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Abstract 

Background: Reflux aspiration, the chronic microaspiration of aerosolised gastric 

contents, is a common cause of morbidity and mortality in children and adults with severe 

neurodisability. It is believed that reflux aspiration causes a chronic lowering of airway pH 

leading to recurrent respiratory tract infections, inflammation and fibrosis. Previous, in vitro 

and in vivo studies show exposure to very low pH causes airway inflammation, but are not 

physiologically relevant to chronic microaspiration where the airways are only mildly acidic. 

The effects of chronic dilute gastric juice exposure on airway epithelium has not been 

reported. Diagnosis of reflux aspiration is difficult. No objective, sensitive and specific test 

has been clinically validated. Although pepsin has been suggested as an ideal biomarker for 

reflux aspiration, published methods for detecting airway pepsin lack the specificity or 

sensitivity required for widespread clinical use. 

Aims: Firstly, to assess the effects of mild pH alteration on airway epithelial cells. 

Secondly, to assess the effects of dilute gastric juice on airway epithelial cells. Thirdly, to 

develop an effective assay for reflux aspiration using pepsin as a biomarker. 

Methods: For the first aim, BEAS-2B airway epithelial cells (AECs) were exposed to 

weakly acidic pH (pH5.5 – 6.5) alone, in the presence of lipopolysaccharide (LPS) or prior to 

LPS stimulation. Interleukin-6 (IL-6) and IL-8 expression was measured by quantitative 

polymerase chain reaction (qPCR) and enzyme linked immunosorbent assay (ELISA). For aim 

2, AECs were repeatedly exposed to dilute gastric juice for 8 hours a day for 5 days. IL-6, IL-8 

and transforming growth factor-β (TGF-β) gene and protein expression was measured by 

qPCR and ELISA and expression of cell phenotype markers E-cadherin, Vimentin and 

Fibronectin by qPCR. For aim 3, antibodies were tested for pepsin specificity using a modified 

western blot protocol. An antibody was selected for assay development using pepstatin 

beads and the Wes capillary western system. The ability of the assay to identify pepsin in 

bronchoalveolar lavage fluid (BAL) was then assessed. 

Results: Incubation in weakly acidic media for long periods (24 hours) is cytotoxic to 

AECs but does not induce IL-6 or IL-8 expression. LPS-induced IL-6 and IL-8 expression is 

reduced when AECs are stimulated in a weakly acidic environment. Chronic exposure to 

dilute gastric juice induced IL-6 and IL-8 but not TGF-β expression. Exposure did not induce 

biologically significant changes in E-cadherin, Vimentin or Fibronectin expression. Pepsin 

could be detected by Wes at low concentrations. Commercially available anti-pepsin 

antibodies non-specifically bind other BAL proteins thus pepstatin beads were required to 

affinity purify pepsin. Recovery rates of pepsin from pepstatin beads were very low but could 

be detected on Wes.  

Conclusions: A weakly acidic environment does not induce AEC inflammatory marker 

expression but decreases the inflammatory responses to bacterial endotoxin suggesting a 

reduced response to infection. Chronic exposure to dilute gastric juice does induce 

expression of inflammatory cytokines but does not induce fibrosis through Epithelial-

Mesenchymal Transition. The pepstatin bead – Wes based assay whilst effective at 

detecting pepsin requires further development and is limited by the lack of high affinity 

antibodies.  
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1. Chapter 1 – General Introduction 

Aspiration is the inhalation of oropharyngeal or gastric products into the lower respiratory 

tract. Aspiration can occur as direct aspiration of saliva, fluids and food matter from the 

oropharynx, or as indirect aspiration of refluxed gastric contents (also referred to as reflux 

aspiration). Both direct and reflux aspiration can contribute to respiratory pathology 

however this thesis focuses on respiratory pathology caused by reflux aspiration. 

 
Figure 1-1 Aspiration can occur both directly (from the oropharynx) and indirectly (from the 
stomach) 
 

1.1 Reflux Aspiration 

Reflux aspiration is the regurgitation of gastric material up the gastro-oesophageal tract 

and its subsequent penetration of the lower airways. Reflux aspiration can occur acutely as 

a bolus aspiration event potentially leading to pneumonia and acute lung injury, or 

chronically as the repeated aspiration of small volumes leading to chronic respiratory 

symptoms. There is emerging consensus that “silent reflux” with chronic microaspiration of 
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aerosolised gastric material which is non-acidic or weakly acidic occurs in large numbers of 

patients [1].  In this scenario, the airways are repeatedly exposed to small volumes of gastric 

material which are diluted in the airway surface liquid. This results in a mild but persistent 

reduction in airway pH which may predispose the airways to infection and cause chronic 

airway inflammation. Over time, the repeated exposure of the airways to aerosolised gastric 

refluxate causes a smouldering inflammation which eventually leads to airway remodelling. 

Reflux aspiration has been linked to many respiratory pathologies, including idiopathic 

pulmonary fibrosis (IPF) [2], cystic fibrosis (CF) [3,4], chronic obstructive pulmonary disorder 

[5], asthma [6] and lung transplant related bronchiolitis obliterans syndrome (BOS) [7,8]. 

Reflux aspiration is also a common cause of respiratory morbidity and mortality in adults and 

children with severe neurodisability [9-11].   

1.1.1 Gastro-Oesophageal Reflux and Aspiration 

Gastro-oesophageal Reflux (GOR) occurs when the lower oesophageal sphincter, a ring of 

muscle which normally prevents movement of stomach contents into the oesophagus, fails 

to contract appropriately. Symptoms include chronic heartburn, acid indigestion, chest pain 

and chronic cough [6]. When these symptoms of GOR occur persistently, a diagnosis of 

Gastro-oesophageal Reflux Disease (GORD) is made.  Risk factors for GORD including hiatus 

hernia, oesophageal dysmotility and delayed gastric emptying. Several factors can lead to 

differing presentations of symptoms, including the rate of acid secretion and clearance, and 

time of eating relative to bedtime. This can influence presentation and severity of symptoms 

associated with daytime and night-time reflux [12]. Indeed, patients who suffer reflux only 

in the supine position have a higher incidence of oesophageal inflammation compared with 

those who suffer from upright reflux alone. This is most likely due to inability to clear the 

refluxate thus allowing longer episodes of exposure to oesophageal epithelium [13]. 

Additionally, persistent nocturnal GOR is often associated with respiratory symptoms such 

as wheezing and onset of asthma [14,15]. 
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In IPF and CF patients, reflux aspiration is often associated with GORD. In some lung 

transplant patients who develop BOS, GORD is also implicated, although there is a “chicken 

– egg” debate around whether patients’ reflux occurs before or after surgery. In some 

patients, transplant is the only treatment for fibrotic lung disease caused or exacerbated by 

reflux aspiration. However, during lung transplantation, damage to the vagal nerve may 

occur which can contribute to GORD development [16-18]. In COPD, GORD is associated with 

increased respiratory exacerbations [19]. 

1.1.2 Reflux Aspiration in Children with Severe Neurodisability 

Children with severe neurodisability have high levels of respiratory symptoms and 

respiratory problems have long been recognised as a major cause of mortality [20,21]. Reflux 

aspiration is thought to play a major role in contributing to respiratory morbidity and 

mortality [22]. GORD is a common co-morbidity in children with severe neurodisability; it has 

been reported in up to 75% of children with severe cerebral palsy [23-25]. Poor lower 

oesophageal sphincter tone and delayed peristalsis coupled with diminished cough reflex are 

thought to contribute to the pathogenesis of reflux aspiration. Resultant respiratory 

symptoms or complications include cough, wheeze, recurrent respiratory tract infections and 

pneumonia [26]. Bronchiectasis, a radiological feature indicating an abnormal widening of 

the bronchi and bronchioles, is a common end stage pathology observed in children with 

severe neurodisability, and is likely caused by the repeated respiratory tract infections linked 

with reflux aspiration [27,28].  
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Figure 1-2 Contributing factors to reflux aspiration in children with severe neurodisability 

 

1.2 General Airway Pathology associated with reflux aspiration 

Much of the data available on airway pathology associated with reflux aspiration has been 

collected from patients or patient groups who are highly likely to have this condition because 

of contributing pathologies such as GORD. Constituents of gastric fluid, such as pepsin and 

bile acids, are often measured in bronchoalveolar lavage fluid (BAL) or sputum from these 

patients as markers of aspiration. When BAL and sputum is collected from patients with 

suspected reflux aspiration analysis reveals an overall pattern of inflammation often coupled 

with radiological evidence of fibrosis. 

1.2.1 Inflammation 

Airway inflammation is characterised by an increase in the expression of pro-

inflammatory cytokines by cells of the airways which subsequently leads to an influx of 

inflammatory cells such as neutrophils and the activation of resident macrophages. 
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Inflammatory cytokines and neutrophilia have been observed in the BAL and sputum of 

patients with suspected reflux aspiration [7,29-32].  

Pauwels et al. found that in patients with CF, asthma, and chronic cough, bile acids in 

induced sputum correlated with increased neutrophil elastase in sputum indicating 

increased airway inflammation; these patients also had worse respiratory function [29]. 

Children with GOR and respiratory symptoms were found to have higher concentrations of 

the inflammatory cytokine interleukin-8 (IL-8), myeloperoxidase and neutrophil elastase and 

increased neutrophilia than controls [30]. Starosta et al. also reported increased IL-8 and 

neutrophilia in BAL from children with GOR [31]. Carpagnano et al. reported increased pro-

inflammatory molecules IL-6 and 8-isoprostane in sputum and exhaled breath condensate 

from patients with GOR and GOR-related asthma. They also reported high neutrophil counts 

in sputum from these patients [32][7]. In lung transplant patients, increased levels of IL-8 

and neutrophilia have been reported to be correlated to elevated bile acids in BAL [7]. 

Similarly, Griffin et al. reported a correlation between airway neutrophilia and reflux events 

in lung transplant patients [18]. More recently, our group has reported increased IL-8 and 

neutrophilia in BAL from children with severe neurodisability, a group at high risk of reflux 

aspiration [20]. 

Two cytokines that are repeatedly measured in patient airways are IL-6 and IL-8. This is 

likely because these cytokines are widely used as markers of inflammation in both 

observational and experimental studies. These cytokines are also used as markers of 

inflammation in this thesis. 

IL-6 is a pleiotropic cytokine which is expressed by airway epithelial cells (AECs) following 

exposure to stress-inducing or damaging stimuli, or through binding of bacterial endotoxins 

such as LPS to Toll-like receptor-4 on the cell surface. IL-6 activates CD4 T cells, macrophages 

and neutrophils through their expression of IL-6 receptor (IL-6R). An amplification loop can 
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be initiated whereby these immune cells in turn secrete IL-6 and also soluble IL-6R (sIL-6R) 

allowing for the activation of non-immune cells such as other AECs and pulmonary 

fibroblasts. IL-6 promotes IL-13 production in CD4 T cells which in turn promotes fibroblast 

proliferation and matrix deposition contributing to pulmonary fibrosis. It also induces mucus 

secretion by AECs through IL-13 upregulation [33].  

IL-8 (or CXCL8) is best known for its function as a neutrophil chemoattractant and 

activator. IL-8 is a chemokine secreted by AECs or resident macrophages to attract 

neutrophils to sites of cell damage or infection. When neutrophils arrive at these sites, high 

IL-8 concentrations induce neutrophils to phagocytose pathogens or dead and dying host 

cells. IL-8 also primes neutrophils for respiratory burst, a process by which these 

phagocytosed microbes are destroyed by reactive oxygen species. Furthermore, IL-8 induces 

neutrophil degranulation whereby degradative enzymes, including elastase, are released 

from neutrophils to kill pathogens [34,35]. Neutrophil infiltration, induced by secretion of IL-

8, in the short term is beneficial to pathogen clearance and epithelial repair, however, 

chronic expression of IL-8 and the subsequent neutrophilia can contribute to tissue fibrosis. 

In particular, persistent release of neutrophil degradative enzymes such as 

myeoloperoxidase and neutrophil elastase can cause direct damage to AECs and contribute 

to the breakdown of extracellular matrix thus frustrating the repair process. 

1.2.2 Fibrosis 

Fibrosis of the airways is characterised by changes in airway tissue in terms of its cellular 

composition and the increased deposition of extracellular matrix (ECM). It can be assessed 

using high resolution computed tomography (HRCT) in which “honeycombing” can be 

observed and scored by estimating the percentage of the lung affected [36,37]. 

HRCT scores indicating airway fibrosis correlated with reflux events and salivary pepsin 

and bile acids in patients with IPF [38]. In children with severe neurodisability, presence of 
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fibrosis and bronchiectasis on HRCT scans correlated with history of GOR [27]. Similarly, our 

own group have found that children with severe neurodisability had increased expression of 

transforming growth factor-β (TGF-β) in BAL [20]. 

TGF-β plays a central role in mediating tissue fibrosis and therefore is a commonly used 

marker of fibrosis. The three isoforms, TGF-β1, 2 and 3 are expressed by a range of cells, 

including airway epithelial cells, and play a role in diverse functions such as immune 

response, inflammation, wound healing and fibrosis. They are stored extracellularly in a 

latent complex with the latency associated peptide (LAP) which confers site-specific control 

of activation. TGF-β1 is the most studied isoform and considered the main driver of 

fibrogenesis [39]. It can be activated by the integrin αv-β6, by proteolysis, and by exposure 

to reactive oxygen species or acid [40]. In driving lung fibrosis, TGF-β increases ECM 

deposition by upregulating expression of ECM genes, including collagens, laminin and 

fibronectin, and by supressing the activity matrix proteinases such as collagenases, and 

increasing expression of proteinase inhibitors [41-43]. Through inducing epithelial cells to 

express fibronectin and resident fibroblasts to express fibroblast growth factor-2, TGF-β 

indirectly promotes fibroblast proliferation and directly induces their differentiation into 

myofibroblasts [44,45]. There is increasing consensus that TGF-β also contributes to the 

increase in fibroblast and myofibroblasts numbers by inducing the dedifferentiation of 

epithelial cells and subsequent differentiation to myofibroblasts through epithelial-

mesenchymal transition (EMT) [46].  

1.2.2.1 Epithelial-Mesenchymal Transition 

Epithelial cells typically grow in single or multiple layer sheets in which they exhibit apical-

basal polarity, with the basal membrane attached to a basement membrane of extracellular 

matrix (ECM). Epithelial cells are closely associated with each other through specialised 

connections of tight junctions, adherins junctions and desmosomes. As such they are 
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immotile. EMT is a process by which epithelial cells may lose this polar immotile phenotype 

and gain a mesenchymal cell phenotype which allows for increases motility, apoptosis 

resistance and increased production of ECM. There are three types of EMT, type 1) occurs 

during embryonic development, type 2) occurs to facilitate tissue regeneration and wound 

healing, and type 3) occurs for metastasis and cancer progression [46]. TGF-β plays a role in 

activating each type of EMT, although it is type 2 which is implicated in fibrosis. Type 2 EMT 

is initiated as tissue repair where, following trauma or local inflammation, cells undergo EMT 

to generate fibroblasts and other cells for repair. When tissue is repaired inflammation 

should cease and with it EMT, however, in circumstances where inflammation is chronic or 

trauma repeated, prolonged activation of EMT can lead to fibrosis [47]. During EMT epithelial 

cells loose polarity and cell-cell contact due to downregulation of proteins such as E-cadherin 

and Zonulus Occludins (ZO). E-cadherin is a transmembrane adhesion receptor which 

mediates and maintains cell-cell interactions at adherins junctions [48]. ZO is a cytoplasmic 

protein which binds actin to enforce integrity and strength at tight junctions [49]. Following 

the downregulation of epithelial specific proteins, cells begin to express mesenchymal 

cytoskeletal proteins, e.g. vimentin, and upregulate expression of ECM components, e.g. 

fibronectin. Vimentin is a cytoskeletal intermediate filament whose expression causes 

changes in cell shape from a “cobblestone” epithelial morphology to an elongated “spindle-

like” morphology, and to facilitate the motility of cells [50,51]. Fibronectin, as previously 

mentioned, is an ECM component whose increased expression facilitates cell motility. 

Expression of these proteins is integral to mesenchymal cell function therefore they are 

considered canonical markers of EMT [46,52][46,53]. EMT has been observed in both 

primary and cell lines of AECs in vitro in response to repeated TGF-β exposure [54-56]. Often 

TGF-β-induced EMT was enhanced by co-stimulation with inflammatory cytokines such as 

TNF-α and IL-1β [54,55,57,58]. 
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1.3 Pathophysiology of Reflux Aspiration 

When investigating how reflux-aspiration causes respiratory pathology, two main issues 

need to be considered; the effect of a lowering of airway pH and the effect of constituents 

of gastric juice such as bile acids and pepsin. 

1.3.1 Airway pH 

Accurately measuring the pH of the airways is challenging. The majority of techniques 

available measure the pH of airway surface liquid (ASL), and are highly invasive requiring the 

endoscopic passing of a pH probe or even pH indicator paper, into the lungs. Additionally, 

the ASL is a layer of fluid tens of microns thin spread over an enormous surface area; as such 

it is very difficult to collect good quality samples [59]. Less invasive methods such as 

measuring the pH of exhaled breath condensate have been criticised for their inability to 

produce replicable data [60]. Despite these limitations many attempts have been made to 

measure the airway pH in both health and disease. A review of studies measuring nasal, 

tracheal and bronchial pH found that the pH of healthy airways ranged from pH5.5 – pH7.9 

and concluded that healthy airways were generally mildly acidic at pH6.6 [61]. Shifts in 

airway pH occur in a number of respiratory infections and diseases. A more alkaline airway 

pH has been reported in individuals with the common cold or chronic bronchitis. Conversely, 

airway acidification has been observed in patients with acute asthma and in cystic fibrosis 

ASL [62-64].  

In part due to difficulties diagnosing reflux aspiration (detailed below), there is little 

information available on the airway pH of patients with reflux-aspiration. Studies in stroke 

patients, who are at high risk of aspiration, and asthma patients with diagnosed 

gastroeosophageal reflux disease report that the tracheal pH rarely drops below pH5.0 

[11,62,65]. A recent study measuring bronchial pH in patients with both IPF and GOR 

reported airway pH to be significantly lower than controls (with only GOR) with an average 
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of pH5.3 [66]. Our group collected bronchoalveolar lavage fluid of children with severe 

neurodisability and found that the pH of BAL ranged from pH5.0 – pH7.9 (Figure1-3). 

 

 
Figure 1-3 Bronchoalveolar lavage fluid pH 

BAL from children with severe neurodisability at a time of respiratory stability (elective 
ND) when admitted for elective surgical procedures, or at a time of respiratory 
deterioration whilst ventilated on the paediatric intensive care unit (PICU). Data collected 
by Dr Ruth Trinick [67]. 

As changes in airway pH are observed and reported in so many respiratory pathologies, 

the effect of pH changes on the cells of the airways has been studied for decades. ASL 

acidification is known to increase mucus viscosity [68] and adversely affect ciliary beat [69]. 

Acidification of the airways of mice, through administration of hydrochloric acid, induces 

secretion of inflammatory cytokines, such as TNF-α, MCP-1, IL-10 and IL-1β, and causes 

airway neutrophilia, but this drastic lowering of pH is not physiologically relevant to mild 

airway acidification from chronic reflux-aspiration [70-72]. Mild extracellular acidification of 

airway smooth muscle cells (ASMCs) has been shown to induce IL-6 secretion through 

stimulation of the proton sensitive G-coupled protein receptor, OGR1 [73]. Conversely mild 

acidification to pH6.5 or pH5.5 was observed to decrease LPS-induced TNF-α secretion from 
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alveolar macrophages [74-76]. As yet there is little information on the direct inflammatory 

effects of mild airway acidification on AECs. 

1.3.2 Airway Exposure to Gastric Juice 

Despite the decades long association of reflux aspiration with a wide range of respiratory 

diseases, the effects of gastric juice and its constituents on the airway epithelium has not 

been widely studied. In a rodent model of chronic gastric juice aspiration inducing acute 

allograft rejection following lung transplant, CD4 T cell and macrophage counts were 

increased in BAL [77]. Expression of cytokines including IL-1β, TGF-β and TNF-α was also 

increased. In a further lung transplant rodent model which induced BOS without chronic 

rejection T cell BAL counts were again increased along with IL-1α, IL-1β, IL-6, IL-10, TGF-β and 

TNF-α [78]. In vitro, gastric juice was reported to increase IL-8 expression in primary bronchial 

epithelial cells from healthy controls and CF patients [79,80].  

