3.65E-01 -2.74E+00 6.96E+02 1.91E+03 

TCF4 1.68E-05 9.70E-04 6.22E-01 -1.61E+00 2.58E+02 4.15E+02 

ERH 1.70E-05 9.72E-04 7.01E-01 -1.43E+00 5.82E+02 8.30E+02 

SLC4A7 1.70E-05 9.72E-04 5.44E-01 -1.84E+00 1.16E+02 2.14E+02 

ADRA2A 1.71E-05 9.74E-04 1.45E-01 -6.87E+00 4.47E+00 3.07E+01 

VCAM1 1.71E-05 9.74E-04 1.60E-01 -6.25E+00 6.54E+00 4.09E+01 

SMARCA4 1.72E-05 9.77E-04 1.51E+00 1.51E+00 3.03E+03 2.00E+03 

CACNA1C 1.72E-05 9.77E-04 2.43E-01 -4.11E+00 5.33E+00 2.19E+01 

COL4A6 1.73E-05 9.79E-04 2.47E-01 -4.05E+00 8.00E+00 3.24E+01 

JAM2 1.76E-05 9.90E-04 4.00E-01 -2.50E+00 2.53E+01 6.33E+01 

RELA 1.80E-05 1.01E-03 1.27E+00 1.27E+00 9.39E+02 7.38E+02 

MIA 1.81E-05 1.02E-03 1.94E-02 -5.15E+01 1.81E-01 9.32E+00 

MAB21L1 1.84E-05 1.03E-03 3.44E-02 -2.90E+01 1.81E-01 5.25E+00 

RAB20 1.84E-05 1.03E-03 1.32E-01 -7.58E+00 6.14E+00 4.66E+01 

NNMT 1.85E-05 1.03E-03 9.38E-02 -1.07E+01 2.39E+00 2.55E+01 

LPCAT1 1.87E-05 1.04E-03 2.89E-01 -3.46E+00 6.30E+01 2.18E+02 

MSRB3 1.88E-05 1.04E-03 2.34E-01 -4.28E+00 1.50E+01 6.44E+01 

ADAMTS1 1.88E-05 1.04E-03 2.49E-01 -4.01E+00 2.15E+01 8.61E+01 

MLPH 1.91E-05 1.05E-03 1.55E-01 -6.43E+00 2.58E+01 1.66E+02 

TEK 1.96E-05 1.07E-03 3.36E-01 -2.98E+00 1.20E+01 3.57E+01 

F5 1.96E-05 1.07E-03 4.90E-02 -2.04E+01 1.11E+00 2.27E+01 

IFNE 1.97E-05 1.07E-03 2.25E-01 -4.44E+00 3.87E+00 1.72E+01 

HOXD8 1.97E-05 1.07E-03 4.18E-01 -2.39E+00 5.86E+00 1.40E+01 

AL136084.1 1.99E-05 1.08E-03 7.90E+00 7.90E+00 1.54E+01 1.95E+00 

SEL1L3 2.02E-05 1.09E-03 2.18E-01 -4.60E+00 6.59E+01 3.03E+02 

CD200 2.05E-05 1.10E-03 2.86E-01 -3.49E+00 5.95E+00 2.08E+01 

PRSS12 2.07E-05 1.12E-03 4.97E-01 -2.01E+00 6.12E+01 1.23E+02 

CTNNA1 2.09E-05 1.12E-03 1.45E+00 1.45E+00 1.06E+04 7.25E+03 

FKBP5 2.09E-05 1.12E-03 1.81E+00 1.81E+00 7.96E+02 4.40E+02 

MROH6 2.16E-05 1.15E-03 2.40E+00 2.40E+00 1.59E+03 6.62E+02 

EMILIN1 2.22E-05 1.18E-03 1.69E-01 -5.93E+00 1.15E+01 6.85E+01 

ANTXR2 2.24E-05 1.19E-03 2.10E-01 -4.75E+00 2.08E+01 9.89E+01 

PROCR 2.28E-05 1.20E-03 2.97E-01 -3.36E+00 1.31E+01 4.40E+01 

CRY2 2.29E-05 1.21E-03 1.59E+00 1.59E+00 3.58E+02 2.24E+02 

PITX2 2.33E-05 1.23E-03 1.70E-01 -5.90E+00 4.82E+00 2.84E+01 

ARHGEF18 2.35E-05 1.23E-03 1.53E+00 1.53E+00 1.36E+03 8.87E+02 
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CFAP251 2.37E-05 1.24E-03 2.09E-01 -4.79E+00 5.26E+00 2.52E+01 

ZEB2 2.43E-05 1.27E-03 2.38E-01 -4.20E+00 3.01E+01 1.26E+02 

MMP7 2.49E-05 1.30E-03 2.20E-02 -4.55E+01 1.09E+00 4.95E+01 

ZFP36 2.54E-05 1.32E-03 2.12E+00 2.12E+00 5.43E+03 2.57E+03 

TTC7A 2.66E-05 1.38E-03 1.38E+00 1.38E+00 1.02E+03 7.43E+02 

B3GAT2 2.68E-05 1.39E-03 2.95E+00 2.95E+00 1.89E+01 6.40E+00 

AC007191.1 2.73E-05 1.41E-03 3.53E-01 -2.83E+00 5.26E+00 1.49E+01 

TESC 2.76E-05 1.42E-03 9.14E-02 -1.09E+01 2.84E+00 3.11E+01 

CCDC85C 2.77E-05 1.42E-03 1.55E+00 1.55E+00 1.75E+03 1.12E+03 

SHH 2.78E-05 1.42E-03 1.81E-02 -5.53E+01 2.32E-01 1.28E+01 

GRN 2.80E-05 1.43E-03 1.65E+00 1.65E+00 9.14E+03 5.55E+03 

GJC1 2.84E-05 1.45E-03 2.56E-01 -3.91E+00 7.28E+00 2.85E+01 

FEZ1 2.85E-05 1.45E-03 1.41E-01 -7.07E+00 2.83E+00 2.00E+01 

PNPLA6 2.87E-05 1.45E-03 1.54E+00 1.54E+00 8.53E+02 5.55E+02 

KCNK3 2.89E-05 1.46E-03 7.70E-02 -1.30E+01 7.59E-01 9.86E+00 

LINC00294 2.97E-05 1.50E-03 6.34E-01 -1.58E+00 5.95E+01 9.40E+01 

ASRGL1 2.99E-05 1.51E-03 9.83E-02 -1.02E+01 2.35E+00 2.39E+01 

TICAM1 3.01E-05 1.51E-03 2.20E+00 2.20E+00 1.79E+03 8.14E+02 

AL357033.3 3.01E-05 1.51E-03 3.07E+00 3.07E+00 6.96E+01 2.26E+01 

TMEM140 3.03E-05 1.51E-03 1.60E-01 -6.27E+00 5.08E+00 3.19E+01 

CELSR1 3.05E-05 1.52E-03 1.88E+00 1.88E+00 2.81E+03 1.50E+03 

PCDH18 3.06E-05 1.52E-03 2.89E-01 -3.46E+00 1.63E+01 5.64E+01 

WFDC1 3.08E-05 1.53E-03 1.33E-01 -7.50E+00 2.67E+00 2.01E+01 

F2R 3.13E-05 1.54E-03 3.06E-01 -3.26E+00 2.54E+01 8.29E+01 

RWDD3 3.14E-05 1.54E-03 6.69E-01 -1.49E+00 4.31E+01 6.43E+01 

PER2 3.14E-05 1.54E-03 1.94E+00 1.94E+00 5.48E+02 2.83E+02 

SERPINB4 3.15E-05 1.54E-03 2.85E-01 -3.51E+00 1.75E+03 6.13E+03 

SRSF2 3.15E-05 1.54E-03 1.20E+00 1.20E+00 2.25E+03 1.86E+03 

SPINT1 3.16E-05 1.54E-03 1.79E+00 1.79E+00 9.06E+03 5.07E+03 

COL6A3 3.21E-05 1.56E-03 1.93E-01 -5.18E+00 7.91E+01 4.09E+02 

LGALS1 3.22E-05 1.56E-03 2.75E-01 -3.64E+00 6.32E+01 2.30E+02 

GNG11 3.24E-05 1.57E-03 3.62E-01 -2.76E+00 2.57E+01 7.10E+01 

IFI44L 3.24E-05 1.57E-03 1.97E-01 -5.07E+00 1.34E+01 6.77E+01 

CSGALNACT1 3.26E-05 1.57E-03 2.66E-01 -3.75E+00 1.86E+01 6.99E+01 

CASK 3.27E-05 1.57E-03 6.72E-01 -1.49E+00 3.49E+02 5.19E+02 

FGF10 3.29E-05 1.58E-03 3.86E-02 -2.59E+01 2.98E-01 7.72E+00 

KIZ 3.29E-05 1.58E-03 5.10E-01 -1.96E+00 7.83E+01 1.53E+02 

PGPEP1 3.33E-05 1.59E-03 3.13E-01 -3.19E+00 3.52E+01 1.12E+02 

TMEM176A 3.35E-05 1.60E-03 1.57E-01 -6.37E+00 8.53E+00 5.43E+01 
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MYO1D 3.36E-05 1.60E-03 1.37E+00 1.37E+00 2.25E+03 1.65E+03 

FER1L4 3.41E-05 1.62E-03 1.53E-01 -6.54E+00 1.25E+01 8.16E+01 

DOCK11 3.43E-05 1.62E-03 3.41E-01 -2.93E+00 2.71E+01 7.94E+01 

EDN2 3.49E-05 1.65E-03 4.84E+00 4.84E+00 3.57E+02 7.37E+01 

ABHD12 3.54E-05 1.67E-03 1.63E+00 1.63E+00 1.28E+03 7.85E+02 

PNPLA1 3.55E-05 1.67E-03 3.53E-02 -2.83E+01 1.81E-01 5.13E+00 

AC025171.1 3.57E-05 1.67E-03 2.82E-01 -3.54E+00 7.81E+00 2.77E+01 

HOXA9 3.58E-05 1.67E-03 1.33E-01 -7.49E+00 5.28E+00 3.96E+01 

CCNA1 3.63E-05 1.69E-03 3.47E-02 -2.88E+01 2.98E-01 8.60E+00 

SPECC1 3.66E-05 1.70E-03 1.88E+00 1.88E+00 9.65E+02 5.13E+02 

SAA1 3.70E-05 1.72E-03 6.30E-02 -1.59E+01 1.92E+00 3.04E+01 

TMEM45A 3.72E-05 1.72E-03 3.23E-01 -3.09E+00 5.85E+01 1.81E+02 

ZSCAN31 3.75E-05 1.74E-03 5.21E-01 -1.92E+00 1.25E+02 2.39E+02 

SERPINA4 3.78E-05 1.74E-03 3.65E-04 -2.74E+03 2.92E-06 8.00E-03 

RECQL4 3.81E-05 1.75E-03 2.80E+00 2.80E+00 5.66E+02 2.02E+02 

AC027290.1 3.82E-05 1.75E-03 8.71E+00 8.71E+00 8.53E+00 9.79E-01 

ANXA11 3.83E-05 1.76E-03 1.75E+00 1.75E+00 7.10E+03 4.07E+03 

HTRA1 3.85E-05 1.76E-03 3.96E-01 -2.53E+00 5.50E+01 1.39E+02 

PRAP1 3.85E-05 1.76E-03 1.05E-04 -9.53E+03 1.46E-05 1.39E-01 

ANXA2R 3.88E-05 1.76E-03 2.44E-01 -4.09E+00 3.18E+00 1.30E+01 

IGF1 3.95E-05 1.80E-03 1.87E-01 -5.33E+00 5.45E+00 2.91E+01 

NAGA 3.99E-05 1.81E-03 1.29E+00 1.29E+00 3.86E+02 3.00E+02 

LRRC32 4.00E-05 1.81E-03 2.31E-01 -4.34E+00 8.59E+00 3.73E+01 

FCN1 4.01E-05 1.81E-03 6.48E-02 -1.54E+01 1.18E+00 1.82E+01 

RENBP 4.04E-05 1.82E-03 1.01E-01 -9.90E+00 1.19E+00 1.17E+01 

VCAN 4.12E-05 1.85E-03 1.22E-01 -8.19E+00 1.23E+01 1.01E+02 

AC018557.1 4.13E-05 1.85E-03 3.72E+00 3.72E+00 1.19E+01 3.19E+00 

TMEM263 4.13E-05 1.85E-03 3.74E-01 -2.68E+00 6.22E+01 1.67E+02 

GDPD5 4.16E-05 1.86E-03 2.10E-01 -4.76E+00 2.52E+00 1.20E+01 

VASN 4.18E-05 1.86E-03 2.25E+00 2.25E+00 1.01E+03 4.48E+02 

CCND1 4.19E-05 1.86E-03 1.57E+00 1.57E+00 5.00E+03 3.19E+03 

FAM13C 4.20E-05 1.86E-03 5.05E-01 -1.98E+00 2.64E+01 5.22E+01 

CLEC7A 4.22E-05 1.87E-03 3.51E-01 -2.85E+00 5.77E+01 1.65E+02 

RMRP 4.24E-05 1.87E-03 2.32E-01 -4.31E+00 6.70E+00 2.89E+01 

AC025171.4 4.28E-05 1.88E-03 8.14E-02 -1.23E+01 2.32E-01 2.85E+00 

TIMP1 4.60E-05 2.02E-03 2.28E-01 -4.39E+00 6.34E+01 2.78E+02 

PIP5K1B 4.64E-05 2.03E-03 1.05E-01 -9.57E+00 3.25E+00 3.11E+01 

ACOT11 4.70E-05 2.05E-03 1.51E+00 1.51E+00 7.28E+02 4.82E+02 

CES1 4.72E-05 2.06E-03 5.24E+00 5.24E+00 3.38E+03 6.45E+02 
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TMEM176B 4.73E-05 2.06E-03 1.86E-01 -5.38E+00 1.90E+01 1.02E+02 

CDS2 4.74E-05 2.06E-03 7.49E-01 -1.33E+00 2.72E+02 3.63E+02 

KCTD21 4.77E-05 2.07E-03 1.32E+00 1.32E+00 3.94E+02 2.99E+02 

HMOX1 4.82E-05 2.08E-03 2.20E+00 2.20E+00 1.69E+03 7.66E+02 

DTX2 4.88E-05 2.11E-03 1.87E+00 1.87E+00 1.87E+03 1.00E+03 

BCAT1 4.91E-05 2.11E-03 1.66E-01 -6.01E+00 1.50E+01 9.03E+01 

ZBTB20 4.93E-05 2.12E-03 4.59E-01 -2.18E+00 6.17E+01 1.34E+02 

TIPARP 4.99E-05 2.14E-03 1.74E+00 1.74E+00 1.68E+03 9.66E+02 

FBLIM1 5.05E-05 2.15E-03 4.60E-01 -2.17E+00 1.85E+02 4.02E+02 

SPDEF 5.05E-05 2.15E-03 1.78E-02 -5.61E+01 2.32E-01 1.30E+01 

UBE2R2 5.06E-05 2.15E-03 1.36E+00 1.36E+00 1.65E+03 1.22E+03 

TTC7B 5.07E-05 2.15E-03 3.70E-01 -2.70E+00 1.30E+01 3.51E+01 

TRIP10 5.08E-05 2.15E-03 2.03E+00 2.03E+00 7.38E+03 3.63E+03 

TFPI 5.08E-05 2.15E-03 3.35E-01 -2.98E+00 3.31E+01 9.86E+01 

AC005261.1 5.17E-05 2.18E-03 6.29E-01 -1.59E+00 1.77E+02 2.81E+02 

MISP 5.23E-05 2.21E-03 6.24E-02 -1.60E+01 5.06E+00 8.10E+01 

CTSC 5.28E-05 2.22E-03 5.00E-01 -2.00E+00 5.80E+02 1.16E+03 

AIFM2 5.29E-05 2.22E-03 2.15E+00 2.15E+00 7.01E+02 3.26E+02 

DEAF1 5.29E-05 2.22E-03 1.60E+00 1.60E+00 4.72E+02 2.95E+02 

HNF4G 5.31E-05 2.22E-03 1.49E-01 -6.72E+00 5.84E+00 3.93E+01 

LMO7 5.35E-05 2.23E-03 2.08E+00 2.08E+00 1.73E+04 8.30E+03 

GJA4 5.36E-05 2.23E-03 2.41E-01 -4.15E+00 3.77E+00 1.56E+01 

RAMP3 5.40E-05 2.24E-03 2.78E-01 -3.60E+00 1.50E+01 5.38E+01 

GDA 5.41E-05 2.24E-03 8.66E-02 -1.15E+01 1.86E+00 2.14E+01 

PXDN 5.43E-05 2.25E-03 2.46E-01 -4.06E+00 2.24E+01 9.11E+01 

TNFRSF10B 5.50E-05 2.27E-03 5.43E-01 -1.84E+00 1.52E+02 2.80E+02 

SH3TC1 5.52E-05 2.27E-03 1.90E+00 1.90E+00 6.19E+02 3.26E+02 

FBLN5 5.56E-05 2.28E-03 2.00E-01 -5.00E+00 5.43E+00 2.71E+01 

C8orf82 5.56E-05 2.28E-03 2.05E+00 2.05E+00 5.41E+02 2.64E+02 

FSTL1 5.58E-05 2.28E-03 3.29E-01 -3.04E+00 1.28E+02 3.88E+02 

LRP10 5.64E-05 2.30E-03 1.49E+00 1.49E+00 8.32E+03 5.58E+03 

HNF4A 5.73E-05 2.34E-03 2.98E-02 -3.36E+01 1.02E+00 3.43E+01 

SGCE 5.79E-05 2.35E-03 1.11E-01 -9.00E+00 1.54E+00 1.38E+01 

INSYN1-AS1 5.80E-05 2.35E-03 3.25E+00 3.25E+00 1.30E+01 3.98E+00 

NFKBIA 5.80E-05 2.35E-03 1.92E+00 1.92E+00 2.87E+03 1.50E+03 

TRIM58 5.80E-05 2.35E-03 1.26E-01 -7.95E+00 1.56E+00 1.24E+01 

PLCE1 5.81E-05 2.35E-03 2.62E-01 -3.82E+00 1.56E+01 5.97E+01 

MED25 5.87E-05 2.37E-03 1.35E+00 1.35E+00 6.28E+02 4.67E+02 

FRZB 5.89E-05 2.37E-03 1.73E-01 -5.78E+00 2.43E+00 1.40E+01 
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SCNN1A 5.90E-05 2.37E-03 1.51E+00 1.51E+00 3.99E+03 2.65E+03 