Bile acids, such as cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), 

and lithocholic acid (LCA) are a major constituent of gastric juice. CDCA stimulation increases 

AEC expression of TGF-β and fibroblast growth factor CCN2, with media from CDCA-

stimulated AECs capable of enhancing fibroblast proliferation [81,82]. More recently, bile 

acids were reported to increase production of ECM proteins, collagen and fibronectin, and 

induce expression of EMT markers [83]. Bile acids have also been reported to repress 

expression of hypoxia-inducible factor 1 with CDCA in particular increasing expression of IL-

6 but not IL-8 in AECs [84]. Pepsin, the predominant enzyme in gastric juice, induces IL-6 and 

IL-8 expression in bronchial epithelial cells when incubated for short periods at very low pH 

(1.5 – 2.5) [85]. At higher pH, 7, pepsin induces IL-6 and IL-1α expression in nasal epithelial 

cells [86].  

While these in vitro studies are informative, many use either non-physiological 

concentrations of pepsin or bile salts at too low a pH or for too short a time point. Thus these 
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studies do not accurately reflect the more likely physiological scenario of damage caused by 

repeated gastric juice exposure at weakly acidic or non-acidic pH. The rodent studies are 

more physiological to chronic microaspiration, however they do not fully explain the effects 

of repeated gastric juice exposure on individual cell types.  
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Figure 1-4 Pathways which may contribute to reflux aspiration induced airway inflammation and fibrosis 
Airway epithelium is exposed to aerosolised gastric fluid containing pepsin and bile salts. Airway surface liquid pH is lowered causing ciliary beat 
dysfunction and mucus thickening. Exposure to bile salts and pepsin increases expression of cytokines such as IL-6, IL-8 and TGF-β. IL-6 can act on T 
cells to induce IL-13 expression which causes mucus hypersecretion and fibroblast mediated extracellular matrix (ECM) deposition. TGF-β induces 
epithelial to mesenchymal cell transition and fibroblast ECM deposition. IL-8 recruits and activates neutrophils to damaged/stressed epithelium 
which released neutrophil elastase (NE) and reactive oxygen species (ROS) which can further damage epithelium. 
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1.4 Diagnosis of Reflux Aspiration 

Despite the fact that reflux aspiration has long been recognised as a clinical entity 

associated with mulitple respiratory pathologies, there is no objective, sensitive and specific 

diagnostic test for this condition in wide-spread clinical use. Diagnosis of reflux aspiration is 

currently made based on cumulative evidence of GORD, swallowing dysfunction, respiratory 

symptoms and evidence from other radiological and laboratory tests [9]. Distinguishing 

between reflux aspiration and direct aspiration (of saliva or food from the mouth or pharynx) 

is highly important as treatment varies for the two conditions. Thus fundoplication might be 

recommended for patients with reflux aspiration whereas salivary duct ligation might be 

more appropriate for those with direct aspiration. Accurately diagnosing reflux aspiration 

would also be a useful tool for evaluating the efficacy of both medical and surgical treatments 

for reflux aspiration. Furthermore, this would facilitate longitudinal studies into the 

pathogenesis of reflux aspiration related respiratory disease. 

1.4.1 Current Methods of Diagnosis 

1.4.1.1 Videofluoroscopy  

Videofluoroscopy is a commonly used radiographic technique in which the patient 

swallows a radio-opaque barium meal and images are captured. Videofluoroscopy is 

considered the gold standard test for swallowing disorders. Combined with 24-hour 

oesophageal impedance-pH monitoring , aspiration observed by videofluoroscopy can be 

used to inform a diagnosis of reflux-aspiration [6,10,87]. There are a number of limitations 

to using this method of diagnosis, not least that it only provides a snapshot of each patients 

swallowing function and due to the required radiation exposure, taking multiple 

measurements is not feasible.  
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1.4.1.2 Lipid Laden Macrophage Index 

Lipid laden macrophages (LLM) are alveolar macrophages which have ingested lipid. This 

cytoplasmic lipid can be visualised on a microscope following Oil-Red-O staining of BAL 

macrophages. A scoring system was developed where the amount of lipid in 100 BAL 

macrophages is graded by a cytopathologist to produce an LLM index (LLMI) [88]. In recent 

years the clinical usefulness of this method has been questioned, as reports of inter-rater 

and intra-rater reliability have been published [89,90]. A more recent study which carried 

out 24-hour double-channel pH monitoring in children with GER also examined LLMI score 

from subsequent BAL and found that it did not correlate with recorded drops in oesophageal 

and tracheal pH [91]. The authors concluded that LLMI score didn’t have acceptable 

specificity to prove chronic aspiration. When scoring LLMI in BAL from children with severe 

neurodisability our group found that neither control nor neurodisabled children had an LLMI 

score high enough for a positive report, even in samples shown to be pepsin positive by 

western blot [92].  

1.4.2 Novel Methods of Diagnosis 

A diagnostic test for reflux aspiration should ideally be non-invasive, quantitative and able 

to differentiate direct aspiration from reflux aspiration. Being able to make measurements 

at multiple time points is also important given the likely intermittent nature of reflux and 

subsequent aspiration. Unfortunately, even when an appropriate method is developed it is 

difficult to validate the specificity of the chosen biomarker and the quality of the assay at 

measuring reflux-aspiration. 

1.4.2.1 Bile Acids 

Bile acids have previously been measured in BAL, using commercial detection kits, as a 

test for reflux aspiration in adults and children [7,31,93]. However, questions have been 

raised around the reliability and sensitivity of these kits. Indeed, a 2013 study reported that 
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these kits could not detect bile acids in BAL samples which were found to be bile acid positive 

by mass spectrometry [94]. As mentioned in Chapter 1.3.2, bile acids may play an important 

role in the pathogenesis of reflux aspiration associated lung damage, therefore it is important 

that we are able to accurately measure their presence in the airways. Although mass 

spectrometry may represent a new and more specific method of measuring bile acids in BAL, 

this thesis concentrated on the use of pepsin as a biomarker for reflux aspiration..  

1.4.2.2 Pepsin as a Biomarker 

Pepsin is the main proteolytic enzyme produced in the stomach. It is an aspartic protease 

produced by chief cells in the gastric lumen as a zymogen, pepsinogen. Pepsinogen contains 

a pro-segment at its N-terminus which blocks the active site of pepsin. This site is autolytically 

removed and pepsin activated upon secretion into the gastric lumen which is pH < 3 due to 

hydrochloric acid secretion from neighbouring parietal cells. There are two types of 

pepsinogen, pepsinogen A and pepsinogen C (progastricsin). There are four isoforms of 

pepsin A, pepsin 1, 3a, 3b and 3c, with pepsin 3b being the most abundant in gastric juice, 

followed by gastricin [95].  

Pepsin’s activity is pH dependent having maximal activity at pH2 which is diminished as 

pH increases until it becomes inactive at pH6.5 [96]. Pepsin is irreversibly denatured at pH8, 

however, pepsin incubated from up to 24 hours up to pH7 can be reactivated by re-

acidification, with pepsin incubated at pH7 retaining 79% of its activity upon re-acidification 

[97]. 
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Figure 1-5 Pepsin secretion in the stomach 
Pepsin in secreted as the zymogen, pepsinogen, from chief cells in the gastric lumen. It is 
secreted directly into an acidic environment created by hydrochloric acid secretion from 
neighbouring parietal cells. 

Due to its high concentration in gastric juice and its specific expression by gastric tissue, 

pepsin A has potential as a biomarker of reflux aspiration. Unfortunately, pepsin A shares 

high homology with other aspartic proteases which may be found in the airways (Figure 1-6) 

[98]. Pepsinogen C (50% homology) is produced by type II alveolar epithelial cells and 

cathepsin D (45% homology) is also produced by the airways. Cathepsin D may be particularly 

problematic as it has been shown to be increased in cases of respiratory infection and 

inflammation [99,100]. In light of this, any diagnostic test for reflux aspiration which uses 

pepsin as a biomarker must be able to differentiate between pepsin A, pepsinogen C and 

cathepsin D. 

 



34 
 

 
Figure 1-6 Pepsin A shares high homology with pepsin C and cathepsin D 
FASTA amino acid sequences for A) pepsinogen A and pepsinogen C (gastricin) or B) 
pepsinogen A and cathepsin D were run through BLASTp multiple sequence alignment tool. 
Letters in red represent sequences with high homology. C) Conserved domains of each 
protein as determine in BLASTp. 
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1.4.2.3 Pepsin ELISA 

There are two commercially available ELISA based human pepsin assays (PeptestTM, 

RDBiomed, UK; USCN Life Sciences, USA), although only the Peptest is recommended for 

clinical use, and only for aiding diagnosis of GORD using salivary samples. A number of studies 

have used Peptest for measuring pepsin in salivary samples but not BAL samples [101-103]. 

Furthermore, a recent publication has reported poor sensitivity of the Peptest at diagnosing 

reflux in paediatric salivary samples, although it did find an interesting correlation between 

pepsin positivity and chronic cough [104]. The USCN Life Sciences pepsin ELISA has been used 

to detect pepsin in BAL, although it has been reported that the antibody has significant cross-

reactivity with pepsinogen [87,105].  

Another two “in house” ELISA assays, developed at Newcastle University [106,107] and 

Queen’s University Belfast [108] have been reported in the literature. These assays have 

been used with BAL samples collected from lung transplant patients and patients with CF, 

reporting low co-efficient of variation (CV) between assays (Newcastle assay CV 13%, 

Queen’s assay CV 6.4%). BAL pepsin ranges of 0-1375ng/ml were reported in lung transplant 

patients using the Newcastle assay [109,110], and of 0-100ng/ml in CF patients using the 

Queen’s assay [111]. Little (<5ng/ml) or no pepsin was detected in healthy control BAL by 

either assay. These assays were tested by our group using spike retrieval assays (were a 

known amount of pepsin added to a sample) on BAL samples from children with severe 

neurodisability. While both assays could detect pepsin there was considerable sample 

interference resulting in poor linearity of dilution [87]. Furthermore, when the anti-pepsin 

antibodies from these ELISAs were used in a western blot assay of patient BAL, the antibodies 

were found to non-specifically bind proteins of higher and lower molecular weights than 

pepsin (Figure 1-7). There was also disagreement in the pepsin status of different patient BAL 

samples between each ELISA and between the ELISAs and the western blots which used the 

same anti-pepsin antibodies [92]. Dr Trinick pointed out that although these antibodies had 
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been tested for cross-reactivity with serum proteins such as albumin and gamma globulins 

and even with other aspartic proteases (rennin, chymosin), their cross-reactivity with 

cathepsin D and pepsinogen C had not been reported. 

 
Figure 1-7 Evaluation of published pepsin ELISAs using paediatric BAL 
Two published ELISA methods were tested using paediatric BAL samples from patients with 
severe neurodisability. A) Spike retrieval of pepsin spiked in BAL from neurodisabled patient 
(PICU) or a healthy control at a range of dilutions. Retrieval was compared to identical pepsin 
spike in reagent diluent. Poor retrieval is observed in BAL from a neurodisabled patient. B) 
Poor linearity of dilution observed when pepsin is spiked into BAL samples from two different 
neurodisabled patients. C) Non-specific binding observed when pepsin is measured in patient 
BAL by western blot using antibodies from C) the Newcastle ELISA and D) the Queen’s ELISA. 
C, control – 100ng porcine pepsin in water. Data from the thesis of Dr Ruth Trinick [92]. 
 

Advantages of ELISAs include their relative cheapness, high sensitivity and that they are 

high throughput as many samples can be measured at one time. However, these findings 

highlight a major limitation of ELISAs, i.e. non-specific binding is not easily identified and 

could therefore lead to false positives. 
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1.4.2.4 Pepsin Western 

Although only semi-quantitative, western blots can provide an enhanced level of 

specificity over ELISAs as proteins can be identified both immunologically and by molecular 

weight. There are a number of studies which have reported pepsin-positivity in patient BAL 

and sputum using a western blot method. Interestingly, many of these either fail to show 

images of patient westerns or indeed, show cropped images of the blot. While this cropping 

of blots is common practice in the literature, and may be an attempt by authors to save space 

on figures, it does imply that the unseen parts of the blot may show non-specific antibody 

binding as was observed by Dr Trinick (Figure 1-7) [92].  

1.4.2.5 Mass Spectrometry Assay 

In collaboration with the Centre for Proteome Research at the University of Liverpool, our 

group have examined the possibility of a novel, specific and sensitive mass spectrometry 

based assay for accurately measuring pepsin A in BAL. In this assay pepsin is affinity enriched 

from BAL using a specific pepsin binding inhibitor (pepstatin) immobilised on agarose beads 

(Chapter 5.1.1). Pepsin is then digested directly off the beads and analysed by liquid 

chromatography-multiple reaction monitoring-mass spectrometry (LC-MRM-MS). This assay 

produced a lower detection limit of 2fmol and detected pepsin in 4/16 BAL samples from 

children with severe neurodisability (Rebecca Miller et al., unpublished data) (Figure 1-8). 

This assay is highly sensitive and specific however it requires further validation with a larger 

cohort of patient samples. It is also a very expensive assay and requires a highly skilled 

operator since it uses a highly sensitive mass spectrometer. 
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Figure 1-8 Mass Spectrometry Pepsin Assay and Modified Western Blot 
Paediatric BAL samples from patients with severe neurodisability were analysed by mass spectrometry and modified western blot for the presence of pepsin. 
Standards of known concentrations of pepsin were run alongside patient samples. A) LC-MRM-MS chromatogram of 2 fmol pepsin spiked into healthy control 
BAL run as a standard, peak at 18.3min. B) LC-MRM-MS chromatogram of BAL from a patient with severe neurodisability (Patient 8) showing similar peak to 
the pepsin standard, pepsin peak at 8.15min. Unknown peak also observed at 17.4min. C) Pepsin standards and BAL from a patient with severe neurodisability 
(Patient 8) run on a modified western blot (described in Chapter 5.3.4). Data provided courtesy of Dr Rebecca Miller at the Centre for Proteome Research, 
University of Liverpool. 
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1.5 Treatment of Reflux Aspiration 

Treatments for reflux aspiration are primarily aimed at reducing associated GOR and can 

range from lifestyle changes to medical and surgical interventions. Simple interventions 

include increased head-of-the-bed elevation, adjustments to more upright positioning for 

children with severe neurodisability, and feed thickening. Unfortunately, these simple 

measures often do not completely prevent reflux aspiration, so many patients are treated 

medically. Medical interventions, including compound alginate preparations, pro-kinetic 

agents and proton pump inhibitors (PPIs), are aimed at reducing the frequency and volume 

of reflux rather than preventing the episode of aspiration itself. Pro-kinetic drugs such as 

domperidone are often administered to speed up gastric emptying thereby reducing the 

volume of gastric contents available to be refluxed, although there is little evidence as to 

their efficacy [112,113]. Gaviscon® and other compound alginate preparations increase the 

viscosity of gastric contents. Some preparations create a physical barrier at the top of the 

stomach through formation of a viscous gel on the surface of gastric fluid which prevents 

refluxate entering the oesophagus. The evidence to suggest that these alginate preparations 

prevent gastric reflux in children is much stronger than that for pro-kinetic agents [113].  PPIs 

are a class of drugs which block the acid secreting hydrogen/potassium ATPase on gastric 

parietal cells thereby decreasing the acidity of gastric juice. While PPIs reduce the symptoms 

of GOR, i.e. heartburn, by reducing the acidity of the refluxate, they do not prevent reflux 

nor aspiration. PPIs are widely prescribed to lung transplant patients and children with 

severe neurodisability. In Dr Trinick’s study of reflux aspiration in children with severe 

neurodisability, she found that over a third of children recruited to the study were on PPI 

treatment or domperidone treatment. Interestingly, despite better evidence for compound 

aliginate prepartions, only 2/20 of those children were being treated with Gaviscon® [92]. 
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Where medical treatment fails, patients with reflux aspiration are referred for surgical 

treatments such as fundoplication or gastrostomy. Fundoplication is a laparoscopic 

procedure in which the upper part of the stomach (the fundus) is wrapped around the lower 

oesophagus providing greater support for the lower oesophageal sphincter. Gastrostomy is 

the placement of a feeding tube into the stomach and is also a laparoscopic procedure that 

is often done in combination with a fundoplication, particularly in children with 

neurodisability. Lung transplant patients are often given anti-reflux surgery, such as 

fundoplication, which has been shown to reduce allograft injury and improve quality of life 

[114,115]. Children with severe neurodisability make up nearly 40% of the paediatric 

patients undergoing fundoplication in the USA [116]. In the patient cohort recruited by Dr 

Trinick, almost two thirds of children with severe neurodisability had had surgical 

interventions, the majority of which were gastrostomy with fundoplication [92]. Despite the 

large numbers of children undergoing these anti-reflux therapies, a recent Cochrane review 

found that the evidence to support these interventions is poor and there is little information 

to support their efficacy in improving reflux aspiration children with severe neurodisability 

[117].  

1.6 Aims and Objectives of the Study 

The overall aim of this study was to examine the pathological effects of reflux aspiration 

on the airway epithelium. An additional aim was to develop an effective assay for reflux 

aspiration. Specifically, my objectives were: 

1. To assess the effects of mild pH alteration on airway epithelial cells 

2. To assess the effects of dilute gastric juice on airway epithelial cells 

3. To develop a robust, sensitive and easy to use assay for reflux aspiration using 

pepsin as a biomarker 
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2. Chapter 2 – Methods and Materials 

2.1 BEAS-2B Cell Culture 

All experiments were performed using BEAS-2B cells (ECACC 95102433), a transformed 

epithelial-like cell line derived from normal bronchial epithelium. Cells were grown in 

bronchial epithelial cell growth medium (BEGM) (Lonza, Belgium) – a basal medium 

supplemented with bovine pituitary extract, human epithelial growth factor, hydrocortisone, 

epinephrine, transferrin, insulin, retinoic acid, triiodothyronine, gentamycin and 

amphotericin B.  

Cells were routinely cultured in T25 flasks (Nunc, Thermo Scientific, UK) and seeded in 96-

well, 12-well and 24-well plates (Corning Costar, Thermo Scientific) for experiments. Flasks 

and plates were pre-coated with collagen by incubating with a 1% solution of PureCol 

collagen (Advanced Biomatrix, USA) in PBS for 1 hour. Flasks and plates were washed with 

PBS to remove acidic residues and allowed to dry before BEGM was added.  

Cells were re-plated when they reached 70-80% confluence. Media was first removed and 

discarded before the cells were washed with 5ml Hanks balanced salt solution (HBSS) (Lonza) 

and incubated for 2 minutes at 37°C with 2ml trypsin-EDTA solution (Lonza) to dissociate 

them from the flask. Each flask was gently tapped and checked under the microscope to 

ensure around 90% of cells were detached. To inactivate trypsin, 4ml trypsin neutralising 

solution was added, flushing the side of the flask to ensure complete recovery. The full 6ml 

was transferred to a 10ml sterile tube and centrifuged at 125 x g for 5 minutes to pellet cells, 

the supernatant discarded and cells resuspended in 1ml media. Cells were counted using a 

Bright-Line™ haemocytometer (Reichert, USA), taking the mean of the total cell count from 

the 4 outer corner quadrants. Cells on the top and left borders were counted “in” those on 

the bottom and right borders were excluded. 
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For growth cells were then seeded at 10,000 cells per cm2 and incubated in BEGM at 37°C 

and 5% CO2 in a humidified incubator. Media was changed every 48 hours. Flasks and plates 

were regularly checked for normal cell morphology and signs of contamination using a phase 

contrast microscope (Leica). Cells were cultured up to passage 15. 

For long-term storage cells were kept in liquid nitrogen gas phase. Following 

trypsinisation and centrifugation, cells were resuspended in 1ml BEGM and 10% DMSO 

(Sigma, UK) and transferred to a cryovial (Fisher, UK), placed in a CoolCell® cell freezing 

container (BioCision, USA) and incubated at -80°C for 24 hours before being transferred to 

liquid nitrogen storage. Cells from one 80% confluent T25 flask was used for each cryovial. 

To grow a new batch, 500l of each vial was added to 4.5ml warmed BEGM in a T25 flask 

pre-coated with collagen. 

2.2 Polymerase Chain Reaction 

2.2.1 RNA Isolation 

RNA was isolated using an RNeasy mini kit (Qiagen) or a Quick-RNA™ MiniPrep kit (Zymo). 

Each kit uses a similar method for RNA isolation and yields RNA of similar quantity and purity. 

2.2.1.1 RNA Isolation Standard Protocol - Qiagen method 

At the end of each experiment, media was aspirated from each well and cells rinsed with 

room temperature sterile PBS. Cells were lysed on the plate by addition of 350l RLT buffer. 