PFKL 5.91E-05 2.37E-03 1.50E+00 1.50E+00 3.25E+03 2.17E+03 

ETF1 5.98E-05 2.39E-03 1.34E+00 1.34E+00 3.81E+03 2.85E+03 

MAP1S 6.04E-05 2.41E-03 2.31E+00 2.31E+00 2.09E+02 9.06E+01 

CTNNAL1 6.08E-05 2.42E-03 2.38E+00 2.38E+00 1.08E+03 4.53E+02 

DNM2 6.10E-05 2.42E-03 1.38E+00 1.38E+00 2.63E+03 1.91E+03 

ABALON 6.13E-05 2.43E-03 4.07E+00 4.07E+00 6.97E+00 1.71E+00 

AL158206.1 6.19E-05 2.45E-03 3.38E-01 -2.96E+00 3.51E+01 1.04E+02 

ACTN4P1 6.26E-05 2.47E-03 1.72E+00 1.72E+00 6.60E+01 3.84E+01 

PLAUR 6.29E-05 2.48E-03 1.52E-01 -6.57E+00 1.71E+01 1.12E+02 

DDR2 6.35E-05 2.50E-03 2.69E-01 -3.71E+00 2.32E+01 8.60E+01 

WWP2 6.36E-05 2.50E-03 1.34E+00 1.34E+00 9.18E+02 6.84E+02 

KIF3C 6.40E-05 2.51E-03 5.11E-01 -1.96E+00 2.14E+01 4.18E+01 

SYT13 6.48E-05 2.54E-03 2.55E-02 -3.92E+01 2.32E-01 9.11E+00 

DTX2P1 6.52E-05 2.54E-03 2.54E+00 2.54E+00 7.19E+01 2.83E+01 

FHL1 6.53E-05 2.55E-03 2.69E-01 -3.72E+00 3.23E+01 1.20E+02 

HABP2 6.57E-05 2.55E-03 1.26E-02 -7.92E+01 1.81E-01 1.43E+01 

MYO1A 6.60E-05 2.56E-03 4.66E-02 -2.15E+01 1.45E+00 3.11E+01 

QRICH1 6.63E-05 2.57E-03 1.27E+00 1.27E+00 8.32E+02 6.56E+02 

SH3GL1 6.65E-05 2.57E-03 1.81E+00 1.81E+00 5.36E+03 2.96E+03 

PGDP1 6.82E-05 2.63E-03 1.77E+00 1.77E+00 9.77E+01 5.53E+01 

CXCL9 6.85E-05 2.64E-03 1.51E-01 -6.64E+00 1.02E+01 6.76E+01 

CREB3L1 6.88E-05 2.65E-03 4.63E-02 -2.16E+01 3.44E+00 7.43E+01 

AL359922.3 6.90E-05 2.65E-03 3.16E-01 -3.16E+00 3.49E+00 1.10E+01 

NEDD4L 6.99E-05 2.68E-03 1.80E+00 1.80E+00 7.86E+02 4.36E+02 

P2RX4 7.00E-05 2.68E-03 3.10E-01 -3.23E+00 2.23E+01 7.19E+01 

NCK2 7.04E-05 2.69E-03 1.63E+00 1.63E+00 2.55E+03 1.57E+03 

SEC14L1 7.09E-05 2.70E-03 1.71E+00 1.71E+00 1.79E+03 1.05E+03 

TNFSF18 7.15E-05 2.72E-03 5.80E-02 -1.72E+01 2.04E+00 3.52E+01 

ATP6V0A4 7.24E-05 2.74E-03 2.77E+00 2.77E+00 4.21E+02 1.52E+02 

SLC7A11 7.25E-05 2.74E-03 3.13E-01 -3.20E+00 5.11E+01 1.63E+02 

KIAA1191 7.31E-05 2.76E-03 1.34E+00 1.34E+00 1.54E+03 1.15E+03 

CGAS 7.47E-05 2.81E-03 4.30E-01 -2.33E+00 2.93E+01 6.83E+01 

DACH1 7.47E-05 2.81E-03 1.23E-01 -8.14E+00 1.45E+00 1.18E+01 

ECM2 7.50E-05 2.82E-03 2.30E-01 -4.34E+00 3.87E+00 1.68E+01 

AC025171.2 7.62E-05 2.86E-03 4.39E-01 -2.28E+00 1.28E+01 2.92E+01 

OTUD5 7.69E-05 2.87E-03 1.28E+00 1.28E+00 6.38E+02 4.97E+02 

FAM30A 7.70E-05 2.87E-03 3.16E-02 -3.17E+01 7.72E-01 2.44E+01 

AC003681.1 7.71E-05 2.87E-03 3.96E+00 3.96E+00 1.81E+01 4.56E+00 
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CLDN10 7.72E-05 2.87E-03 4.30E+00 4.30E+00 2.46E+02 5.72E+01 