The resulting lysate was transferred to a nuclease-free tube (Fisher) on ice and vortexed. 

Lysate was transferred to a QIAshredder spin column in a 2ml collection tube and centrifuged 

for 2 minutes at 17,000 x g. The resulting eluent was mixed with an equal volume of 70% 

nuclease-free ethanol and 700l transferred to an RNeasy spin column in a 2ml collection 

tube. The spin column was centrifuged for 15 seconds at 17,000 x g and the flow through 

discarded. The membrane was washed with 700µl buffer RW1, centrifuged for 15 seconds at 

17,000 x g and flow through again discarded. The membrane was then washed twice with 
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500µl RPE buffer, centrifuged first for 15 seconds and then for 2 minutes at 17,000 x g and 

flow through discarded. The spin column was transferred to a new collection tube and 

centrifuged for 1 minute at 17,000 x g to remove any final traces of wash buffer before 

transfer to a clean nuclease-free collection tube. To elute the RNA, 40µl nuclease-free water 

(Fisher) was added directly to the membrane and incubated for 2 minutes before being 

centrifuged for 1 minute at 17,000 x g. Eluted RNA was placed on ice immediately. 

2.2.1.2 RNA Isolation Standard Protocol - Zymo method 

At the end of each experiment, media was aspirated from each well and cells rinsed with 

room temperature sterile PBS. Cells were then lysed on the plate by addition of 300l RNA 

Lysis Buffer. The resulting lysate was transferred to a nuclease-free tube on ice and vortexed. 

Lysate was transferred to a Spin-Away™ Filter spin column in a 2ml collection tube and 

centrifuged for 1 minute at 17,000 x g. The resulting eluent was mixed with an equal volume 

of 100% nuclease-free ethanol and the full 600l transferred to a Zymo-Spin™ IIICG Column 

spin column in a 2ml collection tube. The spin column was centrifuged for 30 seconds at 

17,000 x g and the flow through discarded. The membrane was then washed with 400µl 

buffer RNA Prep Buffer, centrifuged 30 seconds at 17,000 x g and flow through discarded. 

This step was repeated with 700µl RNA Wash Buffer, centrifuged for 30 seconds at 17,000 x 

g and flow through discarded, and then again with 400µl RNA Wash Buffer, centrifuged for 

2 minutes at 17,000 x g and flow through discarded. The spin column was transferred to a 

new collection tube and centrifuged for 1 minute at 17,000 x g to remove any final traces of 

wash buffer. The spin column was then transferred to a clean nuclease-free collection tube. 

To elute the RNA, 50µl nuclease-free water was added directly to the membrane and 

centrifuged for 30 seconds at 17,000 x g. Eluted RNA was placed on ice immediately. 

Following elution, RNA quantity and quality was assessed using a Nanodrop ND-1000 

Spectrophotometer and 1l from each sample, the quantity of RNA being measured at 
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260nm. Quality of RNA was measured by A260/A280 ratio with ratios between 1.8 and 2.2 

being acceptable. 

RNA samples were stored at -30°C for up to a week before use. 

2.2.2 Reverse Transcription (RT) 

2.2.2.1 RT Standard Protocol – MultiScribe method 

RNA samples were incubated for 5 minutes at 60°C to denature RNA before being reverse 

transcribed to cDNA. A reverse transcription mastermix was prepared using a High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems). For every 10l RNA sample, the 

mastermix contained 2l 10X RT Buffer, 2l 10X RT Random Primers, 1l deoxynucleotide 

triphosphates (dNTPs), 1l MultiScribe™ Reverse Transcriptase enzyme and 4l nuclease-

free water. RNA samples and RT mastermix were combined in a nuclease-free microtube 

(Sigma, UK) and centrifuged to mix. Samples were incubated in TC-512 thermal cycler 

(Techne, USA) for 1 hour at 37°C followed by 5 minutes at 85°C to denature the reverse 

transcriptase enzyme. The newly synthesised cDNA samples were diluted 1:4 by addition of 

80l nuclease-free water. Samples were then kept on ice while PCR mastermix was prepared. 

2.2.2.1 RT Standard Protocol – Bioscript method 

RNA samples were incubated for 5 minutes at 60°C to denature RNA before being reverse 

transcribed to cDNA. A reverse transcription mastermix was prepared using Moloney Murine 

Leukaemia Virus reverse transcriptase. For every 38l RNA sample, the mastermix contained 

5l Bioscript 5x RT Buffer (Bioline), 1l random hexamers (Applied Biosystems), 1.5l 

deoxynucleotide triphosphates (dNTPs) (Bioline), 0.5l Bioscript RT Enzyme and 4l 

nuclease-free water. RNA samples and RT mastermix was combined in a nuclease-free 

microtube (Sigma, UK) and centrifuged to mix. Samples were incubated in TC-512 thermal 

cycler (Techne, USA) for 1 hour at 42°C followed by 10 minutes at 80°C to denature the 

reverse transcriptase enzyme. The newly synthesised cDNA samples were diluted 1:10 by 
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addition of 450l nuclease-free water. Samples were stored at 4°C for up to a week or at -

30°C thereafter. 

2.2.3 Quantitative Polymerase Chain Reaction 

All qPCR experiments were carried out using TaqMan® gene expression assays (Applied 

Biosystems, UK). For those cDNA samples generated using the Multiscribe method 11.25l 

cDNA was mixed with 12.5l TaqMan® gene expression mastermix and 1.25l TaqMan® 

primer/probe. For those cDNA samples generated using the Bioscript method 2l cDNA was 

mixed with 5l TaqMan®universal mastermix II, no UNG, and 0.5l TaqMan® primer/probe 

and 2.5l nuclease-free water. Each cDNA sample was probed for each gene of interest and 

two housekeeping genes, ribosomal protein L32 (L32) and β-actin. Details of the 

primer/probe assays used are listed in Table 2-1.  
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Table 2-1 Taqman® primer/probe assays 

Primer/probe Gene Assay identifier 
Amplicon 

length 
Assay design 

Interleukin 8 IL8 Hs00174103_m1 101 
Probe spans 

exons 

Interleukin 6 IL6 Hs00985639_m1 66 
Probe spans 

exons 

Transforming growth 
factor β 

TGFB1 Hs00998133_m1 57 
Probe spans 

exons 

E-cadherin CDH1 Hs01023894_m1 61 
Probe spans 

exons 

Vimentin VIM Hs00185584_m1 73 
Probe spans 

exons 

Fibronectin FN1 Hs00365052_m1 82 
Probe spans 

exons 

Ribosomal protein L32 MRPL32 Hs00388301_m1 81 
Probe spans 

exons 

Β-actin ACTB Hs99999903_m1 171 
Probe spans 

exons 
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Samples were run in duplicate on a 96-well PCR plate (Starlabs, UK). Plates were run on a 

7300 Real-Time PCR System (Applied Biosystems, UK) using Sequence Detection Software 

V1.4 (Applied Biosystems, UK) for programming and data collection. Cycling conditions were 

50°C for 2 minutes, followed by hold at 95°C for 10 minutes and then 40 cycles of 95°C for 

15 seconds and 60°C for 1 minute. At the end of each run amplification plots were viewed 

and baseline and threshold values set.  

Duplicate CT values of each gene were exported for analysis using the comparative CT 

method (2- ΔΔCT) [118]. Firstly, the mean of each target gene duplicate set and of each 

housekeeping duplicate set was calculated. The housekeeping genes, L32 and β-actin were 

used as internal reference genes. To generate a ‘mean reference’ value, the mean of the L32 

duplicate mean and β-actin duplicate mean was calculated. ΔCT values were then calculated 

using the equation, 

ΔCT = CT (target mean) – CT (mean reference) 

The mean ΔCT value of each triplicate data set of treated groups or untreated controls 

was calculated. The ΔΔCT values were calculated using the equation, 

ΔΔCT = mean ΔCT (treatment group) – mean ΔCT (untreated control) 

The fold change in target gene expression, relative to internal reference gene and basal 

expression, was calculated using the equation, 

Relative gene expression = 2- ΔΔCT 

A fold increase is expressed as the relative gene expression (2- ΔΔCT) value. A fold decrease 

is expressed as the reciprocal of the relative gene expression value, which is calculated using 

the formula, 
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1

2− ΔΔCT
 

 

Positive and negative error bar values were calculate using the equations, 

Positive error bar = 2-(ΔΔCт+∆CT SE) – 2- ΔΔCT 

Negative error bar = 2- ΔΔCT – 2-(ΔΔCт-∆CT SE) 

As the raw CT value is determined from a log-linear plot of the PCR signal versus the cycle 

number, it is an exponential term should not be used for statistical analysis. The ΔCT value is 

also exponential term and should be converted to linear form for statistical analysis [118]. 

ΔCT values were converted to a linear form using the formula, 

2- ΔCT 

2.3 Enzyme Linked Immunosorbant Assay (ELISA) 

To measure interleukin-6 (IL-6), interleukin-8 (IL-8) and Transforming Growth Factor-β 

(TGF- β) sandwich ELISAs were performed using DuoSet ELISA kits (R&D Systems, UK). All 

assays were carried out on MaxiSorp® flat bottom 96-well plates (Nunc Thermo Scientific, 

USA). Assay constituents were reconstituted in appropriate diluents following 

manufacturer’s instructions and capture antibody, standards and detection antibodies 

aliquoted and stored at -80°C for future use. 

2.3.1 IL-8 measurement in cell culture supernatant and whole cell lysate 

Capture antibody was diluted to the manufacturer’s recommended working 

concentration in 10ml PBS without carrier protein. All wells of a 96-well plate were coated 

with 100µl capture antibody solution, the plate sealed and incubated at room temperature 

overnight after which the capture antibody was removed and each well washed with 400µl 
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wash buffer (0.05% Tween 20 in PBS, pH7.4) three times. Following each wash the plate was 

inverted and blotted. To block the plate, 300µl block buffer (1% bovine serum albumin (BSA) 

in PBS, pH7.4) was added to all wells, the plate sealed and incubated at room temperature 

for 1 hour. The aspiration/wash step was then repeated three times. Standards were 

prepared by a two-fold serial dilution of recombinant IL-8 protein in reagent diluent (0.01% 

BSA in 0.05% Tween 20 in PBS, pH7.4), from a high standard of 2000pg/ml to 3.9pg/ml. 

Reagent diluent was used as a blank. Cell culture supernatant samples from cells treated with 

LPS were diluted 1:20 in reagent diluent, and those not treated with LPS added neat. Whole 

cell lysate samples were added neat, except those from cells treated with Brefeldin A which 

were diluted 1:10 in reagent diluent. Samples treated with gastric juice were added neat. 

Both standards and samples were added in duplicate at a final volume of 100µl per well. 

After addition of sample or standard plates were sealed and incubated at 37°C for 1 hour 

with gentle agitation. Aspiration/wash was then repeated three times and 100µl of 

biotinylated detection antibody, diluted to the manufacturer’s recommended working 

concentration, added to each well. The plate was sealed and incubated at 37°C for 1 hour 

with gentle agitation. Aspiration/wash was again repeated three times and 100µl of 

Streptavidin-HRP diluted to its working concentration in reagent diluent added to each well. 

The plate was again sealed and incubated out of direct light for 20 minutes at room 

temperature and aspiration/wash repeated three times. To each well, 100µl 3,3',5,5'-

Tetramethylbenzidine substrate solution was added and the plate incubated out of direct 

light. The colour development was periodically checked until the lowest standard had 

developed, then 50µl 1M sulphuric acid was added to each well to stop the reaction. The 

plate was read at 450nm using a BioTek ELx800 absorbance microplate reader. Optical 

density (OD) values were collected using KCjunior software (BioTek, UK) and a 4-parameter 

standard curve was generated from which sample concentrations were calculated. Data was 

exported to Microsoft Excel for storage. 
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2.3.2 IL-6 measurement in cell culture supernatant and whole cell lysate 

The methods for measuring IL-6 were the same as those described for measuring IL-8 

(2.4.1) with two exceptions; IL-6 assay reagent diluent is 1% BSA in PBS, pH7.4 and the 

standard curve used was a two-fold dilution from 600pg/ml to 2.3pg/ml. Samples were 

diluted as described above. 

2.3.3 TGF-β measurement in cell culture supernatant 

TGF-β is secreted in complex with latent TGF-β binding protein and latency-associated 

peptide and as such is inactive. These polypeptides can be removed by exposure to acid, 

releasing the active, and more importantly, immunoreactive TGF-β protein. An additional 

sample activation step was performed on samples before use in this ELISA. To 100µl cell 

culture supernatant, 20µl 1M hydrochloric acid was added, mixed and incubated for 10 

minutes at room temperature. To neutralise, 20µl 1.2M sodium hydroxide with 0.5M HEPES 

was added to the acidified samples. Samples were mixed well and 100µl immediately added 

to the blocked and washed ELISA plate. Standards were not acid treated. Sample dilution by 

the activation step was corrected for by using a dilution factor of 1.4. Samples were not 

diluted further. 

The methods used for measuring TGF-β were the same as those described for measuring 

IL-8 (2.4.1), however, the block buffer was 5% Tween 20 in PBS, pH7.4, and the reagent 

diluent was 1.4% delipidized bovine serum (R&D) in 0.05% Tween 20 in PBS, pH7.4. The 

standard curve concentrations used were the same as those used for IL-8 ELISA.  

2.4 Protein Assay 

Protein concentration was measured using a Pierce BCA Protein Assay Kit (Thermo). 

Standards were prepared by a two-fold serial dilution of 2mg/ml albumin standard (BSA) in 

sterile distilled water. A standard curve from 2000µg/ml to 15.6µg/ml was used. In duplicate, 

25µl of standard or sample was pipetted into a clear, flat-bottom, 96-well plate. Whole cell 
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lysate samples were diluted 1:5 in sterile distilled water. Sterile distilled water was used as a 

blank. A working assay reagent solution was made up by 1:50 dilution of 1 parts Reagent B 

with 50 parts Reagent A. The solution was mixed by vortexing and 200µl working solution 

added to each well. The plate was covered and incubated at 37°C with gentle agitation for 

30 minutes or until the colour of the lowest standard developed. The plate was allowed to 

cool and the absorbance read at 540nm using a BioTek ELx800 absorbance microplate 

reader. OD values were collected using KCjunior software (BioTek) and a 4-parameter 

standard curve was generated from which sample concentrations were calculated. Data was 

exported to Microsoft Excel for storage. 

2.5 MTT Cell Viability Assay 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) is a yellow, water 

soluble tetrazolium dye that can be taken up by live cells and therein reduced to a purple 

insoluble formazan. This reaction can be quantified and used as a measure of metabolic 

activity or an indicator of cell viability. Cell viability was measured using a Vybrant® MTT Cell 

Proliferation Assay Kit (Thermo). BEAS-2B cells were grown in 96-well plates and exposed to 

experimental conditions as outlined in Chapter 3 and 4 in triplicate. At the end of each 

experimental time point, cell media was removed and replaced with 100µl fresh BEGM. To 

label the cells 10µl 12mM MTT solution was added to each well and cells incubated at 37°C 

for 4 hours. As a negative control 10µl 12mM MTT solution was added to 100µl fresh BEGM 

in wells with no cells again in triplicate. Following labelling, all but 25µl media was removed 

from each well and 50µl DMSO added and mixed thoroughly by pipette. The plate was 

incubated at 37°C for 10 minutes after which each well was thoroughly mixed again and the 

absorbance read at 540nm using a BioTek ELx800 absorbance microplate reader. OD values 

were collected using KCjunior software (BioTek) and exported to Microsoft Excel for analysis. 
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Blanked OD values were calculated using the mean OD value of the negative controls. Cell 

viability was expressed as a percentage of control OD values. 

2.6 Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) 

2.6.1 Sample Preparation 

Samples were mixed with 1X sample treatment buffer (Table 2-2), mixed by vortexing, 

centrifuged and heated to 95°C for 10 minutes. Samples were then centrifuged to draw down 

condensation and kept on ice until being loaded to gel. A volume of Benchmark Prestained 

Protein Ladder (Invitrogen) was also mixed with sample treatment buffer and heated as for 

the samples. For gel staining, 10µl ladder was used and for western blot, 5µl was used. 

Table 2-2 SDS-PAGE Sample Treatment Buffer 

Sample treatment buffer 
components 1X 

Tris-HCl, pH6.8 60mM 

Dithiothreitol 100mM 

Glycerol 10% 

SDS (w/v) 2% 

Bromophenol blue 0.015% 

 

2.6.2 Polyacrylamide Gel Preparation and Electrophoresis 

For polyacrylamide mini gels, gels were hand cast using Mini-PROTEAN® casting system 

accessories and tanks (BioRad, UK). A 12% separating gel (Table 2-3) was prepared and 

poured between glass plates, filling the cavity to 2 cm from the top. Water-saturated butan-

2-ol was layered above the separating gel and the casting chamber covered in cling film to 

prevent drying and ensure the gel was level. The gel was left to set for 1 hour. Following gel 

polymerisation, the butan-2-ol was poured off and plates carefully blotted with filter paper.  
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Table 2-3 SDS-PAGE Gel Components 

For 2 Gels 12% Separating Gel Stacking Gel 

Bisacrylamide 4ml 650µl 

1.5M Tris-HCl, pH8.8 
(Separating Gel Buffer) 

2.5ml — 

0.5M Tris-HCl, pH6.8 
(Stacking Gel Buffer) 

— 1.25ml 

10% SDS  50µl 50µl 

Sterile distilled water 3.4ml 3.025ml 

10% Ammonium Persulphate 75µl 25µl 

TEMED 7.5µl 2.5µl 

 
 

A stacking gel (Table 2-3) was prepared and poured between the plates, filling the 

remainder of the cavity. A comb was place between the plates and the gel was covered with 

cling film for 1 hour to polymerise. Multiple gels were assembled at once and stored in a 

humid environment at 4°C for up to 5 days. 

A 1X volume of electrophoresis buffer (25mM Tris, 192mM glycine, 0.1% SDS (all 

Sigma,UK)) was prepared and approximately 300ml added to the tank. The comb was 

removed from the set gel before it was added to the tank. The inner reservoir of the tank 

was filled to the top with electrophoresis buffer. Prepared samples and standards were 

loaded onto the gel; the protein ladder was loaded in the first lane and samples in 

subsequent lanes. A single gel was run on 200V and 30mA, and two gels were run on 200v 

and 60mA until the dye front had run off the bottom of the gel. When the run was complete, 

gels were removed from glass plates, the stacking gel was removed and a nick cut in the top 

left corner to indicate gel orientation. 

2.7 Data Handling and Statistical Analysis 

All data was collected, analysed and stored in Microsoft Excel 97-2003 or later (Microsoft, 

USA). Graphs were produced using Microsoft Excel 2013 or GraphPad Prism 6 (GraphPad, 

USA). All statistical analysis was carried out using StatsDirect 2.7.9 (StatsDirect Ltd, UK). The 
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specific statistical tests used for each data set are detailed in the methods section of the 

respective chapters. 

3. Chapter 3 - The effects of mild pH alteration on 

inflammatory cytokine production in BEAS-2B 

epithelial cells 

3.1 Introduction 

Airway inflammation and recurrent respiratory infections are commonly observed in 

individuals at high risk of reflux aspiration and it is thought that lowering of airway pH may 

be a contributing factor. Critical to understanding how changes in pH contribute to airway 

pathology is determining the airway pH in healthy individuals and in patients with reflux. As 

reviewed in Chapter 1.3.1, the pH of healthy airways is slightly acidic, with studies often 

reporting an average of pH6.6 [61]. Measurements of the airway pH in those with suspected 

reflux aspiration is thought to be weakly acidic, but measurements below pH5.0 are rarely 

reported [11,62,65,66]. 

As detailed in Chapter 1, acidification of the airways of mice induces secretion of 

inflammatory cytokines and causes airway neutrophilia, but this is unlikely to be 

physiologically relevant to mild airway acidification from chronic microaspiration of 

aerosolised gastric refluxate [70-72,119,120]. Mild extracellular acidification of airway 

smooth muscle cells (ASMCs) has been shown to induce IL-6 secretion [73], whereas it 

decreased TNF-α secretion from alveolar macrophages [74-76]. As yet there is little 

information on the effects of mild airway acidification on airway epithelial cells (AECs).  

This chapter investigates whether mild acidification of the airway epithelium contributes 

to airway inflammation and risk of infection. The chosen pH range (pH7.4 – pH5.5) is 

supported by airway pH measurement made by our own group and others (Chapter 1.3.1). 