LILRB2 7.72E-05 2.87E-03 1.33E-01 -7.51E+00 2.95E+00 2.22E+01 

EGLN3 7.77E-05 2.88E-03 1.75E+00 1.75E+00 9.95E+02 5.70E+02 

AC093484.3 7.79E-05 2.88E-03 3.33E+00 3.33E+00 8.35E+00 2.51E+00 

ITGA8 7.80E-05 2.88E-03 2.40E-01 -4.16E+00 1.33E+01 5.55E+01 

ATP6V1H 7.82E-05 2.89E-03 1.28E+00 1.28E+00 7.91E+02 6.17E+02 

CAPN5 7.93E-05 2.92E-03 1.90E+00 1.90E+00 2.73E+03 1.44E+03 

CAPN1 7.94E-05 2.92E-03 1.56E+00 1.56E+00 9.96E+03 6.40E+03 

CAPN2 8.01E-05 2.94E-03 1.40E+00 1.40E+00 7.26E+03 5.18E+03 

TPM2 8.10E-05 2.96E-03 2.77E-01 -3.61E+00 6.87E+01 2.48E+02 

NUP42 8.11E-05 2.96E-03 7.58E-01 -1.32E+00 1.31E+02 1.73E+02 

TPSB2 8.12E-05 2.96E-03 3.37E-01 -2.97E+00 4.38E+01 1.30E+02 

HKDC1 8.29E-05 3.02E-03 7.63E-02 -1.31E+01 1.31E+00 1.71E+01 

COL4A2 8.30E-05 3.02E-03 3.04E-01 -3.29E+00 9.80E+01 3.22E+02 

CAPNS1 8.37E-05 3.03E-03 1.44E+00 1.44E+00 5.88E+03 4.07E+03 

PHLDB3 8.39E-05 3.03E-03 1.94E+00 1.94E+00 9.03E+02 4.65E+02 

AMBRA1 8.39E-05 3.03E-03 1.47E+00 1.47E+00 5.50E+02 3.75E+02 

DZIP1 8.41E-05 3.03E-03 4.03E-01 -2.48E+00 2.17E+01 5.40E+01 

KCNG1 8.45E-05 3.04E-03 2.09E+00 2.09E+00 1.48E+02 7.09E+01 

AC006141.1 8.52E-05 3.06E-03 2.34E-01 -4.27E+00 3.48E+00 1.49E+01 

BHLHE40 8.65E-05 3.10E-03 1.59E+00 1.59E+00 5.99E+03 3.77E+03 

CD163 8.75E-05 3.13E-03 2.31E-01 -4.34E+00 1.15E+01 4.98E+01 

HMOX2 8.76E-05 3.13E-03 1.55E+00 1.55E+00 1.66E+03 1.07E+03 

OLFML1 8.81E-05 3.15E-03 1.14E-01 -8.74E+00 1.29E+00 1.13E+01 

HOXA10-AS 8.83E-05 3.15E-03 3.50E-02 -2.86E+01 2.32E-01 6.63E+00 

SFXN3 8.88E-05 3.16E-03 4.81E-01 -2.08E+00 5.43E+01 1.13E+02 

ALG6 8.91E-05 3.17E-03 7.75E-01 -1.29E+00 1.26E+02 1.62E+02 

CEP290 8.96E-05 3.18E-03 5.06E-01 -1.98E+00 7.28E+01 1.44E+02 

ZG16B 8.99E-05 3.18E-03 8.93E-02 -1.12E+01 5.95E+00 6.67E+01 

ADGRF5 9.05E-05 3.19E-03 4.57E-01 -2.19E+00 4.33E+01 9.47E+01 

AC011497.2 9.06E-05 3.19E-03 1.87E+00 1.87E+00 3.38E+02 1.81E+02 

CDC42SE2 9.12E-05 3.21E-03 5.35E-01 -1.87E+00 1.95E+02 3.65E+02 

REP15 9.13E-05 3.21E-03 2.17E-01 -4.62E+00 6.61E+00 3.05E+01 

ANK1 9.20E-05 3.23E-03 1.85E-01 -5.40E+00 4.03E+00 2.18E+01 

SCARA5 9.41E-05 3.29E-03 2.07E-02 -4.84E+01 1.81E-01 8.75E+00 

AC016747.1 9.51E-05 3.32E-03 5.19E-01 -1.93E+00 1.77E+01 3.40E+01 

ZCCHC9 9.55E-05 3.33E-03 8.01E-01 -1.25E+00 2.48E+02 3.10E+02 

RFTN1 9.63E-05 3.35E-03 3.10E-01 -3.22E+00 2.72E+01 8.78E+01 

CD38 9.64E-05 3.35E-03 5.00E-01 -2.00E+00 3.82E+01 7.64E+01 



241 
 

ADAMDEC1 9.68E-05 3.36E-03 1.19E-01 -8.39E+00 1.74E+00 1.46E+01 

MT-ND6 9.70E-05 3.36E-03 2.25E+00 2.25E+00 5.66E+02 2.51E+02 

MAFF 9.70E-05 3.36E-03 2.20E+00 2.20E+00 2.55E+03 1.16E+03 

PLA2G2F 9.72E-05 3.36E-03 3.28E-02 -3.04E+01 2.32E-01 7.07E+00 

ZER1 1.00E-04 3.46E-03 1.30E+00 1.30E+00 6.80E+02 5.22E+02 

C4B 1.01E-04 3.48E-03 2.34E-01 -4.27E+00 1.01E+01 4.33E+01 

ZFAND3 1.01E-04 3.48E-03 1.26E+00 1.26E+00 1.06E+03 8.41E+02 

AP2A2 1.01E-04 3.48E-03 1.24E+00 1.24E+00 5.41E+02 4.38E+02 

ITGA5 1.02E-04 3.49E-03 2.84E-01 -3.52E+00 3.52E+01 1.24E+02 

NT5E 1.04E-04 3.54E-03 1.84E-01 -5.42E+00 1.48E+01 8.04E+01 

NMNAT3 1.04E-04 3.54E-03 5.53E-01 -1.81E+00 2.74E+01 4.96E+01 

STRN4 1.04E-04 3.54E-03 1.32E+00 1.32E+00 1.01E+03 7.69E+02 

DEFB103A 1.05E-04 3.58E-03 9.29E-02 -1.08E+01 5.08E+00 5.46E+01 

COA1 1.06E-04 3.60E-03 8.42E-01 -1.19E+00 2.52E+02 2.99E+02 

FAM214B 1.06E-04 3.60E-03 1.60E+00 1.60E+00 7.41E+02 4.62E+02 

LIMD1-AS1 1.07E-04 3.60E-03 2.38E+00 2.38E+00 8.38E+00 3.52E+00 

RAB6B 1.07E-04 3.60E-03 2.35E+00 2.35E+00 1.39E+02 5.94E+01 

RFLNA 1.08E-04 3.63E-03 3.82E-02 -2.62E+01 1.28E+00 3.34E+01 

MTDH 1.08E-04 3.63E-03 8.37E-01 -1.19E+00 1.89E+03 2.26E+03 

CCRL2 1.08E-04 3.63E-03 6.88E-02 -1.45E+01 1.40E+00 2.03E+01 

CERS6-AS1 1.09E-04 3.65E-03 2.87E+00 2.87E+00 1.82E+01 6.33E+00 

PECAM1 1.09E-04 3.65E-03 3.15E-01 -3.17E+00 1.31E+02 4.16E+02 

FRMD8P1 1.09E-04 3.65E-03 2.34E+00 2.34E+00 1.05E+01 4.46E+00 

HGF 1.10E-04 3.67E-03 9.61E-02 -1.04E+01 1.28E+00 1.33E+01 

PAXIP1-AS2 1.10E-04 3.68E-03 5.34E-01 -1.87E+00 3.20E+01 5.99E+01 

FER1L6 1.11E-04 3.71E-03 1.28E-01 -7.81E+00 1.20E+01 9.38E+01 

ZNF214 1.12E-04 3.72E-03 4.93E-01 -2.03E+00 1.23E+01 2.50E+01 

ATP12A 1.12E-04 3.72E-03 3.86E+00 3.86E+00 8.88E+02 2.30E+02 

PTBP2 1.12E-04 3.72E-03 6.79E-01 -1.47E+00 7.01E+01 1.03E+02 

ADIPOR2 1.13E-04 3.74E-03 1.67E+00 1.67E+00 3.72E+03 2.23E+03 

DDX60 1.14E-04 3.75E-03 2.56E-01 -3.90E+00 6.85E+01 2.67E+02 

RSPO3 1.14E-04 3.75E-03 2.64E-02 -3.79E+01 1.81E-01 6.85E+00 

LINC00888 1.14E-04 3.75E-03 1.12E-01 -8.90E+00 8.29E-01 7.37E+00 

EHD4 1.14E-04 3.75E-03 1.44E+00 1.44E+00 1.02E+03 7.08E+02 

NR2F2 1.15E-04 3.76E-03 3.89E-01 -2.57E+00 5.27E+01 1.35E+02 

PLN 1.15E-04 3.78E-03 3.36E-02 -2.98E+01 2.98E-01 8.87E+00 

IFIT3 1.16E-04 3.78E-03 2.64E-01 -3.78E+00 5.64E+01 2.13E+02 

NEGR1 1.16E-04 3.79E-03 1.88E-01 -5.31E+00 3.19E+00 1.69E+01 

RAB3C 1.17E-04 3.80E-03 4.22E-02 -2.37E+01 2.32E-01 5.50E+00 



242 
 

PMEPA1 1.17E-04 3.82E-03 3.02E-01 -3.31E+00 3.41E+01 1.13E+02 

TPBG 1.18E-04 3.82E-03 6.43E-01 -1.56E+00 1.67E+02 2.60E+02 

CDH6 1.20E-04 3.90E-03 2.35E-01 -4.25E+00 6.61E+00 2.81E+01 

CLDN5 1.21E-04 3.93E-03 3.74E-01 -2.67E+00 1.24E+01 3.32E+01 

TECR 1.23E-04 3.96E-03 1.62E+00 1.62E+00 3.13E+03 1.93E+03 

AC114546.3 1.25E-04 4.04E-03 3.16E+00 3.16E+00 2.21E+01 6.98E+00 

SERPING1 1.26E-04 4.04E-03 2.20E-01 -4.55E+00 4.61E+01 2.10E+02 

HSPA2 1.27E-04 4.08E-03 2.10E+00 2.10E+00 1.43E+03 6.83E+02 

THSD7A 1.27E-04 4.08E-03 3.62E-01 -2.77E+00 6.00E+00 1.66E+01 

FERMT2 1.27E-04 4.09E-03 2.72E-01 -3.68E+00 1.35E+01 4.98E+01 

PIP5K1C 1.29E-04 4.12E-03 1.52E+00 1.52E+00 7.15E+02 4.70E+02 

FILIP1 1.30E-04 4.15E-03 1.96E-01 -5.11E+00 2.99E+00 1.53E+01 

ACTG1 1.31E-04 4.18E-03 1.61E+00 1.61E+00 5.59E+04 3.48E+04 

GORASP1 1.32E-04 4.22E-03 1.23E+00 1.23E+00 6.89E+02 5.60E+02 

SMPD1 1.33E-04 4.22E-03 1.54E+00 1.54E+00 5.18E+02 3.37E+02 

CAPN8 1.34E-04 4.26E-03 4.95E-02 -2.02E+01 3.15E+00 6.37E+01 

ARHGAP27 1.35E-04 4.26E-03 1.81E+00 1.81E+00 4.68E+03 2.59E+03 

MAP1A 1.35E-04 4.26E-03 1.72E-01 -5.83E+00 2.34E+00 1.36E+01 

UCKL1-AS1 1.36E-04 4.28E-03 2.05E+00 2.05E+00 7.64E+01 3.72E+01 

SLCO4A1-AS1 1.36E-04 4.28E-03 3.44E+00 3.44E+00 4.19E+01 1.22E+01 

MAN1A1 1.37E-04 4.32E-03 3.14E-01 -3.18E+00 5.64E+01 1.79E+02 

PHTF2 1.38E-04 4.32E-03 1.65E+00 1.65E+00 4.37E+02 2.64E+02 

MFHAS1 1.38E-04 4.32E-03 5.22E-01 -1.91E+00 1.18E+02 2.26E+02 

VNN1 1.39E-04 4.34E-03 5.24E-02 -1.91E+01 1.44E+00 2.74E+01 

TBC1D9B 1.39E-04 4.34E-03 1.31E+00 1.31E+00 1.93E+03 1.48E+03 

ATRX 1.40E-04 4.36E-03 7.05E-01 -1.42E+00 1.05E+03 1.50E+03 

TMSB4XP6 1.40E-04 4.37E-03 3.74E-01 -2.67E+00 5.81E+00 1.55E+01 

ERG 1.41E-04 4.39E-03 4.94E-01 -2.02E+00 3.02E+01 6.11E+01 

FKBP7 1.42E-04 4.42E-03 3.27E-01 -3.05E+00 6.99E+00 2.13E+01 

TAS1R3 1.42E-04 4.42E-03 2.42E+00 2.42E+00 8.41E+01 3.47E+01 

FENDRR 1.44E-04 4.46E-03 1.50E-01 -6.68E+00 4.81E+00 3.21E+01 

FUT8 1.46E-04 4.53E-03 3.32E-01 -3.01E+00 3.74E+01 1.13E+02 

SLC44A1 1.48E-04 4.57E-03 6.84E-01 -1.46E+00 9.93E+02 1.45E+03 

FAT4 1.48E-04 4.58E-03 2.60E-01 -3.85E+00 7.56E+00 2.91E+01 

CHRDL1 1.50E-04 4.63E-03 3.24E-02 -3.09E+01 2.98E-01 9.21E+00 

CTSK 1.53E-04 4.69E-03 3.36E-01 -2.97E+00 4.53E+01 1.35E+02 

VAT1 1.53E-04 4.69E-03 1.84E+00 1.84E+00 6.72E+03 3.66E+03 

ASPHD2 1.53E-04 4.70E-03 3.30E-01 -3.03E+00 2.14E+01 6.48E+01 

PRDM16 1.54E-04 4.71E-03 5.78E-02 -1.73E+01 6.88E-01 1.19E+01 
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SYT11 1.54E-04 4.71E-03 3.35E-01 -2.99E+00 1.31E+01 3.91E+01 

C1orf116 1.55E-04 4.75E-03 1.73E+00 1.73E+00 1.08E+04 6.24E+03 

KRT78 1.56E-04 4.77E-03 2.58E+00 2.58E+00 6.10E+04 2.36E+04 

FAM133B 1.58E-04 4.82E-03 7.71E-01 -1.30E+00 1.45E+02 1.88E+02 

CACNA1H 1.59E-04 4.84E-03 1.82E-01 -5.50E+00 2.77E+00 1.52E+01 

IL2RA 1.60E-04 4.85E-03 1.98E-01 -5.04E+00 2.91E+00 1.47E+01 

LRCH4 1.61E-04 4.87E-03 1.47E+00 1.47E+00 6.27E+02 4.26E+02 

GLIPR2 1.61E-04 4.87E-03 2.95E-01 -3.39E+00 2.12E+01 7.20E+01 

DEPP1 1.61E-04 4.87E-03 2.47E-01 -4.05E+00 1.20E+01 4.88E+01 

TOX3 1.62E-04 4.87E-03 2.49E-02 -4.02E+01 3.83E-01 1.54E+01 

FGF7 1.62E-04 4.87E-03 3.92E-02 -2.55E+01 8.84E-01 2.26E+01 

ADGRA2 1.64E-04 4.92E-03 2.94E-01 -3.40E+00 2.18E+01 7.42E+01 

CADM3-AS1 1.64E-04 4.93E-03 2.05E-01 -4.87E+00 1.93E+00 9.41E+00 

N4BP1 1.64E-04 4.93E-03 1.43E+00 1.43E+00 2.27E+03 1.59E+03 

ST6GAL1 1.66E-04 4.98E-03 3.10E-01 -3.23E+00 5.01E+01 1.62E+02 

PCDHB14 1.67E-04 4.98E-03 4.79E-01 -2.09E+00 1.77E+01 3.70E+01 

HYAL1 1.67E-04 4.98E-03 3.61E-01 -2.77E+00 2.33E+01 6.46E+01 

BMP4 1.68E-04 5.00E-03 3.90E-01 -2.57E+00 2.03E+01 5.21E+01 

WBP2 1.69E-04 5.03E-03 1.35E+00 1.35E+00 1.30E+03 9.64E+02 

RPS6KA5 1.71E-04 5.10E-03 6.76E-01 -1.48E+00 9.57E+01 1.41E+02 

FAM204A 1.73E-04 5.14E-03 7.93E-01 -1.26E+00 2.63E+02 3.32E+02 

ZNF800 1.75E-04 5.18E-03 1.56E+00 1.56E+00 6.39E+02 4.09E+02 

AVPI1 1.75E-04 5.18E-03 2.06E+00 2.06E+00 4.78E+02 2.32E+02 

LOX 1.77E-04 5.22E-03 3.77E-01 -2.65E+00 6.97E+01 1.85E+02 

PDGFRB 1.78E-04 5.26E-03 3.36E-01 -2.98E+00 3.55E+01 1.06E+02 

ZFAND5 1.79E-04 5.26E-03 1.68E+00 1.68E+00 5.10E+03 3.04E+03 

HSPA12B 1.79E-04 5.26E-03 3.39E-01 -2.95E+00 5.83E+00 1.72E+01 

KLF7 1.79E-04 5.26E-03 6.17E-01 -1.62E+00 1.50E+02 2.43E+02 

A2M 1.81E-04 5.30E-03 3.71E-01 -2.70E+00 3.97E+02 1.07E+03 

CALD1 1.81E-04 5.30E-03 4.08E-01 -2.45E+00 3.53E+02 8.67E+02 

SPRED1 1.81E-04 5.30E-03 6.10E-01 -1.64E+00 1.48E+02 2.42E+02 

AGMAT 1.82E-04 5.32E-03 2.67E-01 -3.74E+00 7.61E+00 2.84E+01 

ACKR4 1.83E-04 5.34E-03 5.93E-02 -1.69E+01 1.50E+00 2.52E+01 

ENPEP 1.84E-04 5.36E-03 6.95E-02 -1.44E+01 4.87E-01 7.00E+00 

TCN1 1.84E-04 5.36E-03 3.23E-01 -3.09E+00 9.73E+01 3.01E+02 

COQ10B 1.85E-04 5.36E-03 1.33E+00 1.33E+00 3.73E+02 2.80E+02 

MASP1 1.85E-04 5.36E-03 1.16E-01 -8.65E+00 1.82E+00 1.57E+01 

IFI6 1.86E-04 5.37E-03 1.51E-01 -6.64E+00 2.50E+01 1.66E+02 

AGR3 1.86E-04 5.37E-03 1.03E-02 -9.75E+01 1.81E-01 1.76E+01 
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IGHV4-34 1.87E-04 5.40E-03 8.39E-03 -1.19E+02 2.44E-01 2.90E+01 

PRKG2 1.87E-04 5.40E-03 4.68E-01 -2.14E+00 1.10E+01 2.35E+01 

TNFSF13B 1.88E-04 5.40E-03 2.47E-01 -4.05E+00 1.04E+01 4.22E+01 

C11orf95 1.89E-04 5.42E-03 6.60E-01 -1.52E+00 6.02E+01 9.13E+01 

MRAS 1.89E-04 5.42E-03 2.25E-01 -4.45E+00 5.53E+00 2.46E+01 

TADA2A 1.89E-04 5.42E-03 7.84E-01 -1.27E+00 1.28E+02 1.63E+02 

ACOX1 1.89E-04 5.42E-03 1.52E+00 1.52E+00 3.66E+03 2.40E+03 

PDK4 1.91E-04 5.46E-03 2.11E-01 -4.75E+00 8.01E+00 3.80E+01 

SLC38A11 1.94E-04 5.54E-03 1.41E-01 -7.10E+00 1.86E+00 1.32E+01 

UBD 1.94E-04 5.54E-03 1.96E-01 -5.11E+00 1.67E+01 8.52E+01 

YBX3 1.96E-04 5.57E-03 1.53E+00 1.53E+00 6.82E+03 4.45E+03 

TP53INP2 1.96E-04 5.58E-03 2.15E+00 2.15E+00 6.27E+03 2.91E+03 

SYNPO2 1.97E-04 5.58E-03 3.39E-01 -2.95E+00 8.29E+01 2.44E+02 

LGMN 1.98E-04 5.60E-03 1.31E+00 1.31E+00 1.11E+03 8.49E+02 

VTCN1 2.00E-04 5.67E-03 3.18E-02 -3.14E+01 2.32E-01 7.30E+00 

PITPNC1 2.01E-04 5.67E-03 4.64E-01 -2.16E+00 9.46E+01 2.04E+02 

HSD17B11 2.01E-04 5.68E-03 3.46E-01 -2.89E+00 4.72E+01 1.36E+02 

PHACTR4 2.03E-04 5.72E-03 1.74E+00 1.74E+00 4.48E+03 2.57E+03 

LAMA4 2.03E-04 5.72E-03 3.39E-01 -2.95E+00 3.98E+01 1.18E+02 

RPL21P93 2.04E-04 5.73E-03 4.66E-01 -2.14E+00 1.78E+01 3.82E+01 

SCN1B 2.05E-04 5.74E-03 1.85E-01 -5.41E+00 1.57E+00 8.48E+00 

CNST 2.05E-04 5.74E-03 1.94E+00 1.94E+00 1.15E+03 5.93E+02 

SOX4 2.05E-04 5.74E-03 5.47E-01 -1.83E+00 2.25E+02 4.12E+02 

MYO5B 2.06E-04 5.75E-03 1.57E+00 1.57E+00 3.27E+03 2.08E+03 

ISLR 2.08E-04 5.80E-03 1.98E-01 -5.05E+00 5.78E+00 2.92E+01 

STK24P1 2.08E-04 5.80E-03 2.27E+00 2.27E+00 1.24E+01 5.46E+00 

RUSC1 2.10E-04 5.86E-03 1.28E+00 1.28E+00 6.89E+02 5.39E+02 

CYB5R3 2.13E-04 5.92E-03 1.29E+00 1.29E+00 1.26E+03 9.77E+02 

FAM241A 2.13E-04 5.93E-03 6.73E-01 -1.49E+00 1.33E+02 1.98E+02 

DUSP19 2.17E-04 6.00E-03 5.41E-01 -1.85E+00 1.40E+01 2.59E+01 

ITPKC 2.18E-04 6.03E-03 1.87E+00 1.87E+00 4.31E+03 2.31E+03 

NCCRP1 2.19E-04 6.05E-03 2.01E+00 2.01E+00 1.50E+04 7.46E+03 

MXD1 2.19E-04 6.05E-03 2.02E+00 2.02E+00 1.75E+04 8.66E+03 

BRD4 2.20E-04 6.05E-03 1.29E+00 1.29E+00 1.00E+03 7.81E+02 

PPL 2.21E-04 6.09E-03 2.15E+00 2.15E+00 1.23E+05 5.73E+04 

NRIP2 2.22E-04 6.10E-03 7.50E-02 -1.33E+01 2.32E-01 3.09E+00 

SLC44A2 2.22E-04 6.10E-03 1.23E+00 1.23E+00 2.97E+03 2.42E+03 

NES 2.24E-04 6.14E-03 4.01E-01 -2.50E+00 6.77E+01 1.69E+02 

MGP 2.24E-04 6.14E-03 3.12E-01 -3.20E+00 1.74E+01 5.58E+01 
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AL109628.2 2.25E-04 6.14E-03 3.05E+00 3.05E+00 5.88E+00 1.93E+00 