The inflammatory effect of mild airway acidification, and also how pH may influence the 
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airway response to lipopolysaccharide, a common bacterial component, is examined using 

an in vitro model of airway epithelial cells.  

3.2 Hypothesis and Specific Aims 

3.2.1 Hypothesis 

Airway epithelial cell exposure to weakly acid conditions results in increased expression 

of pro-inflammatory cytokines and changes in their innate immune responses to bacterial 

stimuli such as lipopolysaccharide (LPS).  

3.2.2 Specific Aims 

1. To define the change in expression of pro-inflammatory cytokines by AECs following 

incubation in weakly acidic media (pH6.5 – pH5.5) 

2. To determine if exposure to weakly acidic media causes intracellular retention of 

inflammatory cytokine in AECs stimulated with LPS. 

3. To determine if prior exposure to weakly acidic media attenuates AEC responses to LPS 

stimulation  

3.3 Specific methods 

3.1.3 Outcome measures 

Interleukin (IL) -6 and IL-8 expression was used as a measure of inflammation. Both 

cytokines are produced by airway epithelium in response to stimuli including cell injury, 

stress, infection and exposure to bacterial toxins. They are widely considered general 

markers of inflammation and have a number of both overlapping and diverse functions 

[121,122] (Chapter 1.2.1). 
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3.3.1 BEAS-2B cell culture and cell stimulation 

BEAS-2B epithelial cells were cultured as described in Chapter 2.1. Cells were seeded into 

96-well plates at a density of 3x103 cell per well for MTT assay experiments and rested for 24 

hours. Cells were seeded into 24-well plates at a density of 2 x 104 cell per well for all other 

experiments. The pH of BEGM media was adjusted using 1M HCl as detailed below in Chapter 

3.3.2. In Chapter 3.4.2 and Chapter 3.4.3, cells were stimulated with Escherichia coli LPS 

(Sigma) at 5g/ml, as concentrations between 1-10µg/ml have previously used to induce an 

IL-8 response in this cell type [123]. In Chapter 3.4.2 Brefeldin A (eBioscience, UK) was diluted 

to 1 X in BEGM and added to cells in pH7.4 media for 1 hour prior to LPS stimulation. Cells 

incubated in pH-adjusted media were also incubated for 1 hour prior to LPS stimulation. 

3.3.2 Media pH adjustment 

A 1M solution of HCl was prepared using a stock of 37% HCl and sterile double distilled 

water. In order to maintain sterility, volumes of 1M HCl were added to aliquots of BEGM 

media in a biological safety cabinet. The pH adjusted media was mixed by pipetting and a 

750µl sample was added to a clean Eppendorf tube. The pH was measured using a Thermo 

Scientific Orion® semi-micro pH electrode (Fisher) and Fisherbrand Hydrus 300 pH meter 

(Fisher) which was calibrated between pH4 and pH7 before each reading. An acceptable 

error of pH±0.02 was used. 

3.3.3 Interleukin mRNA measurement 

Interleukin mRNA expression was measured by Reverse Transcription - Quantitative 

Polymerase Chain Reaction (RT-qPCR). RNA was isolated using the Qiagen method (Chapter 

2.2.1.1). RT was carried out using MultiScribe reverse transcriptase (Chapter 2.2.2.1). qPCR 

was carried out as described in Chapter 2.2.3. 
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3.3.4 Interleukin protein measurement  

IL-6 and IL-8 concentration in cell culture supernatants and whole cell lysates were 

measured by ELISA (Chapter 2.3.2 and 2.3.1, respectively). Total protein concentration by 

BCA assay (Chapter 2.4). IL-6 and IL-8 concentrations in cell lysate were normalised to the 

total protein concentration of each lysate using the equation, 

Intracellular Interleukin(ng) =
Interleukin concentration (pg/ml)

Total protein (mg/ml)
 

3.3.5 Statistical analysis 

StatsDirect 2.7.9 (StatsDirect Ltd, UK) was used for statistical analysis of experimental 

data. All qPCR data was analysed by Kruskal-Wallis one-way analysis of variance followed by 

Conover-Inman pairwise comparison. ELISA data was analysed by Kruskal-Wallis one-way 

analysis of variance followed by Conover-Inman pairwise comparison. MTT assay data was 

analysed by one-way ANOVA followed by Dunnett’s multiple comparison test. Values are 

represented as mean ± standard error of the mean (SEM). Statistical significance was defined 

as p<0.05. 

3.4 Results 

3.4.1 Expression of IL-6 and IL-8 in response to weakly acidic 

environment 

To determine the inflammatory effect of prolonged, mild acidification of the extracellular 

environment of BEAS-2B cells, cells were exposed to pH-adjusted media for 24 hours and IL-

6 and IL-8 expression measured.  

Mean IL-8 mRNA expression was significantly reduced from control (pH7.4) in those cells 

incubated at pH6.5 (2.7 fold, p<0.001) and pH6 (3.7 fold, p<0.001). IL-6 gene expression was 

also reduced in cells incubated at pH6 (3.7 fold, p<0.001) (Figure 3-1A). A corresponding 

significant reduction was observed in the concentration of IL-6 and IL-8 secreted at pH6.5 (IL-
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8, mean±SEM 19.08±3.48pg/ml, p=0.002) and pH6 (IL-6, mean±SEM 13.19±2.71pg/ml, 

p=0.042; IL-8, mean±SEM 12.5±2.01pg/ml, p<0.001) (Figure 3-1B) compared to control (IL-6, 

mean±SEM 17.01±3.19pg/ml; IL-8, mean±SEM 60.92±15.13pg/ml). At pH5.5, there was no 

difference in mRNA expression of either IL-6 (1.01 fold, p=0.749) or IL-8 (1.03 fold, p=0.882) 

when compared to cells incubated at pH7.4, however, secreted protein expression of these 

cytokines was significantly reduced (IL-6, mean±SEM 10.75±2.18pg/ml, p=0.002; IL-8, 

mean±SEM 7.34±1.35pg/ml, p<0.001). Prolonged exposure of BEAS-2Bs to weakly acidic 

media for 24 hours significantly reduced cell viability (Figure 3-1C). At pH6.5, mean cell 

viability was 82% of pH7.4 control, and further reduced to 50% at pH6 and 43% at pH5.5. 
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Figure 3-1 IL-6 and IL-8 expression and cell viability of BEAS-2B cells following incubation in weakly acidic media for 24 hours 
BEAS-2B cells were incubated for 24 hours in BEGM media adjusted to pH6.5, pH6 and pH5.5 with 1M HCl. (n=3) * = p < 0.05, ** = p < 0.01 
A) Expression of IL-6 and IL-8 mRNA was measured by qPCR.  
B) Corresponding protein secretion was measured by ELISA.  
C) Cell viability was measured by MTT assay. Viability is expressed as a percentage of pH7.4 control (n=1, 6 replicates).  
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3.4.2 Response of BEAS-2B cells to LPS stimulation in a weakly acidic 

environment 

It has previously been shown that weakly acidic conditions attenuate TNF-α secretion 

from macrophages exposed to LPS and that the observed decrease in TNF-α secretion is due 

to cytosolic retention of the cytokine protein [74-76,124-126]. To determine if incubation in 

a weakly acidic environment reduced inflammatory cytokine secretion from airway epithelial 

cells, BEAS-2Bs were exposed to LPS when incubated in weakly acidic media for 4 hours or 

16 hours. Secreted IL-6 and IL-8 protein was measured in cell free supernatant and 

intracellular IL-6 and IL-8 protein was measured in whole cell lysate. The intracellular 

transport inhibitor, Brefeldin A was used as a positive control for cytosolic protein retention. 

After 4 hours incubation with LPS at weakly acidic pH, mRNA expression was measured 

by qPCR. LPS-induced IL-6 mRNA expression (pH7.4 + LPS, 19.98 fold) was reduced at pH6 

(5.35 fold, p=0.008) and pH5.5 (1.08 fold, p<0.001). In contrast, LPS-induced IL-8 expression 

(pH7.4 + LPS, 26.92 fold) was only significantly reduced at pH5.5 (IL-8, 1.16 fold, p=0.005) 

(Figure 3-2A). Secreted protein expression at 4 hours was also decreased at pH6 for both IL-

6 (mean±SEM 21.62±4.48pg/ml, p=0.011) and IL-8 (mean±SEM 28.7±15.43pg/ml, p=0.031) 

compared to expression from cell stimulated with LPS at normal pH7.4 (IL-6 mean±SEM 

10.88±5.9pg/ml; IL-8, mean±SEM 9.63±4.99pg/ml) (Figure 3-2B). At pH5.5 secreted IL-6 

protein expression was significantly reduced (mean±SEM 4.45±1.14pg/ml, p<0.001), and IL-

8 expression below the detection limit of the ELISA. 

At 16 hours the reduction was more pronounced. A significant reduction in both IL-6 

(pH7.4 + LPS, 15.4 fold) and IL-8 (pH7.4 + LPS, 31.7 fold) mRNA expression following LPS 

stimulation was observed at pH6.5 (IL-6, 7.48 fold, p=0.044; IL-8, 21.28 fold, p=0.027) and 

below (pH6: IL-6, 2.39 fold, p<0.001; IL-8, 2.39 fold, p=0.002, pH5.5: IL-6, 1.56 fold, p<0.001; 

IL-8, 5.15 fold, p<0.001) (Figure 3-2C). Secreted interleukin protein expression compared to 



61 
 

stimulation at pH7.4 (IL-6, mean±SEM 913±159.68pg/ml, IL-8 mean±SEM 

1094.66±96.01pg/ml), was correspondingly reduced at pH6.5 (IL-6, mean±SEM 

370.73±6.74pg/ml, p=0.006; IL-8, mean±SEM 750.59±87.07pg/ml, p=0.009), pH6 (IL-6, 

mean±SEM 130.65±5.23pg/ml, p<0.001; IL-8, mean±SEM 528.42±118.07pg/ml,  p<0.001). At 

pH5.5 secreted IL-8 protein expression was significantly reduced (mean±SEM 4.24±3.3pg/ml, 

p=0.002) and IL-6 secreted protein below the detection limit of the ELISA.  
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Figure 3-2 IL-6 and IL-8 expression by BEAS-2B cells following stimulation with LPS in weakly 
acidic media for 4 hours or 16 hours 

BEAS-2B cells were stimulated with 5µg/ml LPS for 4 hours or 16 hours in BEGM media 
adjusted to pH6.5, pH6 and pH5.5 with 1M HCl. Expression of IL-6 and IL-8 mRNA was 
measured by qPCR. Corresponding protein secretion was measured by ELISA. (n=3) * = p 
< 0.05, ** = p < 0.01 
A) mRNA expression at 4 hours.  
B) Protein expression at 4 hours.  
C) mRNA expression at 16 hours.  
D) Protein expression at 16 hours. 
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Figure 3-3 Intracellular IL-6 and IL-8 protein and total protein from BEAS-2B cells following 
stimulation with LPS in weakly acidic media for 4 hours or 16 hours 

BEAS-2B cells were stimulated with 5µg/ml LPS for 4 hours or 16 hours in BEGM media 
adjusted to pH6.5, pH6 and pH5.5 with 1M HCl. Briefly, media was removed, cells were 
washed with PBS, and lysed with CytoBusterTM. IL-6 and IL-8 concentrations in whole cell 
lysate were measured by ELISA and normalised to total protein concentration, as 
measured by BCA assay. (n=3) * = p < 0.05, ** = p < 0.01 
A) Intracellular IL-6 and IL-8 protein at 4 hours.  
B) Total intracellular protein at 4 hours.  
C) Intracellular IL-6 and IL-8 protein at 16 hours.  
D) Total intracellular protein at 16 hours.  
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No increase in cytosolic IL-6 or IL-8 protein was detected from cells stimulated with LPS 

in weakly acidic media for 4 hours or 16 hours, in marked contrast to the increase observed 

in Brefeldin A treated cells (Figure 3-3A,C). Total protein of whole cell lysates was measured 

by BCA assay. At 4 hours there was no difference in total cytosolic protein concentrations 

between the different treatments (Figure 3-3B). At 16 hours there was a significant decrease 

in cytosolic protein in those cells treated with Brefeldin A (Figure 3-3D). Similarly, there was 

a significant decrease in total cytosolic protein in cells incubated a weakly acidic pH. 

Cell viability, as measured by MTT assay, was not significantly different at pH ≤6.5 + LPS, 

compared to pH 7.4 + LPS, at 4 hours (Figure 3-4A). However, at 16 hours, viability was 

reduced in cells exposed to LPS at pH6.5 (87%, p=0.024), pH6 (74%, p<0.001) and pH5.5 (50%, 

p<0.001) (Figure 3-4B). 
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Figure 3-4 Cell viability of BEAS-2B cells following stimulation with LPS in weakly acidic 
media for 4 hours or 16 hours 

BEAS-2B cells were stimulated with 5µg/ml LPS for 4 hours or 16 hours in BEGM media 
adjusted to pH6.5, pH6 and pH5.5 with 1M HCl. Cell viability was measured by MTT assay. 
Viability is expressed as a percentage of pH7.4 + LPS control. *p < 0.05, **p < 0.01. n=1, 6 
replicates. 
A) Cell viability at 4 hours 
B) Cell viability at 16 hours 
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3.4.3 Response of BEAS-2Bs to LPS stimulation at pH7.4 following pre-

incubation in a weakly acidic environment 

To determine whether prior exposure to mild acidification reduces subsequent 

inflammatory responses to bacterial stimulus, BEAS-2Bs were pre-incubated in acidic media 

for 4 or 8 hours and then stimulated with LPS at pH7.4 for 24 hours.  

LPS-induced IL-6 and IL-8 mRNA expression in cells pre-incubated for 4 hours at weakly 

acidic pH was no different than in those incubated at pH7.4 prior to LPS stimulation (Figure 

3-5A). Secreted IL-8 from cells pre-incubated at pH6 (mean±SEM 3770.89±275.84pg/ml, 

p=0.009) and pH5.5 (mean±SEM 3301.81±145.68pg/ml, p<0.001) for 4 hours was less than 

from cells at pH7.4 (mean±SEM 6897.28±1835.78pg/ml), whereas secreted IL-6 protein 

expression remained unchanged (Figure 3-5B). 

Of cells pre-incubated for 8 hours only those in pH5.5 media had a significant reduction 

in IL-6 (5.16 fold, p=0.025) and IL-8 (10.96 fold, p=0.043) mRNA expression compare to cells 

pre-incubated at pH7.7 (IL-6, 12.17 fold; IL-8, 29.75 fold) (Figure 3-5C).  

Secreted IL-6 and IL-8 protein expression differed in their patterns of response to LPS 

challenge following acidification. Cells pre-incubated at weakly acidic pH for 8 hours showed 

a decrease in LPS-induced IL-8 protein expression at pH6.5 (mean±SEM 4205.4±169.55pg/ml, 

p=0.018), pH6 (mean±SEM 2888.41±727.36pg/ml, p<0.001) and pH5.5 (mean±SEM 

2006.24±975.93pg/ml, p<0.001) compared to those pre-incubated at pH7.4 (mean±SEM 

5426.55±591.04pg/ml) (Figure 3-5D). A significant decrease in IL-6 expression was observed 

in those cells pre-incubated for 8 hours at pH6 (mean±SEM 2484.76±521.87pg/ml, p=0.009) 

and pH5.5 (mean±SEM 1099.89±155pg/ml, p<0.001) compared to those pre-incubated at 

pH7.4 (mean±SEM 4031.34±687.12pg/ml). 
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Figure 3-5 IL-6 and IL-8 expression by BEAS-2B cells “shock treated” for 4 hours or 8 hours prior to LPS stimulation for 24 hour. 
BEAS-2B cells were incubated in in BEGM media adjusted to pH6.5, pH6 and pH5.5 with 1M HCl for 4 hours or 8 hours. Media was then changed to 
fresh BEGM at pH7.4 and cells were stimulated with 5µg/ml LPS for 24 hours. Media and mRNA were collected at the end of the 24 hour incubation. 
Expression of IL-6 and IL-8 mRNA was by qPCR. Corresponding protein secretion was measured by ELISA. (n=3) *p < 0.05, **p < 0.01 

A) mRNA expression from cells “shock treated” for 4 hours.  
B) Protein expression from cells “shock treated” for 4 hours.  
C) mRNA expression from cells “shock treated” for 8 hours.  
D) Protein expression from cells “shock treated” for 8 hours  
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Cell viability was measured by MTT assay following the pre-incubation step at 4 hours and 

8 hours and expressed as a percentage of control – cells incubated at pH7.4 for the same 

time point. Viability was not affected by incubation at pH6.5 for 4 hours however, viability 

was reduced following 4 hours incubation at pH6 to 89% (p=0.011) and at pH5.5 to 82% 

(p<0.001) (Figure 3-6A). Interestingly, following 8 hours incubation at weakly acidic pH, cell 

viability was increased in cells incubated at pH7 to 121% (p<0.001) and at pH6.5 to 107% 

(p=0.036) (Figure 3-6B). Viability was not changed by incubation at pH6 but was significantly 

reduced to 80% at pH5.5 (p<0.001). 
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Figure 3-6 Cell viability of BEAS-2B cells “shock treated” for 4 hours or 8 hours before and after LPS stimulation for 24 hour 

BEAS-2B cells were incubated in in BEGM media adjusted to pH6.5, pH6 and pH5.5 with 1M HCl for 4 hours or 8 hours. Media was then changed 
to fresh BEGM at pH7.4 and cells were stimulated with 5µg/ml LPS for 24 hours. Cell viability was measured by MTT assay after initial “shock 
treatment” and at the end of the experiment following 24 hour LPS stimulation. *p < 0.05, **p < 0.01. n=1, 6 replicates. 
A) Cell viability following incubation at weakly acidic pH for 4 hours.  
B) Cell viability following 4 hour “shock treatment” and 24 hour LPS stimulation.  
C) Cell viability following incubation at weakly acidic pH for 8 hours.  
D) Cell viability following 8 hour “shock treatment” and 24 hour LPS stimulation. 
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Cell viability was also measured at the very end of the experiment, following 24 hours 

stimulation with LPS, and expressed as a percentage of control cells – cells pre-incubated at 

pH7.4 prior to LPS stimulation. No significant change in cell viability was observed for those 

cells pre-incubated for 4 hours at pH7– pH5.5 (Figure 3-6B). Cell viability remained similarly 

stable in cells that were pre-incubated for 8 hours with significant reduction to 81% only seen 

at pH6 (p=0.012) (Figure 3-6D).  

Microscope images were taken to assess cell morphology and viability following pre-

incubation in acidic media and at the end of the experiment (Figure 3-7). Cells incubated in 

control (pH7.4) media for the duration of the experiment display the typical cobblestone 

morphology associated with BEAS-2B cells and ongoing proliferation is observed following 

stimulation with LPS for 24 hours (Figure 3-7, upper panel). Following pre-incubation in 

weakly acidic media for 4 hours some cells have detached from the surface of the well; this 

effect is more marked as pH decreases. Those cells which remain attached appear generally 

more dispersed and cell-cell contact is reduced. These features were also observed following 

8 hours pre-incubation. At the end of each pre-incubation step media was replaced with 

pH7.4 media prior to LPS stimulation – any detached cells were removed by this process. 

Images were taken before media was replaced. Images taken at the end of the experiment 

show that cells pre-incubated in weakly acidic media have proliferated to the same 

confluence as cells pre-incubated in pH7.4 media. 
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Figure 3-7 Light microscope images of BEAS-2B cells from “shock treatment” experiments 
Images of BEAS-2B cells were taken with a phase-contrast microscope. Images were taken of cells at pH7.4, pH6.5, pH6 and pH5.5. Images were 
taken following initial “shock treatment” for 4 or 8 hours and at the end of the experiment following 24 hour LPS stimulation. 
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3.5 Discussion 

Observations by our own group (Chapter 1, Figure 1-3) and by others have suggested the 

airways are weakly acidified in individuals at high risk of chronic reflux aspiration 

[11,62,65,127]. In this chapter, I aimed to determine how a weakly acidic environment may 

influence the expression of pro-inflammatory cytokines by AECs. BEAS-2B cells were 

incubated in weakly acidic media (pH6.5 – pH5.5) for 24 hours and expression of IL-6 and IL-

8 was measured. Prolonged exposure resulted in both cytotoxicity and inflammatory 

cytokine suppression, with these effects being more pronounced as pH decreased (Figure 3-

2). It is probable that reduction in cell viability contributed to the concurrent reduction in 

cytokine expression, as both correlate with decreasing extracellular pH. It is interesting to 

consider that basal expression of IL-6 and IL-8 in BEAS-2B cells is very low and yet, at pH5.5, 

with 50% of cells still viable after 24 hours, no increase in IL-6 or IL-8 concentration is 

observed. This considered, it is reasonable to conclude that a weakly acidic environment 

does not induce an IL-6 or IL-8 inflammatory response from BEAS-2Bs.  