ATP6V1C2 2.26E-04 6.17E-03 2.05E+00 2.05E+00 1.17E+03 5.68E+02 

COL6A2 2.26E-04 6.17E-03 3.19E-01 -3.13E+00 1.21E+02 3.79E+02 

PLIN3 2.27E-04 6.18E-03 1.77E+00 1.77E+00 5.18E+03 2.93E+03 

TWIST1 2.27E-04 6.18E-03 8.18E-02 -1.22E+01 4.83E-01 5.91E+00 

CELF1 2.28E-04 6.18E-03 8.45E-01 -1.18E+00 7.98E+02 9.44E+02 

PCIF1 2.28E-04 6.19E-03 1.33E+00 1.33E+00 2.94E+02 2.22E+02 

G6PD 2.29E-04 6.19E-03 1.45E+00 1.45E+00 1.08E+03 7.40E+02 

BAG2 2.29E-04 6.19E-03 2.91E-01 -3.43E+00 5.81E+00 1.99E+01 

SELP 2.29E-04 6.19E-03 1.86E-01 -5.39E+00 5.19E+00 2.80E+01 

IFITM1 2.30E-04 6.21E-03 3.89E-01 -2.57E+00 1.32E+02 3.39E+02 

CCDC88A 2.31E-04 6.22E-03 5.07E-01 -1.97E+00 1.86E+02 3.66E+02 

SVEP1 2.32E-04 6.25E-03 1.74E-01 -5.76E+00 2.77E+00 1.60E+01 

THSD1 2.33E-04 6.25E-03 4.56E-01 -2.19E+00 2.32E+01 5.09E+01 

APOL2 2.34E-04 6.26E-03 3.72E-01 -2.69E+00 1.25E+02 3.36E+02 

CHI3L2 2.34E-04 6.26E-03 1.94E-01 -5.15E+00 3.40E+00 1.75E+01 

ADGRL4 2.36E-04 6.30E-03 4.42E-01 -2.26E+00 2.97E+01 6.73E+01 

FRG1CP 2.36E-04 6.30E-03 5.29E-01 -1.89E+00 3.32E+01 6.28E+01 

RASGEF1B 2.40E-04 6.40E-03 2.09E+00 2.09E+00 1.38E+03 6.59E+02 

CDC42EP3 2.41E-04 6.42E-03 3.37E-01 -2.97E+00 2.72E+01 8.08E+01 

ARID4B 2.43E-04 6.47E-03 7.60E-01 -1.32E+00 6.68E+02 8.80E+02 

TMBIM6 2.44E-04 6.47E-03 1.13E+00 1.13E+00 9.72E+03 8.58E+03 

GPA33 2.44E-04 6.47E-03 3.67E-02 -2.73E+01 6.38E-01 1.74E+01 

DTNA 2.44E-04 6.47E-03 1.85E-01 -5.40E+00 2.04E+00 1.10E+01 

PPP3CA 2.45E-04 6.47E-03 7.19E-01 -1.39E+00 3.51E+02 4.89E+02 

STK39 2.45E-04 6.48E-03 1.57E+00 1.57E+00 2.16E+03 1.38E+03 

NID2 2.46E-04 6.49E-03 2.37E-01 -4.22E+00 6.31E+00 2.66E+01 

EDN1 2.46E-04 6.49E-03 3.65E-01 -2.74E+00 1.04E+01 2.83E+01 

STN1 2.49E-04 6.56E-03 1.52E+00 1.52E+00 1.37E+03 9.01E+02 

RHOJ 2.49E-04 6.56E-03 3.56E-01 -2.81E+00 9.99E+00 2.80E+01 

ZSCAN2 2.51E-04 6.59E-03 4.48E-01 -2.23E+00 1.02E+01 2.27E+01 

PRR3 2.52E-04 6.61E-03 7.06E-01 -1.42E+00 3.35E+01 4.75E+01 

KLK9 2.52E-04 6.61E-03 1.47E-01 -6.78E+00 1.51E+01 1.02E+02 

TMEM273 2.53E-04 6.61E-03 4.06E-01 -2.46E+00 1.71E+01 4.20E+01 

HOXC10 2.53E-04 6.61E-03 2.59E-02 -3.87E+01 3.83E-01 1.48E+01 

PLK3 2.54E-04 6.62E-03 2.00E+00 2.00E+00 5.91E+02 2.96E+02 

PIM2 2.55E-04 6.64E-03 2.48E-01 -4.04E+00 2.71E+01 1.09E+02 

HSD17B7P2 2.55E-04 6.64E-03 5.29E-01 -1.89E+00 1.12E+01 2.11E+01 

HOXC4 2.56E-04 6.66E-03 1.62E+00 1.62E+00 1.64E+02 1.01E+02 
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FOS 2.57E-04 6.68E-03 2.35E-01 -4.25E+00 1.20E+02 5.13E+02 

MAPK3 2.58E-04 6.69E-03 1.54E+00 1.54E+00 2.83E+03 1.84E+03 

CDHR2 2.58E-04 6.69E-03 1.84E-02 -5.44E+01 3.83E-01 2.08E+01 

SAMD4B 2.59E-04 6.70E-03 1.55E+00 1.55E+00 1.42E+03 9.16E+02 

TMEM14A 2.60E-04 6.71E-03 6.99E-01 -1.43E+00 2.21E+02 3.16E+02 

DACT1 2.61E-04 6.72E-03 6.39E-02 -1.56E+01 4.92E-01 7.69E+00 

COL4A1 2.61E-04 6.73E-03 2.97E-01 -3.37E+00 9.65E+01 3.25E+02 

RIPOR3 2.64E-04 6.80E-03 1.94E-01 -5.16E+00 2.89E+00 1.49E+01 

SLC40A1 2.65E-04 6.82E-03 4.49E-01 -2.23E+00 2.29E+02 5.11E+02 

PRDM8 2.68E-04 6.88E-03 5.79E-02 -1.73E+01 3.83E-01 6.61E+00 

SF3B3 2.70E-04 6.91E-03 1.41E+00 1.41E+00 3.00E+03 2.13E+03 

TNRC6B 2.70E-04 6.91E-03 7.40E-01 -1.35E+00 3.96E+02 5.35E+02 

ADAMTSL3 2.70E-04 6.91E-03 1.67E-01 -6.00E+00 2.05E+00 1.23E+01 

CYP2T1P 2.72E-04 6.93E-03 2.22E+00 2.22E+00 7.29E+01 3.28E+01 

IGIP 2.73E-04 6.95E-03 7.10E-01 -1.41E+00 9.43E+01 1.33E+02 

HEPH 2.74E-04 6.97E-03 1.93E-01 -5.19E+00 1.64E+01 8.53E+01 

ZNF385D 2.74E-04 6.97E-03 2.97E-01 -3.37E+00 3.17E+00 1.07E+01 

RNF10 2.75E-04 6.97E-03 1.33E+00 1.33E+00 3.96E+03 2.97E+03 

SLC12A2 2.75E-04 6.99E-03 3.77E-01 -2.65E+00 1.38E+02 3.65E+02 

TREM2 2.77E-04 7.01E-03 1.17E-01 -8.53E+00 7.59E-01 6.47E+00 

MAGOH 2.78E-04 7.03E-03 7.34E-01 -1.36E+00 2.00E+02 2.72E+02 

SAA2 2.79E-04 7.04E-03 4.29E-02 -2.33E+01 6.03E-01 1.41E+01 

VDAC1 2.79E-04 7.05E-03 1.21E+00 1.21E+00 2.95E+03 2.45E+03 

EIF2AK2 2.80E-04 7.06E-03 7.05E-01 -1.42E+00 3.79E+02 5.38E+02 

SLC19A3 2.80E-04 7.06E-03 8.74E-02 -1.14E+01 3.83E-01 4.38E+00 

DIPK1A 2.81E-04 7.06E-03 4.35E-01 -2.30E+00 3.44E+01 7.91E+01 

XAF1 2.81E-04 7.06E-03 4.34E-01 -2.30E+00 1.93E+02 4.43E+02 

FADS6 2.81E-04 7.06E-03 2.08E+00 2.08E+00 8.29E+01 3.99E+01 

ZC3H3 2.82E-04 7.06E-03 1.40E+00 1.40E+00 2.59E+02 1.85E+02 

LPIN2 2.83E-04 7.07E-03 1.76E+00 1.76E+00 1.16E+03 6.60E+02 

TIMP2 2.83E-04 7.08E-03 1.86E+00 1.86E+00 2.63E+03 1.41E+03 

VDAC2P5 2.84E-04 7.08E-03 1.38E+00 1.38E+00 3.05E+03 2.21E+03 

ANKRD26 2.87E-04 7.15E-03 6.57E-01 -1.52E+00 1.74E+02 2.64E+02 

PCSK5 2.88E-04 7.16E-03 1.72E+00 1.72E+00 9.02E+02 5.23E+02 

ESAM 2.88E-04 7.16E-03 1.86E+00 1.86E+00 6.08E+02 3.26E+02 

RAB11FIP1 2.89E-04 7.16E-03 1.64E+00 1.64E+00 7.42E+03 4.53E+03 

PLEKHS1 2.89E-04 7.16E-03 1.64E-02 -6.11E+01 2.98E-01 1.82E+01 

PTPRB 2.91E-04 7.22E-03 4.31E-01 -2.32E+00 3.95E+01 9.18E+01 

CASP6 2.94E-04 7.28E-03 6.10E-01 -1.64E+00 8.45E+01 1.39E+02 
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CHAC1 2.97E-04 7.33E-03 2.44E+00 2.44E+00 7.41E+02 3.03E+02 

FKBP10 2.97E-04 7.33E-03 2.73E-01 -3.67E+00 1.33E+01 4.86E+01 

OMA1 2.99E-04 7.37E-03 7.66E-01 -1.31E+00 1.53E+02 2.00E+02 

NAIP 3.01E-04 7.40E-03 5.21E-01 -1.92E+00 6.69E+01 1.28E+02 

PGF 3.01E-04 7.40E-03 4.17E-01 -2.40E+00 9.30E+00 2.23E+01 

FAXDC2 3.01E-04 7.40E-03 4.51E-01 -2.22E+00 2.72E+01 6.02E+01 

SEC11A 3.02E-04 7.40E-03 8.30E-01 -1.20E+00 6.73E+02 8.11E+02 

TPPP3 3.02E-04 7.41E-03 3.37E-01 -2.97E+00 5.46E+01 1.62E+02 

CYP27C1 3.03E-04 7.41E-03 3.83E-01 -2.61E+00 2.64E+01 6.89E+01 

MED16 3.03E-04 7.41E-03 1.51E+00 1.51E+00 5.96E+02 3.94E+02 

MYH14 3.05E-04 7.45E-03 1.50E+00 1.50E+00 4.44E+03 2.96E+03 

PGM1 3.06E-04 7.46E-03 1.26E+00 1.26E+00 8.16E+02 6.49E+02 

ENAH 3.07E-04 7.47E-03 4.70E-01 -2.13E+00 2.59E+02 5.51E+02 

CUX1 3.11E-04 7.57E-03 1.28E+00 1.28E+00 1.24E+03 9.66E+02 

XCR1 3.12E-04 7.57E-03 2.14E+00 2.14E+00 5.62E+01 2.63E+01 

TMEM64 3.12E-04 7.57E-03 6.81E-01 -1.47E+00 1.22E+02 1.79E+02 

BCKDHA 3.13E-04 7.59E-03 1.53E+00 1.53E+00 1.01E+03 6.57E+02 

ARHGAP1 3.14E-04 7.59E-03 1.26E+00 1.26E+00 1.47E+03 1.17E+03 

MTRES1 3.14E-04 7.59E-03 7.01E-01 -1.43E+00 9.84E+01 1.40E+02 

PRSS23 3.15E-04 7.62E-03 3.42E-01 -2.93E+00 6.57E+01 1.92E+02 

SPOCD1 3.18E-04 7.66E-03 4.27E-02 -2.34E+01 2.32E-01 5.44E+00 

DYRK3 3.18E-04 7.67E-03 5.50E-01 -1.82E+00 3.72E+01 6.77E+01 

ACAD8 3.19E-04 7.67E-03 1.27E+00 1.27E+00 4.16E+02 3.29E+02 

RIC8B 3.20E-04 7.67E-03 6.42E-01 -1.56E+00 4.28E+01 6.67E+01 

LRRC24 3.20E-04 7.67E-03 3.98E+00 3.98E+00 1.28E+02 3.21E+01 

LOXL2 3.20E-04 7.68E-03 2.61E-01 -3.83E+00 1.19E+01 4.54E+01 

VPS37B 3.21E-04 7.69E-03 1.65E+00 1.65E+00 3.25E+03 1.98E+03 

MPI 3.24E-04 7.75E-03 1.31E+00 1.31E+00 4.57E+02 3.49E+02 

ZNRF1 3.25E-04 7.76E-03 1.71E+00 1.71E+00 1.75E+03 1.03E+03 

CLIC5 3.26E-04 7.77E-03 2.60E-01 -3.85E+00 3.91E+00 1.51E+01 

DPH5 3.26E-04 7.77E-03 7.37E-01 -1.36E+00 1.14E+02 1.55E+02 

SEC24C 3.26E-04 7.77E-03 1.54E+00 1.54E+00 5.08E+03 3.29E+03 

RGS5 3.30E-04 7.84E-03 3.97E-01 -2.52E+00 3.08E+02 7.77E+02 

SLC6A20 3.30E-04 7.84E-03 1.27E-02 -7.87E+01 1.81E-01 1.42E+01 

DDX60L 3.30E-04 7.84E-03 3.07E-01 -3.26E+00 5.43E+01 1.77E+02 

CA1 3.31E-04 7.85E-03 1.11E-04 -9.00E+03 9.04E-05 8.13E-01 

OGN 3.32E-04 7.85E-03 4.64E-02 -2.16E+01 4.82E-01 1.04E+01 

ATP2A3 3.32E-04 7.85E-03 2.49E-01 -4.02E+00 7.65E+01 3.07E+02 

FAM214A 3.33E-04 7.85E-03 1.93E+00 1.93E+00 3.48E+03 1.80E+03 
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MGLL 3.33E-04 7.85E-03 1.74E+00 1.74E+00 9.24E+03 5.31E+03 