Giving consideration to this conclusion and evidence in papers investigating macrophage 

responses, a hypothesis that a weakly acidic environment reduces the ability of AECs to 

respond to bacterial stimulus was developed. This hypothesis was tested by stimulating 

BEAS-2B cells with LPS at weakly acidic pH for 4 hours and 16 hours. Along with mRNA and 

secreted protein expression, intracellular cytokine concentrations were measured to 

determine whether weakly acidic pH caused AECs to retain the inflammatory cytokines, as 

was reported to happen in macrophages. Exposure for shorter periods (4 hours), while not 

significantly affecting cytotoxicity, blunted epithelial responses to LPS (Figure 3-3). However, 

unlike in macrophages, this effect was not associated with increased intracellular cytokine 

retention (Figure 3-4). In macrophages, mRNA expression increases while secreted protein is 

reduced, however, In AECs both mRNA and secreted protein expression were reduced by 

incubation in weakly acidic media. The reduction in cytokine expression was enhanced at 16 
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hours, however, this was coupled with a decrease in cell viability at this longer time point. It 

is possible that at this time point, the decrease in cytokine expression is, at least in part, due 

to cell death. 

With the cytotoxic effects of combined LPS and low pH incubation in mind, I developed 

an experimental model to determine if prior exposure to weakly acidic media attenuates the 

response of AECs to LPS stimulation. This pre-incubation step was referred to as a “shock 

treatment”. Suppression of epithelial inflammatory responses without significant 

cytotoxicity was still observed when cells were “shock treated” prior to stimulation with LPS 

at normal pH (Figure3-6). 

Indicators of airway inflammation, such as increased IL-8 and neutrophilia in BAL, have 

been reported in patients at high risk of reflux aspiration [20,29,30]. It is possible that this 

inflammation may be caused by a decrease in airway pH due to aspiration of low pH 

refluxate. Previous studies in mice have reported the effects of acid aspiration on pulmonary 

inflammatory cytokine secretion and neutrophil recruitment [70-72,119,120,128]. These 

studies are probably not physiologically relevant in the context of chronic microaspiration of 

aerosolized gastric fluid, as the observed inflammation and neutrophilia was due to acute 

tissue injury caused by the direct administration of very low pH solutions (pH1.25) into the 

airways. In contrast, this chapter has examined prolonged exposure to a weakly acidic 

environment, and shows that while it does cause some cell death, it also suppresses 

inflammatory cytokine production (Figure 3-2). This was an unexpected finding, considering 

that ASMCs have been shown to increase production of IL-6 when incubated at a weakly 

acidic pH6.3 [73]. The authors demonstrated that this response was stimulated through 

proton-sensing G-protein coupled receptors in the ASMC cell membrane. They acknowledge 

that macrophages had been shown to decrease IL-6 expression in weakly acidic 

environments and suggested that these diverse responses may be due to the type and 

number of proton-sensing GPRCs expressed on each cell type. The same may be true of AECs, 
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such as BEAS-2Bs. Given that airway epithelium is regularly exposed to a variety of inhaled 

exogenous stimuli, there will undoubtedly be a necessity for a degree of stimulatory 

tolerance. It is conceivable that AECs are relatively refractory to ‘mild’ changes in pH within 

their microenvironment [129], and are capable of recovering from such insults. From these 

results we may infer that the increased inflammatory markers in BAL of those at risk of reflux 

aspiration is likely not simply a direct result of airway epithelium acidification. Alternatively, 

it may be induced from the epithelium in response to other constituents of gastric aspirate, 

such as pepsin or bile acids, or indeed from other cell types in the airways.  

Repeated respiratory tract infections are common in individuals who aspirate [10], with 

bronchiectasis a common end stage pathology [27]. Weakly acidic conditions have been 

shown to attenuate TNF-α and IL-6 responses form macrophages exposed to LPS [74-76,124-

126]. Furthermore, a reduction in the pH of the airway surface liquid reduces bacterial killing 

in the CF pig model, has been attributed to loss of antimicrobial peptide activity at acidic pH 

[130]. As AECs play an important role in regulating local immunity through secretion of 

chemoattractants, such as IL-8, in response to infection [129], I hypothesized that weakly 

acidic conditions might blunt these responses. Using an experimental design similar to those 

used in the macrophage experiments, I investigated whether AEC ability to express IL-6 and 

IL-8 in response to LPS stimulation was altered in a weakly acidic environment. Unlike 

observations made in the macrophage studies, there was no increase in cytosolic IL-6 or IL-8 

protein expression in AECs incubated at weakly acidic pH (Figure 3-4). In fact, incubation at 

weakly acidic pH reduced LPS-induced expression of cytokine mRNA and protein at 4 hours. 

Expression was further reduced on 16 hours exposure to low pH, but was associated with a 

significant decrease in cell viability. Although a low pH and LPS combination may be tolerable 

to macrophages, we have found that epithelial cells are less permissive to this double 

challenge. It is important to note that at 4 hours, when there is no marked increase in 

cytotoxicity and stable whole cell lysate protein concentrations, a decrease in cytokine 
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expression is still observable at pH6 and pH5.5, therefore cytotoxicity may not be the only 

cause for this decrease. It is possible that even at weakly acidic pH, some of the LPS protein 

is being denatured by acid hydrolysis and thus, fails to effectively induce an inflammatory 

response in these cells. 

There is little information in the published literature about duration of microaspiration 

episodes. It is likely that the airway pH of micro-aspirating patients may be in a continual 

state of flux. As each aspiration event reduces the airway surface liquid pH, so the 

pseudostratified epithelium lining the airways may attempt to buffer the acidification back 

to normal pH. It has been proposed that maximum duration of airway exposure to refluxate 

might occur at night-time, a time when patients are regularly supine and therefore may be 

more likely to be aspirating gastric refluxate. I therefore investigated whether discrete ‘shock 

treatments’ of 4 or 8 hours in weakly acidic media might influence the subsequent airway 

inflammatory responses to LPS. This model also addressed issues around cytotoxicity and LPS 

denaturation by exposing cells to weakly acidic pH for shorter periods and stimulating with 

LPS at neutral pH7.4 media.  

These ‘shock treatment’ experiments, show a significant reduction in LPS-induced 

cytokine protein production following acidic shock treatment and subsequent prolonged 

exposure to endotoxin at normal pH (Figure 3-5). When cells were viewed by microscopy 

immediately following ‘shock’ treatment, some cells had detached (particularly those 

incubated at pH5.5), implying a degree of cell death. However, following subsequent 24-hour 

incubation at pH7.4 with LPS, all cultures appeared similar to those maintained in pH7.4 

media throughout, with cell viability well preserved. To some degree this observation was 

reflected in MTT data where a slight drop in metabolic rate was observed in cells ‘shocked’ 

in pH6 and pH5.5 media and which then increased again following 24 hours stimulation with 

LPS at pH7.4. Interestingly, the metabolic rate of AECs ‘shocked’ at pH5.5 was higher than 
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cells maintained at a higher pH at the end of the experiment. Given that this pH obviously 

causes some cellular injury/detachment, it may be that those cells which survive this “shock” 

treatment increase their rate of proliferation in an effort to heal the monolayer. It is possible 

that if this sloughing of cells occurs repeatedly in vivo as the airway surface liquid fluctuates 

between acidic and neutral pH. Over time this repeated injury may result in chronic loss of 

epithelial tissue and lead to airway remodelling often observed in patients suspected of 

reflux aspiration [6].  

In this chapter I have examined the effects of mild acidification on the inflammatory 

responses of AECs. Although relatively simple in experimental design, the pH range examined 

here is more physiologically relevant in the context of chronic microaspiration of gastric 

refluxate than previously published work examining neat administration of hydrochloric acid. 

The data presented here indicates that AECs are surprisingly tolerant to mild acidification for 

short periods of time and that this environmental alteration may affect their ability to induce 

an adequate inflammatory response to bacterial stimulus.  

The work presented herein should be interpreted cautiously as it has a number of 

accepted limitations. This work was carried out using BEAS-2Bs, a virally transformed, 

immortalised cell line, in a monolayer culture to model the airway epithelium. Although 

widely used, this is a simplified model which does not effectively represent the cellular 

differentiation present in the pseudostratified epithelium of the airways. As such, it does not 

address the potential for pH buffering from mucus secreted by goblet cells or indeed, the 

effect of low pH on this particular cell type. As discussed, it appears that different cells of the 

airways may respond differently to incubation in a weakly acidic environment. It is known 

that changes in pH can influence mucus viscosity [69], but it is less clear how mild 

acidification may affect mucus secretion. This question may be addressed using an air-liquid 

interface culture model of primary airway epithelium. A major advantage of this culture 

model is that the differentiated cells at the interface can be sustained for weeks. This would 
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allow us to examine the effects of repeated exposure of the airway epithelium to mild 

acidification. 

In this chapter, I have established a good working experimental model which may be used 

further to assess the impact of gastric content exposure on AECs. Despite limitations of some 

of the experiments presented, this work is novel and has highlighted multiple areas for future 

investigation.  
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4. Chapter 4 - The effects of dilute gastric juice on 

inflammation and cell phenotype in BEAS-2B 

epithelial cells 

4.1 Introduction 

Reflux aspiration is associated with respiratory diseases characterised by chronic 

inflammation and airway fibrosis. The airways of patients at risk of reflux aspiration are often 

reported to contain markers of inflammation and fibrosis, including IL-8 and TGF-β (Chapter 

1.2) [20].  

As detailed in Chapter 1.3.2, chronic administration of gastric fluid into rodent airways 

promotes the expression of pro-fibrotic and pro-inflammatory cytokines and results in 

development of pulmonary fibrosis [77,78]. Airway epithelial cells (AECs) are a primary 

source of such cytokines. Indeed, constituents of gastric juice, such as pepsin and bile acids, 

increase the expression of TGF-β and IL-8 from AECs when exposed for up to 24 hours in vitro 

[81,85]. TGF-β has been shown to drive airway remodelling and tissue fibrosis through 

epithelial-mesenchymal transition (EMT) although longer time courses with repeated 

exposures are required to demonstrate this [131]. These previous studies have examined the 

effects of either individual gastric juice constituents or administration of large volume 

aspirates of gastric juice and as such are not comparable in the context of chronic 

microaspiration of aerosolised gastric refluxate. 

The work described in this chapter investigates whether repeated exposure to dilute 

whole gastric juice over a period of days induces the expression of inflammatory and pro-

fibrotic cytokines. Changes in the expression of cell phenotype markers are also investigated. 

The dilution factor of gastric juice in the airway surface liquid (ASL) was estimated based on 

the pepsin concentrations reported in both gastric juice and bronchoalveolar lavage fluid 

(BAL). Although the measurement of pepsin concentration in BAL may be inaccurate 
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(Chapter 1.4.2), they provide the best available information with which to estimate gastric 

juice concentration in ASL. These studies have reported BAL pepsin concentrations to range 

from less than 10ng/ml to greater than 100ng/ml [108,110,111]. The lavage process is 

thought to introduce as much as 100 fold dilution of ASL thus pepsin at the ASL may be 

between 1µg/ml and 10µg/ml. Pepsin in gastric juice is reported to range between 20-

260µg/ml [132], thus gastric juice is likely diluted between 0.4% - 26%. For the experiments 

in this chapter a range of 10% - 2.5% was used. Adapting the shock treatment model 

developed in Chapter 3, the effect of repeated gastric juice exposure on AECs was examined 

in vitro. This is a pilot study to evaluate whether study design and outcome measures are 

appropriate to test the hypothesis. 

4.2 Hypothesis and Specific Aims 

4.2.1 Hypothesis 

Airway epithelial cell exposure to dilute gastric juice at normal pH induces the expression 

of inflammatory cytokines and promotes transition to a mesenchymal phenotype. 

4.2.2 Specific Aims 

1. To define the change in AEC expression of pro-inflammatory cytokines and 

markers of fibrosis following exposure to dilute gastric juice over 5 days 

2. To define the change in expression of AEC cell phenotype markers following 

exposure to dilute gastric juice over 5 days 

4.3 Specific Methods 

4.3.1 Gastric Juice Collection and Processing 

Gastric juice was collected from a 25 year old female with chronic gastric reflux who was 

Helicobacter pylori negative and had not taken a proton pump inhibitor or H2 receptor 

agonist for 7 days prior to sampling. The donor had fasted for more than 12 hours prior to 
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sampling. Gastric juice was collected through a nasogastric feeding tube and collected into a 

50ml sterile syringe before transfer to a sterile 50ml tube. Gastric juice was filtered through 

a Fisherbrand® cell strainer (Fisher) to remove mucus and then passed through a 0.2µm 

syringe filter (Corning). Gastric juice was kept on ice throughout processing. 1ml aliquots 

were prepared in 1.5ml Eppendorf tubes and stored at -80°C for future use. Gastric juice was 

pH3 as measured by universal indicator paper (Fisher). 

4.3.2 BEAS-2B Cell Culture and Cell Stimulation 

BEAS-2B epithelial cells were cultured as described in Chapter 2.1. Cells were seeded into 

12-well plates at a density of 3.8 x 104 cells per well and rested for 24 hours. A single 12-well 

plate was used for each time point and each treatment was performed in triplicate. Cells 

were stimulated with gastric juice diluted in BEGM to 10%, 5% or 2.5% for 8 hours after which 

media was removed and replaced with fresh BEGM. Following a further 16 hour incubation, 

media and mRNA was collected from one plate. All remaining plates were re-stimulated with 

gastric juice for a further 8 hours before media was replaced and cells incubated in fresh 

media for 16 hours. This was repeated each day for 5 days. The final plate was collected at 

the end of day 5. Control wells on each plate were not stimulated with gastric juice, rather, 

10% extra media was added when gastric juice was added to other wells. Media was replaced 

after 8 hours in all wells. A schematic representation of the experimental plan is presented 

in Figure 4-1. 
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Figure 4-1 Schematic representation of experimental plan 
BEAS-2B bronchial epithelial cells were stimulated with gastric juice diluted in BEGM at 10%, 5% and 2.5% for 8 hours before media was replaced with fresh 
media for 16 hours. Cells were stimulated in this way for up to 5 days. Cells were seeded and stimulated in 5 different 12-well plates. At the end of each day, 
media and cell mRNA was collected from one plate. All remaining plates were re-stimulated. 
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4.3.3 mRNA Measurement 

mRNA expression was measured by Reverse Transcription - Quantitative Polymerase 

Chain Reaction (RT-qPCR). RNA was isolated using the Zymo method (Chapter2.2.1.2). RT 

was carried out using the Bioscript method (Chapter 2.2.2.2). qPCR was carried out as 

described in Chapter 2.2.3. 

4.3.4 Protein Measurement  

IL-6, IL-8 and TGF-β concentration in cell culture supernatants and whole cell lysate were 

measured by ELISA (Chapter 2.3.2, 2.3.1 and 2.3.3 respectively). 

4.3.5 Statistical Analysis 

StatsDirect 2.7.9 (StatsDirect Ltd, UK) was used for statistical analysis of experimental 

data. All qPCR data was analysed by Kruskal-Wallis one-way analysis of variance followed by 

Conover-Inman pairwise comparison. ELISA data was analysed by Kruskal-Wallis one-way 

analysis of variance followed by Conover-Inman pairwise comparison. Values are 

represented as mean ± SEM. Statistical significance was defined as p<0.05. 

4.4 Results 

4.4.1 Cytokine mRNA expression in BEAS-2B cultures 

To facilitate investigation of cytokine mRNA expression in response to repeated dilute 

gastric juice exposure over 5 days of culture, it is necessary to understand the basal 

characteristics of cytokine expression over this same time course as cells grow to confluence. 

Accordingly, cytokine mRNA expression was measured in unstimulated ‘control’ cultures of 

BEAS-2B AEC’s after 1 day of culture and daily thereafter until culture day 5. Recorded mRNA 

expression levels for each cytokine were normalised to internal reference gene expression, 

and then to the recorded day 1 mRNA expression level (2-ΔΔCT analysis). 
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4.4.1.1 Basal expression of IL-6, IL-8 and TGF-β mRNA over 5 days 

Over the course of five days of culture IL-6 mRNA expression was significantly reduced in 

a time-dependant manner (Figure 4-2A). Day 2 expression levels being 2 fold lower than day 

1 (p=0.037), decreasing to over 4 fold lower by day 5 (p<0.001). IL-8 mRNA expression was 

significantly reduced over 5 days of culture from expression at day 1, with the largest 

reduction in expression of 6.3 fold (p<0.001), measured at day 3 (Figure 4-2B). TGF-β mRNA 

expression fluctuated across the 5 days of culture, increasing significantly by 1.5 fold at day 

2 and 3 fold at day 3 (p<0.01) and then reducing significantly 3.1 fold at day 5 (p=0.03) (Figure 

4-2C).  
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Figure 4-2 Basal expression of IL-6, IL-8 and TGF-β in control cells over 5 days 
10% extra BEGM was added to BEAS-2Bs in control wells for 8 hours prior to a media change 
and incubation for a further 16 hours for 1-5 days. At the end of each day mRNA was 
collected. The expression of IL-6, IL-8 and TGF-β was measured by qPCR in control cells across 
the 5 days of the experiment and compared to expression from control cells at day one. (n=1) 
* = p < 0.05, ** = p < 0.01 

A) IL-6 mRNA expression 
B) IL-8 mRNA expression 
C) TGF-β mRNA expression 
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The mRNA expression values measured in unstimulated ‘control’ cells over 5 days of 

culture can be considered reflective of the fluctuations expected over time in BEAS-2B AEC 

cultures. These values are used in the analysis and interpretation of data collected to 

investigate the expression of cytokines in response to repeated dilute acid exposure, as the 

basal expression range expected for that cytokine. Any biologically significant effects elicited 

by repeated dilute acid exposure would be expected to fall outside of this basal expression 

range. The basal expression range calculated for each cytokine (Figure 4-2) is represented on 

subsequent graphs by red lines (Figure 4-3, 4-4, 4-6). 

4.4.1.2 Expression of IL-6 and IL-8 in response to chronic gastric juice exposure 

IL-6 and IL-8 mRNA and protein expression was measured at the end of each day following 

8 hours incubation with gastric juice and 16 hours in fresh media. Expression of mRNA from 

cells exposed to gastric juice was compared to mRNA expression from control cells on the 

same plate, i.e. cells which had been seeded and cultured for the same length of time. The 

range of basal expression of IL-6 (Figure 4-2A) and IL-8 (Figure 4-2b) across 5 days was also 

plotted. 

Gastric juice exposure at concentrations of 2.5% or 5% for 8 hours did not significantly 

alter IL-6 mRNA expression from AEC stimulated over 1 to 5 days (Figure 4-3A-E). IL-6 mRNA 

expression was only significantly altered by the highest concentration (10%) of gastric juice 

which reduced expression by 1.4 fold after 1 day of exposure (p=0.042) or by 1.6 fold after 5 

days (p=0.011) of exposure (Figure 4-3A,E). Importantly, exposure to 10% gastric juice for 1 

day and for 5 days did not significantly reduce IL-6 mRNA expression below the basal range 

of expression (red lines, Figure 4-3). 
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Figure 4-3 IL-6 mRNA expression following 8 hours exposure to gastric juice for 5 days 
BEAS-2Bs were exposed to dilute gastric juice (GJ) at 2.5%, 5% or 10% for 8 hours prior to 
incubation in fresh media for 16 hours for 1-5 days. At the end of each day mRNA was 
collected. The expression of IL-6 was measured by qPCR and gastric juice exposed cells 
compared to non-gastric juice exposed cells incubated for the same time on the same plate. 
Red lines indicate the range of basal expression. (n=1) * = p < 0.05, ** = p < 0.01 

A) Cells exposed to gastric juice for 8 hours for 1 day 
B) Cells exposed to gastric juice for 8 hours for 2 days 
C) Cells exposed to gastric juice for 8 hours for 3 days  
D) Cells exposed to gastric juice for 8 hours for 4 day 
E) Cells exposed to gastric juice for 8 hours for 5 days 



87 
 

IL-8 mRNA expression was reduced 1.9 fold following 8 hour exposure to 10% gastric juice 

at 1 day (p=0.005) (Figure 4-4A). Gastric juice exposure for 8 hours for 2 days significantly 

reduced IL-8 mRNA expression at both 5% (p=0.016) and 10% (p=0.02) concentration (Figure 

4-4B). Following 3 days of 8 hour gastric juice exposure IL-8 mRNA expression was reduced 

at 2.5% (p=0.048) and 5% (p=0.016) gastric juice but 10% (p=0.493) gastric juice caused no 

significant alteration in expression (Figure 4-4C). There was no significant change in IL-8 

expression after 4 days gastric juice exposure (Figure 4-4D). Gastric juice at any 

concentration did not decrease IL-8 mRNA expression below the basal range of expression 

(red lines, Figure 4-4). 