KCTD12 3.33E-04 7.85E-03 5.64E-01 -1.77E+00 2.52E+02 4.47E+02 

CCL19 3.35E-04 7.88E-03 1.62E-01 -6.18E+00 2.42E+00 1.49E+01 

TBX2 3.37E-04 7.91E-03 2.79E-01 -3.58E+00 8.45E+00 3.02E+01 

FAM25G 3.37E-04 7.91E-03 8.00E+00 8.00E+00 2.73E+01 3.41E+00 

EPS8L2 3.38E-04 7.92E-03 1.73E+00 1.73E+00 9.24E+03 5.34E+03 

TBC1D15 3.39E-04 7.94E-03 1.40E+00 1.40E+00 6.99E+02 5.00E+02 

SMIM3 3.40E-04 7.95E-03 5.18E-01 -1.93E+00 4.11E+01 7.94E+01 

KCNN3 3.42E-04 8.00E-03 2.61E-01 -3.83E+00 6.91E+00 2.64E+01 

LAMP1 3.43E-04 8.00E-03 1.24E+00 1.24E+00 3.32E+03 2.68E+03 

BCO1 3.44E-04 8.03E-03 2.62E-01 -3.82E+00 4.22E+00 1.61E+01 

PDE3B 3.46E-04 8.05E-03 1.97E-01 -5.08E+00 4.57E+00 2.32E+01 

TNFRSF10D 3.46E-04 8.05E-03 3.99E-01 -2.50E+00 2.66E+01 6.66E+01 

CCDC134 3.47E-04 8.06E-03 7.45E-01 -1.34E+00 1.36E+02 1.83E+02 

JPH2 3.48E-04 8.07E-03 6.56E-02 -1.52E+01 7.11E-01 1.08E+01 

KBTBD11 3.48E-04 8.07E-03 1.99E-01 -5.01E+00 6.18E+00 3.10E+01 

IGFBP3 3.50E-04 8.10E-03 3.76E-01 -2.66E+00 1.01E+02 2.69E+02 

LY96 3.50E-04 8.10E-03 1.74E-01 -5.74E+00 2.86E+00 1.64E+01 

ANKRD10 3.52E-04 8.12E-03 6.36E-01 -1.57E+00 1.55E+02 2.44E+02 

GDI1 3.52E-04 8.12E-03 1.22E+00 1.22E+00 8.97E+02 7.37E+02 

PLEKHG6 3.55E-04 8.18E-03 1.77E+00 1.77E+00 1.15E+03 6.53E+02 

TUBB4B 3.57E-04 8.23E-03 1.44E+00 1.44E+00 6.53E+03 4.53E+03 

POLDIP3 3.61E-04 8.29E-03 1.18E+00 1.18E+00 1.25E+03 1.06E+03 

CCNI 3.63E-04 8.33E-03 1.29E+00 1.29E+00 4.79E+03 3.70E+03 

CAPZB 3.64E-04 8.34E-03 1.23E+00 1.23E+00 3.97E+03 3.23E+03 

TLR4 3.67E-04 8.41E-03 2.62E-01 -3.81E+00 1.79E+01 6.82E+01 

CLN8 3.69E-04 8.44E-03 1.53E+00 1.53E+00 8.01E+02 5.24E+02 

ABTB2 3.71E-04 8.48E-03 2.27E+00 2.27E+00 6.20E+02 2.73E+02 

CPE 3.72E-04 8.48E-03 5.32E-01 -1.88E+00 7.68E+01 1.44E+02 

DCN 3.74E-04 8.52E-03 3.44E-01 -2.91E+00 2.16E+02 6.28E+02 

AC090994.1 3.75E-04 8.52E-03 4.51E+00 4.51E+00 1.08E+01 2.41E+00 

SLC41A2 3.75E-04 8.52E-03 2.07E-01 -4.82E+00 9.04E+00 4.36E+01 

LINC00492 3.75E-04 8.52E-03 7.37E+00 7.37E+00 6.22E+00 8.44E-01 

IGLV3-19 3.76E-04 8.53E-03 1.75E-02 -5.71E+01 6.30E-01 3.60E+01 

ITGA11 3.77E-04 8.53E-03 2.07E-01 -4.82E+00 3.29E+00 1.58E+01 

RECQL5 3.77E-04 8.53E-03 1.55E+00 1.55E+00 1.02E+03 6.55E+02 

MAP2K1 3.77E-04 8.53E-03 1.56E+00 1.56E+00 1.61E+03 1.04E+03 

MYOCD 3.78E-04 8.54E-03 2.16E-02 -4.63E+01 1.81E-01 8.38E+00 

BHLHE22 3.79E-04 8.56E-03 8.43E-02 -1.19E+01 2.98E-01 3.54E+00 
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B3GNT3 3.82E-04 8.62E-03 1.94E+00 1.94E+00 1.76E+03 9.05E+02 

LINC02762 3.84E-04 8.64E-03 3.92E-01 -2.55E+00 6.17E+00 1.57E+01 

CCDC102B 3.84E-04 8.64E-03 2.69E-01 -3.71E+00 3.11E+00 1.15E+01 

EPHA2 3.85E-04 8.64E-03 1.77E+00 1.77E+00 5.21E+03 2.94E+03 

POU2F2 3.86E-04 8.66E-03 2.38E-01 -4.20E+00 1.01E+01 4.26E+01 

ESYT3 3.87E-04 8.66E-03 1.62E+00 1.62E+00 5.20E+01 3.22E+01 

AF117829.1 3.87E-04 8.66E-03 5.23E-01 -1.91E+00 1.56E+01 2.98E+01 

BRD1 3.87E-04 8.66E-03 1.47E+00 1.47E+00 7.98E+02 5.44E+02 

MYBBP1A 3.89E-04 8.69E-03 1.30E+00 1.30E+00 5.07E+02 3.89E+02 

MORF4L1 3.89E-04 8.69E-03 8.07E-01 -1.24E+00 7.44E+02 9.22E+02 

BMP6 3.91E-04 8.71E-03 1.95E-01 -5.12E+00 3.22E+00 1.65E+01 

CHMP1B-AS1 3.91E-04 8.71E-03 4.30E+00 4.30E+00 1.05E+01 2.44E+00 

XPNPEP3 3.92E-04 8.71E-03 7.79E-01 -1.28E+00 1.38E+02 1.77E+02 

BTN3A2 3.92E-04 8.71E-03 4.49E-01 -2.23E+00 1.99E+02 4.44E+02 

MYCT1 3.93E-04 8.72E-03 3.53E-01 -2.83E+00 8.27E+00 2.34E+01 

ALAS1 3.93E-04 8.72E-03 1.29E+00 1.29E+00 8.15E+02 6.31E+02 

MRGPRF 3.95E-04 8.74E-03 1.83E-01 -5.45E+00 2.83E+00 1.54E+01 

SUN2 3.97E-04 8.78E-03 1.41E+00 1.41E+00 2.33E+03 1.66E+03 

PDE5A 4.00E-04 8.84E-03 3.79E-01 -2.64E+00 3.27E+01 8.62E+01 

AC044860.1 4.02E-04 8.88E-03 2.25E+00 2.25E+00 3.02E+01 1.34E+01 

NRG1 4.07E-04 8.97E-03 3.53E-01 -2.84E+00 2.93E+01 8.30E+01 

GAK 4.07E-04 8.97E-03 1.38E+00 1.38E+00 1.57E+03 1.14E+03 

AC016026.1 4.08E-04 8.97E-03 4.14E-01 -2.41E+00 2.28E+01 5.51E+01 

TJP2 4.08E-04 8.97E-03 1.46E+00 1.46E+00 3.90E+03 2.68E+03 

SOCS3 4.10E-04 9.00E-03 2.01E-01 -4.98E+00 3.10E+01 1.55E+02 

PDIA2 4.14E-04 9.07E-03 5.54E-02 -1.81E+01 8.21E-01 1.48E+01 

ADAMTS2 4.15E-04 9.08E-03 2.66E-01 -3.75E+00 7.95E+00 2.98E+01 

RRAS2 4.15E-04 9.08E-03 6.96E-01 -1.44E+00 1.30E+02 1.87E+02 

CFB 4.15E-04 9.08E-03 3.11E-01 -3.21E+00 1.21E+02 3.90E+02 

ST8SIA4 4.18E-04 9.11E-03 4.16E-01 -2.40E+00 2.11E+01 5.07E+01 

ADAM28 4.18E-04 9.11E-03 2.76E-01 -3.63E+00 3.44E+01 1.25E+02 

SEMA3B 4.19E-04 9.12E-03 2.83E-01 -3.53E+00 1.95E+01 6.90E+01 

AF131215.6 4.20E-04 9.15E-03 5.59E-01 -1.79E+00 1.54E+01 2.75E+01 

TINAGL1 4.22E-04 9.18E-03 4.50E-01 -2.22E+00 1.34E+02 2.97E+02 

EXTL2 4.23E-04 9.18E-03 5.41E-01 -1.85E+00 3.29E+01 6.07E+01 

RNF223 4.24E-04 9.19E-03 2.29E+00 2.29E+00 1.09E+03 4.74E+02 

GJB1 4.24E-04 9.19E-03 4.28E-02 -2.34E+01 6.38E-01 1.49E+01 

GTF2IRD1P1 4.25E-04 9.20E-03 3.08E+00 3.08E+00 1.14E+01 3.70E+00 

C6orf223 4.29E-04 9.27E-03 5.97E-02 -1.68E+01 2.98E-01 5.00E+00 
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ABHD10 4.32E-04 9.31E-03 7.19E-01 -1.39E+00 1.33E+02 1.85E+02 

HLA-DQB2 4.32E-04 9.31E-03 2.41E+00 2.41E+00 2.22E+02 9.20E+01 

CYGB 4.32E-04 9.31E-03 2.76E-01 -3.62E+00 9.85E+00 3.57E+01 

OPTN 4.34E-04 9.35E-03 1.43E+00 1.43E+00 2.62E+03 1.83E+03 

MEP1A 4.37E-04 9.39E-03 2.15E-02 -4.65E+01 2.32E-01 1.08E+01 

SLC17A9 4.37E-04 9.39E-03 1.20E-01 -8.30E+00 3.71E+00 3.08E+01 

ARHGAP10 4.38E-04 9.39E-03 1.76E+00 1.76E+00 2.08E+03 1.18E+03 

SCNN1B 4.38E-04 9.39E-03 1.86E+00 1.86E+00 2.22E+03 1.20E+03 

CD300LF 4.41E-04 9.45E-03 2.03E-01 -4.94E+00 1.91E+00 9.42E+00 

NEDD9 4.44E-04 9.49E-03 3.08E-01 -3.25E+00 2.75E+01 8.92E+01 

ZNF521 4.46E-04 9.52E-03 3.75E-01 -2.67E+00 1.14E+01 3.03E+01 

ALDH3B1 4.46E-04 9.53E-03 1.76E+00 1.76E+00 6.56E+02 3.72E+02 

WFDC12 4.48E-04 9.55E-03 2.80E-01 -3.57E+00 8.32E+00 2.97E+01 

NECTIN3 4.49E-04 9.56E-03 2.39E-01 -4.19E+00 8.49E+00 3.55E+01 

CP 4.51E-04 9.60E-03 4.80E-02 -2.08E+01 1.32E+00 2.75E+01 

MS4A1 4.52E-04 9.60E-03 7.67E-02 -1.30E+01 1.29E+00 1.68E+01 

ASNS 4.55E-04 9.64E-03 5.75E-01 -1.74E+00 9.46E+01 1.65E+02 

MUC2 4.55E-04 9.64E-03 1.75E-02 -5.71E+01 3.79E-01 2.17E+01 

PHF14 4.55E-04 9.64E-03 6.63E-01 -1.51E+00 3.25E+02 4.90E+02 

ADGRL3 4.58E-04 9.68E-03 1.99E-01 -5.03E+00 3.16E+00 1.59E+01 

GIMAP2 4.62E-04 9.76E-03 3.79E-01 -2.64E+00 1.31E+01 3.47E+01 

MRAP2 4.64E-04 9.76E-03 3.48E-01 -2.87E+00 1.53E+01 4.38E+01 

AL732437.1 4.64E-04 9.76E-03 2.24E+00 2.24E+00 5.15E+01 2.31E+01 

ZBTB7C 4.65E-04 9.76E-03 1.53E+00 1.53E+00 1.95E+03 1.28E+03 

RSF1 4.65E-04 9.76E-03 7.43E-01 -1.35E+00 6.08E+02 8.19E+02 

SLC25A23 4.65E-04 9.76E-03 1.61E+00 1.61E+00 2.00E+03 1.24E+03 

PTPN23 4.66E-04 9.76E-03 1.36E+00 1.36E+00 5.83E+02 4.28E+02 

ST3GAL5 4.66E-04 9.76E-03 3.53E-01 -2.83E+00 1.24E+01 3.51E+01 

TSHZ3 4.66E-04 9.76E-03 4.13E-01 -2.42E+00 1.28E+01 3.09E+01 

AL137003.1 4.66E-04 9.77E-03 6.15E-01 -1.63E+00 1.77E+01 2.88E+01 

STBD1 4.73E-04 9.89E-03 5.64E-01 -1.77E+00 5.98E+01 1.06E+02 

TYRO3 4.73E-04 9.89E-03 1.69E+00 1.69E+00 1.37E+03 8.12E+02 

APOL1 4.75E-04 9.89E-03 2.44E-01 -4.10E+00 1.92E+02 7.87E+02 

LRFN2 4.75E-04 9.89E-03 2.89E+00 2.89E+00 2.48E+01 8.59E+00 

PCBP1-AS1 4.75E-04 9.89E-03 1.76E+00 1.76E+00 6.79E+02 3.86E+02 

ADH1B 4.75E-04 9.89E-03 1.63E-01 -6.13E+00 1.18E+01 7.24E+01 

PTCHD4 4.76E-04 9.90E-03 8.25E-02 -1.21E+01 2.32E-01 2.81E+00 

AC026785.2 4.80E-04 9.96E-03 5.45E+00 5.45E+00 6.02E+00 1.10E+00 

GDPD2 4.80E-04 9.96E-03 1.38E-01 -7.27E+00 1.56E+00 1.13E+01 
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CRYBG2 4.83E-04 9.98E-03 1.84E+00 1.84E+00 4.21E+03 2.29E+03 

ATP1B1 4.83E-04 9.98E-03 1.43E+00 1.43E+00 6.73E+03 4.71E+03 

C1orf198 4.83E-04 9.98E-03 1.22E+00 1.22E+00 4.35E+02 3.58E+02 

ZNF101 4.83E-04 9.98E-03 1.61E+00 1.61E+00 5.89E+02 3.66E+02 

CTIF 4.83E-04 9.98E-03 1.52E+00 1.52E+00 6.40E+02 4.21E+02 

ADGRE2 4.84E-04 9.99E-03 2.77E-01 -3.61E+00 1.02E+01 3.69E+01 

AL353622.1 4.85E-04 9.99E-03 4.63E-01 -2.16E+00 7.10E+00 1.53E+01 

CD34 4.86E-04 9.99E-03 5.61E-01 -1.78E+00 7.71E+01 1.37E+02 

CCL28 4.87E-04 9.99E-03 3.80E-01 -2.63E+00 4.24E+01 1.12E+02 

SULF1 4.87E-04 9.99E-03 4.58E-01 -2.18E+00 4.30E+01 9.39E+01 

PCDH12 4.87E-04 9.99E-03 3.73E-01 -2.68E+00 7.29E+00 1.95E+01 

MARCKSL1 4.87E-04 9.99E-03 2.52E-01 -3.97E+00 7.26E+01 2.88E+02 

  



                                      
                                                       

 
 

 

Appendix  6 Expression of Cell Death Markers Among Samples used for RNA 
Sequencing 

Normalised gene expression matrix was filtered for genes involved in cell death using Partek. 

A significant difference in expression of cell death markers was not detected among groups. 

Of note, sample BA221019 and NE8 may be flagged for having high level of expression of 

more than 3 cell death genes, suggesting necrosis in the tissue upon collection and 

transportation.   
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Appendix  7 Heatmap of Most Differentially Expressed Genes Between Normal and 
GORD Oesophageal Mucosa  

Heatmap displaying filtered DE genes with TPM over 100, and with adjusted p<0.01. Graph 

coded manually using R. HC: N=8, BO: N=9, ERD: N=10, FH: N=9, NERD: N=9 



 

 
 

 

  

Log2FC 

Appendix  8  Heatmap of Most Significantly Differentially Expressed Genes Between 
Normal and NERD Oesophageal Mucosa 

Heatmap displaying filtered DE genes with TPM over 25, and with adjusted p<0.01. Graph 

coded manually using R. HC: N=8, NERD: N=9. Log2FC= Log2 fold change in gene expression 
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Appendix  9 Most Significantly Differentially Expressed Genes Between ERD and 
Normal Oesophageal Mucosa 

Heatmap displaying filtered DE genes with TPM over 150, and with adjusted p<0.01. Graph 
coded manually using R. HC: N=8, ERD: N=10. Log2FC= Log2 fold change in gene expression 
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Appendix  10 Most Significantly Differentially Expressed Genes Between BO and 
ERD Oesophageal Mucosa 

Heatmap displaying filtered DE genes with TPM>100, and adjusted p<0.01. Graph coded 

manually using R. ERD: N=10, BO: N=9. Log2FC= Log2 fold change in gene expression 
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Appendix  11 Most Significantly Differentially Expressed Genes Between BO and FH 
Oesophageal Mucosa 

Heatmap showing filtered DE genes with TPM>50, and adjusted p<0.01. Graph coded 

manually using R. BO: N=9, FH: N=7. Log2FC= Log2 fold change in gene expression 
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Appendix  12 CXCR2 Expression on a deep sensory nerve in a patient with 
functional heartburn 

Confocal Z-stack maximum intensity projection of a representative functional 

heartburn patient co-expressing CXCR2 on a deep sensory afferent nerve in the 

papillae in close association with CXCR2-immunoreactive epithelial cells 

surrounding the papillae. L=lumen, B= basal layer. Scale bar represents 10µm 
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Appendix  13 CD1a+ dendritic cells and PGP9.5+ deep nerve endings are not closely 
apposed 

A) Interpapillary CD1a+ dendritic cells in a representative ERD sample and submucosal PGP9.5+ 

afferent nerves. B) Interpapillary CD1a+ dendritic cells and submucosal PGP9.5+ afferent nerves 

in a representative healthy control sample. Scale bar: 100μm.  
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Appendix  15 Correlation Between NGF RNA Expression and 
Symptom Burden Data 

No correlation was found between reflux disease questionnaire score in 

GORD patients and NGF expression (2-ΔΔCT). 

Appendix  14 Correlation of Mast Cell Quantification and Degree of 
Inflammation in ERD 

No correlation was found between LA grade of ERD and mast cells 

quantified per field of view (Logistic regression: p= 0.34). ERD: N=11.  
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Appendix  16 Standard curves for Bioplex 6-plex cytokine release assay  

Standard curves for all inflammatory cytokines investigated in the Bioplex assay fell within the range 

of the standards, showing accuracy of readouts.   
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