At 5 days, however, a significant increase in IL-8 expression was observed in cells which 

had been repeatedly exposed to the lower concentrations of gastric juice (2.5%, p=0.015; 

5%, p=0.006) (Figure4-4E). This was increased for both concentrations was significantly 

increased 1.4 fold above the basal range of expression for IL-8 over 5 days (red lines, Figure 

4-4). 
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Figure 4-4 IL-8 mRNA expression following 8 hours exposure to gastric juice for 5 days 
BEAS-2Bs were exposed to dilute gastric juice (GJ) at 2.5%, 5% or 10% for 8 hours prior to 
incubation in fresh media for 16 hours for 1-5 days. At the end of each day mRNA was 
collected. The expression of IL-8 was measured by qPCR and gastric juice exposed cells 
compared to non-gastric juice exposed cells incubated for the same time on the same plate. 
Red lines indicate the range of basal expression. (n=1) * = p < 0.05, ** = p < 0.01 

A) Cells exposed to gastric juice for 8 hours for 1 day 
B) Cells exposed to gastric juice for 8 hours for 2 days 
C) Cells exposed to gastric juice for 8 hours for 3 days  
D) Cells exposed to gastric juice for 8 hours for 4 day 
E) Cells exposed to gastric juice for 8 hours for 5 days 
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The concentration of IL-6 protein secreted by AECs during the 16 hours after gastric juice 

incubation was measured. In contrast to mRNA expression, protein expression of IL-6 

significantly increased in cells exposed to gastric juice in a dose-dependent manner (2.5%, 

p=0.006; 5%, p<0.001; 10%, p<0.001) (Figure 4-5A). IL-6 protein expression also appeared to 

increase over time, however, at the end of day 4 there was a noticeable sharp decrease. 

The concentration of IL-8 protein secreted was also measured. As observed in the mRNA 

measurements (Figure 4-2B), expression of IL-8 by control cells decreased over the 5 days of 

the experiment (Figure 4-5B). Initially, no significant change in IL-8 protein secretion was 

observed in cells exposed to gastric juice for 8 hours for 1 or 2 days (Figure 4-5B). After 3 

days of 8 hour exposures to gastric juice, IL-8 expression was increased significantly from 

control at all concentrations (2.5%, p=0.015; 5%, p=0.005; 10% p<0.001). Following 5 days of 

8 hour gastric juice exposures, IL-8 protein expression was significantly increased from 

control for all concentrations of gastric juice (p<0.05) and also increased from protein 

expression at the end of day 1 (p<0.01). 
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Figure 4-5 IL-6 and IL-8 protein expression following 8 hours exposure to gastric juice for 5 
days 
BEAS-2Bs were exposed to dilute gastric juice (GJ) at 2.5%, 5% or 10% for 8 hours prior to 
incubation in fresh media for 16 hours for 1-5 days. Supernatant was collected at the end of 
each 16 hour incubation. IL-6 and IL-8 concentration in cell supernatant was measured by 
ELISA. (n=1)  

A) IL-6 protein expression 
B) IL-8 protein expression 
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4.4.1.3 Expression of TGF-β in response to chronic gastric juice exposure 

TGF-β mRNA and protein expression was measured at the end of each day following 8 

hours incubation with gastric juice and 16 hours in fresh media. For each day, the range of 

basal expression of TGF-β across 5 days (Figure 4-2C) was also plotted to determine if 

repeated exposure induced a change outside of “normal” fluctuations in gene expression. 

Gastric juice exposure for 8 hours did not significantly alter TGF-β mRNA expression from 

cells stimulated for 1 or 2 days (Figure 4-6A,B). At the end of day 3, TGF-β mRNA expression 

was significantly reduced by exposure to 2.5% gastric juice but not higher concentrations 

(Figure 4-6C). No significant change in expression was observed after 4 days of repeated 

gastric juice exposure. At the end of day 5, TGF-β mRNA expression was significantly 

increased in cells repeatedly exposed to 2.5% (p=0.04) or 10% (p=0.032) gastric juice (Figure 

4-6E). TGF-β mRNA expression was not altered outside the basal range of expression by any 

concentration of gastric juice across any time point (red lines, Figure 4-6). 
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Figure 4-6 TGF-β mRNA expression following 8 hours exposure to gastric juice for 5 days 
BEAS-2Bs were exposed to dilute gastric juice (GJ) at 2.5%, 5% or 10% for 8 hours prior to 
incubation in fresh media for 16 hours for 1-5 days. At the end of each day mRNA was 
collected. The expression of TGF-β was measured by qPCR and gastric juice exposed cells 
compared to non-gastric juice exposed cells incubated for the same time on the same plate. 
Red lines indicate the range of basal expression. (n=1) * = p < 0.05, ** = p < 0.01 

A) Cells exposed to gastric juice for 8 hours for 1 day 
B) Cells exposed to gastric juice for 8 hours for 2 days 
C) Cells exposed to gastric juice for 8 hours for 3 days  
D) Cells exposed to gastric juice for 8 hours for 4 day 
E) Cells exposed to gastric juice for 8 hours for 5 days 
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The concentration of TGF-β protein secreted by AECs during the 16 hours after each 

gastric juice incubation was measured. Similar to mRNA expression, TGF-β protein 

concentration from cells exposed to gastric juice was no different than the concentration 

from control cells across the duration of the experiment (Figure 4-7). 

 

 
Figure 4-7 TGF-β protein expression following 8 hours exposure to gastric juice for 5 days 
BEAS-2Bs were exposed to dilute gastric juice (GJ) at 2.5%, 5% or 10% for 8 hours prior to 
incubation in fresh media for 16 hours for 1-5 days. Supernatant was collected at the end of 
each 16 hour incubation. TGF-β concentration in cell supernatant was measured by ELISA. 
(n=1)  
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4.4.2 Epithelial and mesenchymal phenotype marker mRNA expression 

in BEAS-2B cultures 

To assess whether repeated exposure to dilute gastric juice could cause fibrosis through 

induction of EMT, the level of expression of E-cadherin, vimentin and fibronectin were 

measured. As covered in Chapter 1, E-cadherin is often used as a marker of epithelial cell 

phenotype, while vimentin and fibronectin are often used as markers of mesenchymal cell 

and fibroblast phenotypes respectively. 

To facilitate investigation of phenotype marker mRNA expression in response to repeated 

dilute acid exposure over 5 days of culture, it is necessary to understand the basal 

characteristics of E-cadherin, vimentin and fibronectin expression over this same time 

course. Accordingly, mRNA expression of these phenotype markers was measured in 

unstimulated ‘control’ cultures of BEAS-2B AECs after 1 day of culture and daily thereafter 

until culture day 5. Recorded mRNA expression levels for each phenotype marker was 

normalised to internal reference gene expression, and then to the recorded day 1 mRNA 

expression level (2-ΔΔCT analysis). 

4.4.2.1 Basal expression of E-cadherin, Vimentin and Fibronectin mRNA over 5 

days 

A significant increase in E-cadherin mRNA expression was observed in control cells after 

3 and 4 days incubation (Day 3, 2.5 fold p=0.001; Day 4, 5.4 fold p<0.001)) (Figure 4-8A). This 

increase in expression was not observed at 5 days. Vimentin expression was significantly 

increased (p<0.01) from day 1 expression at all days except day 5, peaking with an 8.3 fold 

increase at day 3 (Figure 4-8B). Expression appeared to decrease after 5 days incubation 

although this was not significant (p=0.795). Fibronectin mRNA expression fluctuated over the 

5 days, being significantly increased 2 fold at day 3 and 1.7 fold at day 4 (p<0.01), followed 

by a significant 2.4 fold decrease at day 5 (p=0.005) (Figure 4-8C). 
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As with cytokine expression, the mRNA expression values measured in unstimulated 

‘control’ cells over 5 days of culture can be considered reflective of the fluctuations expected 

over time in BEAS-2B AEC cultures. These values are used in the analysis and interpretation 

of data collected to investigate the expression of phenotype markers in response to repeated 

dilute acid exposure, as the basal expression range expected for that marker. Any biologically 

significant effects elicited by repeated dilute acid exposure would be expected to fall outside 

of this basal expression range. The basal expression range calculated for each cytokine 

(Figure 4-8) is represented on subsequent graphs by red lines (Figure 4-9 – 11). 
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Figure 4-8 Basal expression of E-cadherin, vimentin and fibronectin in control cells over 5 
days 
10% extra BEGM was added to BEAS-2Bs in control wells for 8 hours prior to a media change 
and incubation for a further 16 hours for 1-5 days. At the end of each day mRNA was 
collected. The expression of E-cadherin, vimentin and fibronectin was measured by qPCR in 
control cells across the 5 days of the experiment and compared to expression from control 
cells at day one. (n=1) * = p < 0.05, ** = p < 0.01 

A) E-cadherin mRNA expression 
B) Vimentin mRNA expression 
C) Fibronectin mRNA expression 



97 
 

4.4.2.2 Expression of epithelial phenotype marker, E-cadherin, in response to 

chronic gastric juice exposure 

E-cadherin, vimentin and fibronectin mRNA expression was measured at the end of each 

day from cells incubated for 8 hours with dilute gastric juice then 16 hours in fresh media. 

For each day, the range of basal expression of E-cadherin (Figure 4-8A), vimentin (Figure 4-

8B) or fibronectin (Figure 4-8C) across 5 days (Figure 4-8) was also plotted to determine if 

repeated exposure induced a change outside of “normal” fluctuations in gene expression. 

E-cadherin expression was significantly decreased 1.6 fold in cells exposed to 10% gastric 

juice at the end of day 1 (p=0.017) (Figure 4-9A). This decrease was not significant in cells 

exposed to 10% gastric juice for 8 hours on 2 days (p=0.077) (Figure 4-9B). At the end of day 

2, E-cadherin expression was significantly reduced 1.4 fold only in those cells exposed to 5% 

gastric juice (Figure 4-8B). This significant decrease continued on day 3 in cells exposed to 

5% (1.4 fold, p=0.004) and 10% (1.6 fold, p=0.001) gastric juice (Figure 4-8C). At 4 days 

repeated exposure, cells exposed to all concentrations of gastric juice exhibited a decrease 

in E-cadherin expression (p<0.01) (Figure 4-9D). This reduction was not observed at day 5 

(Figure 4-9E). When expression of E-cadherin was significantly reduced by gastric juice 

exposure it was reduced below the range of basal expression (red lines, Figure 4-9). 
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Figure 4-9 E-cadherin mRNA expression following 8 hours exposure to gastric juice for 5 
days 
BEAS-2Bs were exposed to dilute gastric juice (GJ) at 2.5%, 5% or 10% for 8 hours prior to 
incubation in fresh media for 16 hours for 1-5 days. At the end of each day mRNA was 
collected. The expression of E-cadherin was measured by qPCR and gastric juice exposed 
cells compared to non-gastric juice exposed cells incubated for the same time on the same 
plate. Red lines indicate the range of basal expression. (n=1) * = p < 0.05, ** = p < 0.01 

A) Cells exposed to gastric juice for 8 hours for 1 day 
B) Cells exposed to gastric juice for 8 hours for 2 days 
C) Cells exposed to gastric juice for 8 hours for 3 days 
D) Cells exposed to gastric juice for 8 hours for 4 day 
E) Cells exposed to gastric juice for 8 hours for 5 days 
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4.4.2.2 Expression of mesenchymal phenotype markers, vimentin and fibronectin, 

in response to chronic gastric juice exposure 

Vimentin mRNA expression in cells repeatedly exposed to dilute gastric juice fluctuated 

over the course of the 5 day experiment (Figure 4-10). After 2 days of 8 hour exposure, 

vimentin expression was significantly increased 1.8 fold in those cells exposed to 2.5% gastric 

juice (p=0.025) (Figure 4-10B), but not altered at higher concentrations. Vimentin expression 

was not significantly altered in cells exposed to gastric juice for 8 hours a day for 3 days or 4 

days (Figure 4-10C,D). There was a significant increase in vimentin mRNA expression in cells 

exposed to 2.5% (7.2 fold, p=0.003) or 10% (5 fold, p=0.031) gastric juice for 8 hours a day 

for 5 days, however, the 4 fold increase in vimentin expression in cells exposed to 5% gastric 

juice was not significant (p=0.091) (Figure 4-10E). Over the course of the 5 days, vimentin 

expression in cells exposed to gastric juice did not alter outside the range of basal expression 

(red lines, Figure 4-10). 

 

When cells were exposed to dilute gastric juice for 8 hours a day over 5 days, fibronectin 

mRNA expression did not fluctuate outside the range of basal expression (red lines, Figure 4-

11). At day 4, there was a slight but significant 1.2 fold decrease in fibronectin expression in 

those cells exposed to 2.5% gastric juice (p=0.023) (Figure 4-11D). 
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Figure 4-10 Vimentin mRNA expression following 8 hours exposure to gastric juice for 5 
days 
BEAS-2Bs were exposed to dilute gastric juice (GJ) at 2.5%, 5% or 10% for 8 hours prior to 
incubation in fresh media for 16 hours for 1-5 days. At the end of each day mRNA was 
collected. The expression of vimentin was measured by qPCR and gastric juice exposed cells 
compared to non-gastric juice exposed cells incubated for the same time on the same plate. 
Red lines indicate the range of basal expression. (n=1) * = p < 0.05, ** = p < 0.01 

A) Cells exposed to gastric juice for 8 hours for 1 day 
B) Cells exposed to gastric juice for 8 hours for 2 days 
C) Cells exposed to gastric juice for 8 hours for 3 days 
D) Cells exposed to gastric juice for 8 hours for 4 day 
E) Cells exposed to gastric juice for 8 hours for 5 days 
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Figure 4-11 Fibronectin mRNA expression following 8 hours exposure to gastric juice for 5 
days 
BEAS-2Bs were exposed to dilute gastric juice (GJ) at 2.5%, 5% or 10% for 8 hours prior to 
incubation in fresh media for 16 hours for 1-5 days. At the end of each day mRNA was 
collected. The expression of fibronectin was measured by qPCR and gastric juice exposed 
cells compared to non-gastric juice exposed cells incubated for the same time on the same 
plate. Red lines indicate the range of basal expression. (n=1) * = p < 0.05, ** = p < 0.01 

A) Cells exposed to gastric juice for 8 hours for 1 day 
B) Cells exposed to gastric juice for 8 hours for 2 days 
C) Cells exposed to gastric juice for 8 hours for 3 days 
D) Cells exposed to gastric juice for 8 hours for 4 day 
E) Cells exposed to gastric juice for 8 hours for 5 days 
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4.5 Discussion 

Having examined the effects of mild acidification on airway epithelial cells (AECs), the 

experiments described in this chapter aimed to address the effects of exposure to several 

aspects of refluxate using gastric juice at dilutions physiologically relevant to microaspiration. 

The mRNA and protein expression of three key cytokines, IL-6, IL-8 and TGF-β was measured 

along with the mRNA expression of cell phenotype markers. The expression of all the target 

genes fluctuated in control cells throughout the course of the experiment. For this reason, it 

was essential to establish a basal range of expression as many of the changes in mRNA 

expression may not be due to treatment but rather due to the ongoing growth and expansion 

of the AEC monolayer. Treatment with dilute gastric juice did alter mRNA expression of IL-6, 

IL-8 and TGF-β, however these changes in expression were not significantly outside of the 

basal range of expression. The expression of both epithelial and mesenchymal markers 

increased in control cells over the course of the experiment. Although the epithelial marker 

E-cadherin was significantly downregulated below the basal range of expression in cells 

repeatedly exposed to dilute gastric juice, neither mesenchymal markers (vimentin and 

fibronectin) increased above basal range of expression. 

The results presented in this chapter highlight the important distinction between 

statistical significance and biological significance. A statistically significant difference 

indicates that the change observed is unlikely to have occurred by chance but it does not 

imply that the change is either large or important. By measuring the expression of target 

mRNA in control cells over the course of the experiment, it was shown that there was 

considerable variation in the basal expression of these genes over 5 days. Although gastric 

juice exposure often caused a statistically significant change in target mRNA expression, 

more often than not, these changes where not outside the range of basal expression in 

control cells. By considering the range of basal mRNA expression we could conclude that 
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although changes were statistically significant, they were unlikely to be biologically 

significant. 

As discussed in Chapter 1, airway inflammation is often observed in individuals at high 

risk of reflux aspiration. As individual constituents of gastric juice such as bile acids and 

pepsin have been shown to induce pro-fibrotic and pro-inflammatory responses in both 

bronchial and hypopharyngeal epithelial cells [81,85,133], I expected to observe an increase 

in IL-6, IL-8 and TGF-β expression when cells were repeatedly exposed to whole gastric juice. 

In fact, IL-6 mRNA expression was significantly decreased in cells exposed to 10% gastric juice 

on day 1 and day 5 of the experiment although this was not outside the range of basal 

expression (Figure 4-3). Interestingly, despite the apparent downregulation observed in the 

qPCR data, IL-6 protein expression increased in response to gastric juice in a dose and time 

dependent manner until day 4 of the experiment, after which it suddenly decreased (Figure 

4-5A). IL-8 mRNA expression only increased above basal expression in cells exposed to the 

lower concentrations of gastric juice after 5 days repeated exposure (Figure 4-4). As with IL-

6 expression, IL-8 protein expression did increase significantly in response to gastric juice 

exposure, although only after 3 days of repeated exposure (Figure 4-5B). Surprisingly, when 

TGF-β expression was measured, neither mRNA nor protein expression rose above basal 

expression over the course of the 5 day experiment (Figure 4-6 and 4-7). The disparity in 

inflammatory cytokine mRNA and protein expression may be due to the fact that media and 

mRNA were harvested at the end of the 16 hour recovery incubation. Bathoorn et al. found 

that pepsin exposure induced an IL-8 response from AECs when added for brief periods of 

time at low pH [85]. While very different to the experiment set up in this chapter, it is possible 

that exposure to gastric juice may cause a brief increase in inflammatory cytokine secretion 

which is downregulated when media was replaced. Interestingly, papers in which AECs are 

treated with a single 24 hour exposure to dilute gastric juice have reported no increase in IL-

8 expression [79,80]. In those studies, as with this study, gastric juice was diluted in cell 
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culture media which contains pH buffers. When diluted, gastric juice contents such as bile 

acids and pepsin may be inactivated by the higher pH and therefore are unlikely to stimulate 

expression of pro-inflammatory or pro-fibrotic cytokines from AECs. Similarly, pepsin activity 

may be reduced by the high concentration of proteins in the BEGM media. This may explain 

the disparity in results between studies using bile acids alone and those using whole gastric 

juice. 

In order to determine if repeated exposure to gastric juice induced a change in cell 

phenotype, the expression of markers for epithelial and mesenchymal cells was measured. 

E-cadherin, an epithelial specific marker, exhibited increased expression in control cells over 

the course of the experiment. This was unsurprising as expression was likely to increase as 

the population of epithelial cells expanded over the course of the 5 days. Oddly however, 

this increase in expression ceased at day 5 when cultures had become fully confluent (Figure 

4-8A). Interestingly, expression of the mesenchymal markers vimentin and fibronectin also 

increase significantly in control cells at day 3 and 4 but decreased again at day 5 (Figure 4-8). 

The explanation for the increase in these mRNA may lie in the specific functions of the 

proteins they encode. E-cadherin is a transmembrane glycoprotein which reduces cell 

motility and increases cell-cell adhesion [48]. It is likely that the observed increase in control 

cells is due to an increase in the number of non-motile AECs which have already migrated to 

make contact with nearby cells and form colonies. Conversely, the increase in vimentin and 

fibronectin expression may come from the remaining pool of cells which are still dividing and 

migrating until eventual confluence at day 4 when expression of these genes drops again. 

Vimentin is considered a pro-migratory molecule [50], and in the context of epithelial 

monolayer culture may be expressed to facilitate cell motility as AECs grow. The reduction in 

vimentin expression at day 4 may occur as AECs become increasingly confluent and their 

migratory capacity becomes redundant. Fibronectin expression was only significantly 

increased in control cells after 3 days culture and this increase was short-lived as expression 
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was swiftly downregulated by day 5. As fibronectin has a role in epithelial cell proliferation 

and migration [134], in a similar way to vimentin, its upregulation as cells expand is expected, 

as is its downregulation when cells reach confluence. 

When cells were repeatedly exposed to dilute gastric juice for 8 hours a day, a small but 

significant decrease in E-cadherin expression was observed (Figure 4-9). Importantly, this 

decrease was below the range of basal expression. At days 1-3 only higher concentrations of 

gastric juice induced downregulation, however, even 2.5% gastric juice reduced E-cadherin 

after 4 days of 8 hour exposures. At day 5 there was no downregulation and this may have 

been due to the already low levels of basal expression at day 5 (Figure 4-8A). Although the 

marker of epithelial cell phenotype was significantly downregulated by gastric juice, 

expression of mesenchymal markers did not increase above basal expression (Figure 4-10 

and 4-11). It is therefore not possible to conclude that decrease in E-cadherin expression is 

due to EMT. A more likely explanation may be that rather than having induced the 

downregulation of E-cadherin, the addition of gastric juice has stunted the normal increase 

in E-cadherin expression associated with epithelial growth i.e. gastric juice exposure reduced 

cell proliferation. 

Interestingly, the mRNA expression of all targets was decreased in control cells at day 5, 

either significantly below expression at day 1 or returning to levels the same as expression 

at day 1. It is possible that by this late time point, AECs had grown to complete confluence 

and become senescent or indeed that cell viability began to decrease due to over-

confluence. Unfortunately, cell viability was not measured throughout the course of the 

experiment. 

While the study presented in this chapter utilises a more physiologically relevant 

experimental model of chronic microaspiration, it has a number of crucial limitations. The 

concentration of the gastric juice collected for this study may have been too weak and 
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filtration of the gastric juice prior to storage may have removed elements or constituents 

which could have affected outcome measures, such as bacteria or bacterial components. In 

the rodent models of reflux aspiration lung injury which reported increases in TGF-β, IL-8, IL-

6 and other cytokines, Appel et al. used gastric juice which was not filtered and rats were not 

fasted prior to sampling, and in the study by Li et al. gastric juice was filtered through a 70µm 

filter which would remove some food particulate but not bacteria, bacterial products such 

as LPS, and other small particles [77,78]. The composition of gastric refluxate will strongly 

influence the response of the airway epithelium to exposure, and this composition will vary 

between and within individuals depending on a number of variables including diet and time 

of day sampling occurs. It would be informative to examine the effects of gastric juice 

collected from a range of individuals on the airway epithelium. This study would also benefit 

from the use of air-liquid interface cultures of primary airway epithelial cells. Such a culture 

system allows for the terminal differentiation of AECs into goblet cells, Clara cells and ciliated 

cells which form a better model of the pseudostratified epithelium of the airways. This 

culture system would provide two main advantages to this study. Firstly, as the culture 

system can be maintained for a number of weeks, cells could be repeatedly exposed to dilute 

gastric juice for a longer time period thus providing a better model of chronic 

microaspiration. Secondly, as cells are terminally differentiated, basal expression of genes is 

less likely to fluctuate over the course of the experiment, as was observed in the highly 

proliferative monolayer culture used in this study. This would improve our ability to discern 

whether gastric juice causes fibrosis in airway epithelial cells through induction of EMT. 

This chapter presents results of a pilot study to evaluate the suitability of the 

experimental design and outcome measures in determining whether repeated gastric juice 

exposure induces inflammation, and fibrosis through EMT in AECs. Although it does raise 

some interesting points, the data presented here must be very cautiously interpreted, not 

least because it is taken from only one biological repeat. This study highlighted a number of 
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concerns, primarily, the use of a monolayer culture and the processing of gastric juice. This 

study could be made more robust by incorporating the use of air-liquid interface culture, and 

exposure to gastric juice from different donors as was done by Pauwels et al. and Mertens 

et al. [79,80]. Overall, the experimental design is novel and an appropriate in vitro model of 

chronic microaspiration. With a few adaptions this design could be used to examine the 

effects of dilute gastric juice exposure over days and even weeks. 
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5. Chapter 5 – Developing a novel method for 

detecting pepsin in bronchoalveolar lavage fluid 

5.1 Introduction 

As covered in Chapter 1.5, there is no robust diagnostic test for reflux aspiration in 

widespread use. Although pepsin has been suggested as an ideal biomarker for reflux [87], 

developing a method of accurately detecting pepsin has proven difficult. Our group has 

collaborated with the Centre for Proteome Research at the University of Liverpool to develop 

a mass spectrometry based assay to identify pepsin in the bronchoalveolar lavage fluid (BAL) 

of patients with severe neurodisability. Although this method is highly sensitive and may 

represent a “gold standard” for identifying pepsin in BAL, it has two major limitations to 

widespread use – it is expensive to run and requires a highly skilled operator. As such, this 

method is not ideal for routine use or use in resource poor settings. There is need to develop 

a relatively cheap and “operator friendly” assay for pepsin. 

There are two main obstacles to identifying pepsin in BAL, poor specificity of commercially 

available anti-pepsin antibodies and the low concentrations of pepsin expected in 

proteinaceous patient BAL. One potential way to overcome these problems is to affinity 

purify and concentrate pepsin from BAL using pepstatin beads. 

5.1.1 Affinity purification of pepsin using pepstatin A 

Affinity purification is a method of purifying a molecule or protein of interest from a 

complex mixture using a highly specific interaction between two molecules, such as between 

antigen and antibody or between enzyme and inhibitor. Typically, the molecule of interest is 

referred to as the target molecule and this remains in a mobile phase. Conversely, the other 

molecule is immobilised on a solid matrix and this is referred to as an affinity ligand. In this 

chapter, we describe using the protein pepstatin A as an affinity ligand for pepsin. 
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Pepstatin A is a potent inhibitor of aspartic proteases, such as pepsin, renin, cathepsin D. 

Pepstatin non-covalently binds at the active site of pepsin causing a small conformational 

change in the protease whereby it encloses the pepstatin molecule more closely [135]. This 

specific covalent binding of pepsin to its inhibitor can be exploited to purify pepsin from 

complex mixtures such as BAL.  

5.2 Specific aims 

1. To select a commercially available anti-pepsin antibody which is suitably specific and 

sensitive for assay development 

2. To determine if pepsin can be detected at physiologically relevant concentrations in 

BAL using the capillary western system, Wes 

3. To further develop purification of pepsin using pepstatin beads, specifically for 

analysis with Wes 

4. To test developed protocol on BAL samples known to be pepsin-positive 
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Figure 5-1 Schematic of assay development process 
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5.3 Specific methods 

5.3.1 Biological medium 

 Bronchoalveolar lavage is an invasive procedure requiring anaesthesia and a trained 

clinician [136]. Paediatric BAL samples, in particular, are precious as they are not easily 

obtained and generally of a lower volume that adult samples. In this chapter, saliva has been 

used as a surrogate for BAL as it is a proteinaceous biological fluid which is easily obtained. 

Also, it contains mucins, bacteria and enzymes which make it a good mimic of the BAL we 

have collected form patients with severe neurodisability. Patients with CF often undergo 

lavage for clinical and diagnostic purposes. BAL from CF patients is high in protein, mucins 

and proteolytic enzymes, and as such is a good model of a very complex and proteinaceous 

sample. CF BAL was used as it was important to validate whether pepsin could be detected 

even in highly complex biological samples. 

5.3.2 Pepsin activation from pepsinogen 

Pepsinogen A (Cell Sciences, USA) was reconstituted in to a concentration of 100µg/ml 

with sterile distilled water (SDW) and aliquoted into 10µl for storage at -30°C. Periodically an 

aliquot was thawed and activated to pepsin. Briefly, pepsinogen was diluted with 10µl SDW 

and 1µl 1M hydrochloric acid (HCl) and incubated for 1 hour at 37°C with agitation. Pepsin 

was neutralised with 4µl ammonium bicarbonate then diluted with SDW to a final volume of 

1ml before a 1µl sample was blotted onto pH indicator paper to ensure the solution was pH7. 

Pepsin was aliquoted into 5µl for storage at -30°C. Before each experiment the required 

number of aliquots were pooled and mixed. 

5.3.3 Anti-pepsin antibodies 

Anti-pepsin (human) rabbit polyclonal antibody was purchased from Abcam (ab135879) 

and used at 1:1000. Anti-pepsinogen I (human) rabbit polyclonal antibody was purchased 

from ProteinTech (: 17330-1-AP) and was used at 1:1000. Anti-pepsin (human) rabbit 
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polyclonal antibody was purchased from Novus Biologicals (34600002) and used at 1:5000. 

Anti-pepsinogen A (human) mouse monoclonal antibody was purchased from R&D Systems 

(MAB7525) and used at 1:2500. Anti-rabbit horseradish peroxidase (HRP)-linked species-

specific secondary antibody was purchased from GE Healthcare (NA934) and used at 

1:10000. Anti-mouse HRP-linked secondary antibody was purchased from R&D Systems 

(HAF007). 

5.3.4 Modified western blot assay 

A modified western blot assay was developed by Dr Rebecca Miller at the Centre for 

Proteome Research, University of Liverpool. The assay is based on the principle that pepsin 

has an unusually low isoelectric point (pI) thus is highly negatively charged, will bind to a 

positively charged membrane with greater affinity than other proteins present in BAL, the 

majority of which are likely to have a higher pI.  

Samples were prepared and run on SDS-PAGE as described in Chapter 2-6. The resulting 

gel was transferred electophoretically onto a positively charged nylon membrane (Sigma) in 

a 66mM Tris (Sigma), 53mM glycine (Sigma) transfer buffer run at 30V and 170mA for 2 hours 

or 6 hours. Where smaller concentrations of pepsin were loaded, the transfer time was 

longer. Following transfer, membranes were blocked in 5% non-fat milk (Marvel) in Tris-

buffered saline (TBS) (20mM Tris, 145mM NaCl) adjusted to pH7.6 with HCl. Primary 

antibodies were diluted in 1% non-fat milk in TBS, pH7.6 overnight at 4°C. The following day 

the membrane was washed three times with 0.1% Tween20 in TBS, pH7.6. The membrane 

was then incubated for 1 hour at room temperature with appropriate secondary antibody in 

1% non-fat milk in TBS, pH7.6. The membrane was then washed as before and incubated 

with Supernova ECL substrate (Thermo) for 5 minutes. The membrane edge was blotted to 

remove excess substrate. The membrane was exposed to Amersham hyperfilm (GE 

Healthcare, USA) or CL-XPosure Film (ThermoFisher) in a hypercassette (GE Healthcare). The 
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film was developed and fixed using Agfa developer and fixer. Film was imaged using an Epson 

Expression 1680 Proscanner. 

5.3.5 Pepstatin beads 

Pepstatin A beads (Sigma) are 4% agar beads to which pepstatin A has been immobilised 

through covalent attachment. The use of these beads to purify pepsin from BAL had been 

optimised for the mass spectrometry assay protocol. 

Before use beads were transferred to a clean 1.5ml tube and washed in 300mM NaCl. In 

order to reduce non-specific binding, the salinity of the test solution was adjusted to 300mM 

NaCl through addition of 2M NaCl solution. Beads were added to sample solution and 

incubated on an inversion mixer for 30 minutes at room temperature. Beads were pelleted 

by centrifugation at 5000 x g for 5 minutes at room temperature. Supernatant was removed 

before addition of elution buffer. 

5.3.6 Wes™ simple western system 

Wes is a capillary-based immunoassay which separates proteins by molecular weight and 

probes with target specific antibodies, much like a traditional western blot assay. The Wes 

system offers a number of key advantages over traditional western blots. Wes is much 

quicker, taking 3 hours on average to prepare, load and run samples, compared to the 

lengthy 7 to 24 hours necessary for a traditional western. Due to its automation, Wes can 

produce more consistent results than traditional westerns. Automation of the multistage 

process removes much of the variability introduced by human error or differences in 

operator handling. The issue of consistency is particularly important for developing a clinical 

assay. Wes can also be truly quantitative as it does not require a transfer step like traditional 

westerns and so removes the possibility of protein loss at this stage. Importantly, Wes 

requires less protein than traditional westerns to produce a positive signal. 
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5.3.6.1 Preparation of samples for Wes 

Samples and antibodies were prepared using a reagents provided in the Wes 12-230kDa 

Master kit (ProteinSimple, UK). 5X fluorescent Master Mix was prepared by reconstituting 

lyophilised fluorescent standards with a mixture of 20µl 10X Sample Buffer and 20µl 400mM 

dithiothreitol (DTT). Samples were prepared by mixing 1 part 5X Master Mix with 4 parts 

sample. Samples were mixed by vortex, briefly centrifuged and heated at 95°C for 10 

minutes. Samples were then vortexed, briefly centrifuged and stored on ice prior to loading 

onto the Wes plate. A lyophilised biotinylated molecular weight ladder was provided and 

prepared by reconstitution in 16µl deionised water, 2µl 10X Sample Buffer and 2µl 400mM 

DTT. Primary anti-pepsin antibodies were diluted in Antibody Diluent II at dilutions indicated. 

Pre-diluted HRP-linked secondary anti-rabbit or anti-mouse antibodies were provided in the 

kit. A substrate solution was prepared by mixing 150µl Luminol-S with 150µl Peroxide. 

Reagents and samples were loaded onto the Wes plate as shown in Figure 5-2A. The plate 

was centrifuged at 1000 x g for 5 minutes to draw all liquid to the bottom of the wells and to 

remove air bubbles. The capillary insert and plate was then loaded into the Wes machine 

(Figure 5-2B). 

5.3.6.2 The Wes process 

Much like for SDS-PAGE protein separation, proteins in each sample are denatured 

through incubation with the reducing agent DTT and boiling at 95°C. Proteins are then coated 

in negatively charged SDS, in the Sample Buffer, prior to running. Each capillary is loaded 

with a separation matrix and a stacking matrix prior to sample loading. Samples are then 

loaded and a voltage applied to the capillary causing samples to migrate up the capillary 

much like proteins migrate down a polyacrylamide gel. When proteins have been separated 

by size, the capillary is exposed to UV light which binds proteins to the capillary wall. With 

the proteins now immobilised, the capillary is flushed with detergent wash buffer and 

primary antibody is run through the capillary. The capillary is washed again and the 
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secondary antibody is run through the capillary before being again washed and the luminol-

peroxide solution is run through the capillary. The HRP conjugated to the secondary antibody 

cleaves luminol-peroxide and the resulting chemiluminescence is capture by camera. A 

diagram of the capillary process is presented in Figure 5-3A. The resulting high quality 

capillary image is displayed on the Compass software (ProteinSimple, UK). This image is 

analysed and presented as an electropherogram which is translated into a virtual blot for 

easy visual interpretation (Figure 5-3B).  
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Figure 5-2 Wes plate layout and Wes capillary and plate orientation 
Image is adapted from the Product Inset leaflet provided with the Wes Master Kit. 

A) Each constituent part is loaded onto the Wes plate in this configuration 
B) The Wes capillaries are suspended above the Wes plate. The capillary cartridge holder moves over the plate to draw up each constituent part into 

the capillary. 
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Figure 5-3 Wes simple western system 
A schematic of the Wes process adapted from the Protein Simple™ Size Assay Development Guide. 

A) The Wes capillary process 
B) The capillary image captured by camera is analysed and presented as an electropherogram and virtual blot by Compass software 
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5.3.7 Calculating percentage recovery from pepstatin beads 

The overarching aim of each step of protocol development was to increase the amount 

of pepsin which could be recovered from BAL, primarily through adjustments to the elution 

step of the protocol. Initially, improvements in pepsin recovery were judged by the increased 

peak area observed in Wes. To better quantify the improvement in elution the percentage 

recovery was calculated. 

Pepsin standards are run alongside the samples for each Wes run. The peak areas 

produced by the standards are compared to the peak areas of the bead eluents (tests) and 

as the amount loaded in the standards is known this information can be used to calculate 

the amount of pepsin eluted.  

How much pepsin is in the standard capillary? As standards are diluted in 5X Wes Master 

Mix, the concentration of the standard loaded onto the capillary is lower than the standard 

made up. As each standard is diluted, 4 parts standard to 1 part Master Mix, the 

concentration loaded is 80% of the initial concentration. The Wes user guide advises that of 

the 5µl sample loaded onto the Wes plate, 2µl is taken into the capillary. Therefore, to find 

how much pepsin is present we must multiply the concentration loaded by the volume 

loaded. 

(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ×  0.8)  ×  0.002 =  𝑛𝑔 𝑖𝑛 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 

How much pepsin is in the test capillary? This can be calculated by comparing the peak 

area of the standard to the test peak area, as the amount of pepsin in the standard capillary 

is known. Firstly, the test peak area is divided by the standard peak area. This proportion is 

then multiplied by the ng of pepsin in the standard capillary as calculated above. 

(
𝑡𝑒𝑠𝑡 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎
) ×  𝑛𝑔 𝑖𝑛 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 =  𝑛𝑔 𝑖𝑛 𝑡𝑒𝑠𝑡 𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 
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How much pepsin was in the eluent? This is more complex to compute as we must 

consider the volume of buffer in which pepsin was eluted. Additionally, the ng pepsin in the 

test capillary is the ng pepsin in 2µl eluent diluted in 5X Master Mix, therefore this is actually 

the ng of pepsin in 1.6µl eluent. To account for the ng of pepsin in the test capillary can be 

divided by the dilution factor. 

𝑛𝑔 𝑖𝑛 𝑡𝑒𝑠𝑡 𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦  

0.8
 =  𝑛𝑔 𝑖𝑛 2𝜇𝑙 𝑢𝑛𝑑𝑖𝑙𝑢𝑡𝑒𝑑 𝑒𝑙𝑢𝑒𝑛𝑡 

 

To find how much pepsin is in the final total elution volume, the amount of pepsin in 1µl 

is calculated and then this value is multiplied by the elution volume. 

(
𝑛𝑔 𝑖𝑛 2𝜇𝑙 𝑢𝑛𝑑𝑖𝑙𝑢𝑡𝑒𝑑 𝑒𝑙𝑢𝑒𝑛𝑡

2
) × 𝑒𝑙𝑢𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑛𝑔 𝑝𝑒𝑝𝑠𝑖𝑛 𝑒𝑙𝑢𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑏𝑒𝑎𝑑𝑠 

 

Finally, to determine the percentage recovery we use the following calculation. 

(
𝑛𝑔 𝑝𝑒𝑝𝑠𝑖𝑛 𝑖𝑛 𝑒𝑙𝑢𝑒𝑛𝑡

𝑡𝑜𝑡𝑎𝑙 𝑛𝑔 𝑝𝑒𝑝𝑠𝑖𝑛 𝑖𝑛 𝑠𝑡𝑎𝑟𝑡 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
) × 100 = 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 

 

5.4 Results 

5.4.1 Specificity and sensitivity of commercially available anti-pepsin 

antibodies with modified western blot assay 

The positively charged Western blot assay was developed using a rabbit polyclonal anti-

pepsin antibody from Abcam which was discontinued in early 2014. The aim of the following 

experiments was to identify a suitable alternative antibody for further use in validating this 

assay and developing other potential assays. 
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5.4.1.1 Specificity of commercial antibodies to pepsin  

To determine antibody specificity for pepsin, 125ng pepsinogen and 125ng or 62.5ng 

pepsin were run using the modified western blot assay. High concentrations of pepsinogen 

or pepsin were loaded on the gel to ensure detection. A transfer time of 2 hours was used. 

Protein for Novus and Protein Tech antibody testing was run on the same gel and transferred 

to the same membrane. All membranes were blocked in the same milk. Membranes were 

cut before incubation with different primary pepsin antibodies. All washes and incubation 

times were identical for each antibody. All blots were exposed to hyperfilm for the same 

time. 

Bands appeared in pepsinogen and pepsin lanes in membranes probed with either the 

Novus or Protein Tech rabbit polyclonal antibodies. A band was only observed in the 

pepsinogen lane of the membrane incubated with R&D mouse monoclonal antibody. No 

signal was observed in lanes containing pepsin (Figure 5-4). The bands on the membrane 

probed with Novus antibody appeared larger than those on the membrane probed with the 

Protein Tech antibody. 
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Figure 5-4 Specificity of commercially available anti-pepsin antibodies 
Pepsinogen and pepsin samples were run on SDS-PAGE and transferred to positively charged 
nylon membrane for 2 hours. Membrane was blocked before cutting. Cut membranes were 
probed with anti-pepsin antibodies for 1 hour. Membranes were washed and probed with 
appropriate secondary antibodies for 1 hour. Membranes were incubated with ECL 
substrate, exposed on X-ray film, developed and fixed. Labels denote total quantity of 
protein loaded onto gel in nanograms (ng) and picomoles (pmol).  

A) Novus anti-pepsin rabbit polyclonal antibody 
B) Protein Tech anti-pepsin rabbit polyclonal antibody 
C) R&D anti-pepsin mouse monoclonal antibody 
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5.4.1.2 Novus antibody sensitivity vs. Abcam antibody sensitivity  

The aim of this experiment was to compare the Novus antibody against the Abcam 

antibody for sensitivity. Pepsin was spiked in water and in BAL from a patient with Cystic 

Fibrosis (CF BAL) at varying concentrations and run using the modified western blot assay. 

As low concentrations of pepsin were loaded, a longer transfer time of 6 hours was used and 

membranes were probed with primary antibody overnight. 

On the Abcam antibody probed membrane, bands for pepsin were visible at all 

concentrations of pepsin loaded, both in water and in CF BAL. Lower molecular weight bands 

appeared in lanes with pepsin spiked in CF BAL. No bands were observed in the CF BAL lane 

(Figure 5-5A). On the Novus antibody probed membrane bands appeared in all lanes with 

pepsin in water. Bands were visible in lanes with 60ng and 30ng pepsin in CF BAL, however, 

there was only a very faint band visible in the lane with 15ng pepsin in CF BAL. No band was 

visible in CF BAL (Figure 5-5B). 
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Figure 5-5 Antibody sensitivity comparison by modified western blot 
Known concentrations of pepsin were prepared in water or BAL fluid from a CF patient. 
Samples were run on SDS-PAGE and transferred onto positively charged nylon membrane for 
6 hours. Membranes were blocked before probing with Abcam or Novus antibodies 
overnight. Membranes were washed and probed with anti-rabbit secondary antibody for 1 
hour. Membranes were incubated with ECL substrate, exposed on X-ray film overnight, 
developed and fixed.  

A) Pepsin titration in water and CF BAL probed with Abcam anti-pepsin rabbit polyclonal 
antibody 

B) Pepsin titration in water and CF BAL probed with Novus anti-pepsin rabbit polyclonal 
antibody 
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5.4.2 Specificity and sensitivity of commercially available anti-pepsin 

antibodies with Wes 

The Novus antibody did not exhibit the same high sensitivity as the Abcam antibody. It 

was assumed that pepsin could not be detected in BAL when using the Novus antibody with 

the modified western blot assay as the expected pepsin concentrations in BAL were below 

the detection limit of the Novus antibody. A more sensitive method for detection needed to 

be developed.  

The aim of the following experiments was to select a commercial antibody to determine 

if it could detect pepsin at physiologically relevant concentrations in BAL using the Wes 

system. 

5.4.2.1 Comparison of commercially available antibodies on Wes  

The aim of this experiment was to compare antibodies to the discontinued Abcam 

antibody and choose a suitable alternative antibody for Wes assay development. Pepsin was 

spiked into saliva at 40ng/ml and prepared for Wes. All wells on the Wes plate were loaded 

from the same tube of pepsin spiked saliva. Primary anti-pepsin antibodies from Abcam, 

Novus, Protein Tech and R&D were used at dilutions of 1:50 or 1:250. Wes virtual blots and 

electropherograms for each antibody were compared (Figure 5-6 and 5-7).  

The Abcam antibody virtual blot showed a dark band for pepsin at 40kDa. There was a 

faint band around the 66kDa marker. There was a large peak on the electropherogram at 

40kDa for 1:50 antibody dilution and a smaller peak for the 1:250 antibody dilution (Figure 

5-6A).  

The virtual blot for the Novus antibody showed a dark band for pepsin at 40kDa. A 

corresponding large peak was visible on the electropherogram at 40kDa for 1:50 antibody 

dilution and a lesser peak for 1:250 antibody dilution. There was a dark band just below the 
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66kDa marker in the virtual blot at 1:50 antibody dilution which was very faint at 1:250 

antibody dilution. A corresponding peak was produced at 63kDa on the electropherogram 

(Figure5-6B).  

The virtual blot for the Protein Tech antibody at 1:50 showed a band for pepsin at 40kDa 

but also showed darker bands at higher molecular weights. The electropherogram 

designated these as peaks at 50kDa and 61kDa at the 1:50 dilution. These peaks were still 

visible at 1:250 dilution and the pepsin peak at 40kDa was very small (Figure5-7A).  

The virtual blot for the R&D antibody showed no bands at 40kDa. The only band visible 

was a much higher band which was designated 128kDa or 130kDa on the electropherogram 

(Figure5-7B). 

Based on these experiments, the Novus antibody was selected for use in Wes assay 

development. 
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Figure 5-6 Antibody comparison with Wes 
Pepsin was diluted in saliva at 40ng/ml. Samples were run on Wes using anti-pepsin 
antibodies at dilutions of 1:50 and 1:100. 

A) Virtual blot and electropherogram of Abcam anti-pepsin rabbit polyclonal antibody 
B) Virtual blot and electropherogram of Novus anti-pepsin rabbit polyclonal antibody 
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Figure 5-7 Antibody comparison with Wes 
Pepsin was diluted in saliva at 40ng/ml. Samples were run on Wes using anti-pepsin 
antibodies at dilutions of 1:50 and 1:100. 

A) Virtual blot and electropherogram of Protein Tech anti-pepsin rabbit polyclonal 
antibody 

B) Virtual blot and electropherogram of R&D anti-pepsin mouse monoclonal antibody 
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5.4.2.2 Sensitivity limit of Novus antibody in different biological samples 

The aim of this experiment was to test the sensitivity of the Novus antibody in water and 

different biological samples i.e. saliva and CF BAL. Human pepsin (Chapter 5.3.2) was spiked 

at varying concentrations into water or saliva (50ng/ml – 1ng/ml) or CF BAL (100ng/ml – 

5ng/ml).  

When spiked into water, a 40kDa band was observed for 50, 25 & 10ng/ml pepsin 

solutions. A very faint band was observed for 5ng/ml (Figure 5-8A). Pepsin spiked in saliva 

produced bands at 50ng/ml and 25ng/ml only. Pepsin at concentrations of 10ng/ml and 

lower produced very faint bands or no bands at all (Figure5-9A). Bands at other molecular 

weights were observed with peaks produced on the electropherogram at around 17kDa and 

125kDa (Figure 5-9B). When pepsin was spiked into CF BAL, a strong band for pepsin was 

observed at 40kDa however, bands at other molecular weights were also observed (Figure 

5-10A). These bands were shown as peaks at around 33kDa and 65kDa on the 

electropherogram. A very faint band around 40kDa could be observed in the lane with 

10ng/ml pepsin in CF BAL however, this peak was in fact at 45kDa. Peak areas and signal-to-

noise ratio for each concentration of pepsin are listed in Table 5-1. 
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Table 5-1 Novus antibody detection limit in water, saliva and BAL using Wes 

Sample Pepsin 
concentration 

Area S/N 

Pepsin + Water 50ng/ml 27120 136.1 

25ng/ml 12273 79.6 

10ng/ml 4238 24 

5ng/ml 1868 12.5 

1ng/ml 712 6.1 

Water 
 

19101 2.3 

Pepsin + Saliva 50ng/ml 36237 149.5 

25ng/ml 13045 43 

10ng/ml 4355 18.8 

5ng/ml 2314 9.1 

1ng/ml 0 1.6 

Saliva 
 

0 3.9 

CF BAL + Pepsin 100ng/ml 9690 43.8 

50ng/ml 10892 17.4 

25ng/ml 6519 6.4 

10ng/ml 0 0 

5ng/ml 2020 3.4 

CF BAL BAL alone 29670 5.5 
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Figure 5-8 Novus antibody detection limit with Wes 
Pepsin was added to water or saliva in concentrations from 50ng/ml to 1ng/ml. Pepsin was added to CF BAL at concentrations from 100ng/ml to 5ng/ml. 
Samples were run on Wes Novus anti-pepsin antibody at dilution of 1:50. 

A) Virtual blot of pepsin in water 
B) Electropherogram of pepsin in water 
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Figure 5-9 Novus antibody detection limit with Wes 
Pepsin was added to water or saliva in concentrations from 50ng/ml to 1ng/ml. Pepsin was added to CF BAL at concentrations from 100ng/ml to 5ng/ml. 
Samples were run on Wes Novus anti-pepsin antibody at dilution of 1:50. 

A) Virtual blot of pepsin in saliva 
B) Electropherogram of pepsin in saliva 
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Figure 5-10 Novus antibody detection limit with Wes 
Pepsin was added to water or saliva in concentrations from 50ng/ml to 1ng/ml. Pepsin was added to CF BAL at concentrations from 100ng/ml to 5ng/ml. 
Samples were run on Wes Novus anti-pepsin antibody at dilution of 1:50. 

A) Virtual blot of pepsin in BAL 
B) Electropherogram of pepsin in BAL 
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5.4.2.3 Selecting an appropriate antibody dilution 

The aim of this experiment was to determine if a greater dilution of primary antibody 

would improve signal-to-noise ratio. Pepsin was spiked into CF BAL at a concentration range 

of 100ng/ml to 5ng/ml. The spiked BAL was run on Wes with Novus primary antibody at 1:50 

or 1:100 dilutions.  

On the virtual blots there was a darker band at 40kDa for pepsin when antibody was used 

at 1:50 dilution compared to the band when 1:100 antibody dilution was used (Figure 5-11). 

The electropherogram showed that chemoluminescence was greater when 1:50 antibody 

dilution was used – around 2000 units for the 1:50 dilution compared with around 1000 units 

at 1:100 (Figure 5-12). Non-specific bands at 65kDa and 30kDa appeared lighter at 1:100 

antibody dilution. Indeed, signal-to-noise ratios were marginally higher when the antibody 

was diluted 1:100 (Table 5-2).  

Based on these experiments, a primary antibody dilution of 1:100 was chosen to test 

patient BAL samples with Wes. 
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Table 5-2 Novus antibody dilution 

Antibody 
dilution 

Pepsin 
concentration 

Area S/N 

1:50 

100ng/ml 17522 42.6 

50ng/ml 12989 16.8 

25ng/ml 8479 9.5 

10ng/ml 11220 5 

5ng/ml 4906 2.3 

BAL alone 3668 1.6 

1:100 

100ng/ml 9690 43.8 

50ng/ml 10892 17.4 

25ng/ml 6519 6.4 

10ng/ml 0 0 

5ng/ml 2020 3.4 

BAL alone 29670 5.5 

 



135 
 

 

 
Figure 5-11 Novus antibody dilution with Wes 
Pepsin was spiked into BAL from cystic fibrosis patient at varying concentrations. Spiked BAL 
was run on Wes with Novus anti-pepsin antibody and 1:50 and 1:100 dilution. 

A) Virtual blot of pepsin concentration curve in CF BAL – primary antibody dilution used 
was 1:50 

B) Virtual blot of pepsin concentration curve in CF BAL – primary antibody dilution used 
was 1:100 
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Figure 5-12 Novus antibody dilution with Wes 
Pepsin was spiked into BAL from cystic fibrosis patient at varying concentrations. Spiked BAL 
was run on Wes with Novus anti-pepsin antibody and 1:50 and 1:100 dilution. 

A) Electropherogram of pepsin concentration curve in CF BAL – primary antibody 
dilution used was 1:50 

B) Electropherogram of pepsin concentration curve in CF BAL – primary antibody 
dilution used was 1:50 
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5.4.2.4 Testing “pepsin positive” and “pepsin negative” patient samples on Wes  

The aim of this experiment was to determine if pepsin could be identified using Wes in 

patient BAL samples previously designated pepsin-positive or pepsin-negative by mass 

spectrometry assay and modified western blot assay. A 50ng/ml pepsin standard in CF BAL 

was run along with patient samples from children with severe neurodisability. Novus anti-

pepsin antibody was used at 1:100 dilution. 

In the virtual blot a band for pepsin at 40kDa was observed in the standard lane. No 40kDa 

band were observed in any of the patient sample lanes (Figure 5-13A). The electropherogram 

showed only a peak for the pepsin standard at 40kDa and no peak was observed for any of 

the patient samples (Figure 5-13B). Table 5-3 lists the peak area for pepsin for all patient 

samples, the pepsin standard and the CF BAL the standard was diluted in. All patient samples 

had very small or no peak area where pepsin would be expected. Signal-to-noise ratios were 

very low for all patient samples. 



138 
 

Table 5-3 Patient samples on Wes 

Sample Peak Name MW 
(kDa) 

Area S/N 
 

CF BAL + Pepsin 1 Pepsin 40 23953 58 

CF BAL 1 Pepsin 41 11319 3.9 

P12 
Elective ND 

1 Pepsin 39 0 3.8 

"Pepsin 
negative" 

2 
 

74 14624 11.3 

3 
 

236 15936 22.6 

P30 
PICU-ND 

1 Pepsin 43 4293 -0.2 

2 
 

52 25047 62.8 

3 
 

65 160547 168.8 

4 
 

196 55250 99.7 

P59 
Elective ND 

1 Pepsin 38 338 3.8 

2 
 

71 26295 19.8 

P73 
PICU-ND 

1 Pepsin 37 352 2.6 

2 
 

72 36607 40.5 

P8 
PICU-ND 

1 Pepsin 37 207 1.9 

"Pepsin 
positive" 

2 
 

51 15173 38.7 

3 
 

65 149820 216.5 

P23 
PICU-ND 

1 Pepsin 37 903 4.4 

2 
 

52 16156 52.1 

3 
 

72 36789 40.9 

P57 
PICU-ND 

1 Pepsin 42 786 2.1 

2 
 

235 13293 26.8 

P80 
PICU-ND 

1 Pepsin 39 0 1 

2 
 

73 64219 45.4 

PICU-ND – Neurodisabled patients intubated on the paediatric intensive care unit at a time 
of respiratory deterioration; Elective ND – Neurodisabled patients admitted for elective 
surgery who were considered otherwise well. 

 



139 
 

 
Figure 5-13 BAL from “pepsin positive” patients or “pepsin negative” patients run on Wes 
Samples of patient BAL previously designated “pepsin positive” or “pepsin negative” by 
modified western blot assay and mass spectrometry assay were run on Wes. Novus anti-
pepsin antibody at dilution of 1:100 was used. Pepsin standard of 50ng/ml in CF BAL was 
used. A standard of pepsin in BAL was run alongside samples. 

A) Virtual blot of pepsin standards and patient BAL samples 
B) Electropherogram of pepsin standards and patient BAL samples 
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5.4.3 Optimisation of pepstatin bead protocol for use with Wes assay 

As pepsin could not be detected using the Wes system alone, it was decided to use 

pepstatin beads to isolate and concentrate pepsin from BAL, prior to antibody identification 

using Wes. As detailed in Chapter 5.3.5, conditions for binding pepsin to pepstatin beads 

were previously optimised. The aim of this series of experiments was to optimise elution of 

pepsin from pepstatin beads for analysis with the Wes system. For each experiment, pepsin 

was diluted in saliva which acted as a surrogate biological fluid for BAL. The percentage of 

pepsin recovered from the beads was calculated as described in Chapter 5.3.7. 

5.4.3.1 Selecting an appropriate elution buffer 

The aim of this experiment was to find whether pepsin could be better eluted from 

pepstatin beads using Wes Master Mix or an SDS buffer. As previously mentioned, pepsin 

binds pepstatin non-covalently through hydrogen bonding. These bonds may be broken and 

the pepsin protein denatured by sodium dodecyl sulphate (SDS), a non-ionic surfactant. Wes 

Master Mix could be used to elute pepsin from pepstatin beads because it contains SDS and 

the Wes Assay Development Guide suggests that Master Mix can be used to elute proteins 

from immunopreciptation bead. An SDS elution buffer was prepared containing 2% SDS, 

80mM DTT and 50mM Tris-HCl pH6.8.  
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Figure 5-14 Workflow of elution buffer experiment 
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Pepsin was spiked into saliva at a concentration range from 50ng/ml to 5ng/ml. A 

workflow of the experiment is shown in Figure 5-14. Spiked saliva was divided into separate 

tubes, 6µl pepstatin beads were added. Following incubation and pelleting of beads, 8µl 

Master Mix or SDS buffer were added and incubated with beads for 30 minutes at room 

temperature. Resulting eluents were transferred to clean tubes; 8µl SDS buffer eluent was 

mixed with 2µl 5X Master Mix to add molecular weight standards; 8µl Master Mix eluent was 

mixed with 2µl water to control for dilution. Samples were run on Wes with primary antibody 

dilution of 1:50. 

The virtual blot bands for pepsin eluted using SDS buffer generally appeared darker than 

those eluted using the Wes Master Mix (Figure 5-15A). The peak area, signal to noise ratio 

and percentage recovery of pepsin from beads using SDS buffer and Wes Master Mix are 

detailed in table 5-4. The percentage recovery using SDS buffer was higher than percentage 

recovery using Wes Master Mix. 

Thus, SDS buffer was selected as the elution buffer for all subsequent experiments. 
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Table 5-4 Pepsin elution from pepstatin beads using Wes Master Mix or SDS elution buffer 

Elution 
buffer 

Start 
concentration 

Peak Area S/N Percentage 
recovery 

SDS buffer 50ng/ml 29913 37.8 1.7% 

25ng/ml 12505 16.4 1.4% 

12.5ng/ml 7538 9 1.7% 

5ng/ml 3591 5.8 2.0% 

Master Mix 50ng/ml 15197 13.7 0.7% 

25ng/ml 9459 10.7 0.8% 

12.5ng/ml 11235 12.4 2.0% 

5ng/ml 4249 1.3 1.9% 
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Figure 5-15 Pepsin elution from pepstatin beads using Wes Master Mix or SDS elution buffer 
Pepsin was spiked into saliva at varying concentrations and incubated with 8µl pepstatin beads for 30 minutes at room temperature. Beads were pelleted by 
centrifugation, supernatant removed and 8µl elution buffer (Wes Master Mix or 2% SDS buffer) was added to the beads and incubated for 30 minutes at 
room temperature. Beads were pelleted by centrifugation and supernatant transferred to clean tube. SDS eluent was mixed with 5X Wes Master Mix and 
Master Mix eluent was diluted with water. Samples were run on Wes with Novus anti-pepsin antibody at dilution of 1:50. Pepsin spiked in saliva was used as 
a standard. Standards with similar areas to the test bands were displayed on graphs. 

A) Virtual blot 
B) Electropherogram 
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5.4.3.2 Does multiple bead incubation improve recovery? 

The aim of these experiments was to determine if adding pepstatin beads multiple times 

to pepsin-spiked saliva would increase the recovery of pepsin and improve identification of 

pepsin by Wes. Different volumes of pepstatin beads were also tested to determine whether 

a larger volume of beads would improve recovery of pepsin.  

Pepsin was spiked into saliva at 40ng/ml and this was divided into six 150µl aliquots. A 

workflow of the experiment is shown in Figure 5-16. 

Where the saliva sample was incubated with pepstatin beads once, beads were added at 

volumes of 6µl, 12µl or 18µl and incubated as normal. Beads were pelleted by centrifugation, 

supernatant removed and 8µl SDS elution buffer added for 30 minutes at room temperature. 

Beads were again pelleted and eluent removed to a clean tube on ice before the addition of 

2µl Wes Master Mix. Samples were run on Wes with primary antibody dilution of 1:50. 

Where the saliva sample was incubated with pepstatin beads three times, beads were 

added at volumes of 6µl, 12µl or 18µl and incubated as described in Chapter 5.3.5. Following 

pelleting of the beads, supernatant was removed to a clean tube to which more beads were 

added at the aforementioned volumes and incubated again. The beads from the first 

incubation were mixed with 8µl SDS elution buffer for 30 minutes at room temperature 

before being pelleted by centrifugation, and the eluent removed to a clean tube on ice. The 

beads from the second incubation were pelleted and supernatant removed to a clean tube 

to which a third volume of beads were added at the aforementioned volumes and incubated 

for a third time. The beads from the second incubation were mixed with 8µl SDS elution 

buffer for 30 minutes at room temperature before being pelleted by centrifugation, and the 

eluent was pooled with the first eluent. The beads from the third incubation were treated as 

the first and second and the resulting eluent pooled with the first and second eluent. From 
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the 24µl of pooled eluent, 8µl was taken and mixed with 2µl Wes Master Mix and run on 

Wes with primary antibody dilution of 1:50. 
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Figure 5-16 Workflow for multiple bead incubation experiment 
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On the virtual blot, bands from single bead incubations generally appeared darker than 

those bands from multiple bead incubations (Figure 5-17A). When pepsin spiked saliva was 

incubated with 6µl beads, the peak area for single bead incubations (10825) was lower than 

the peak area for multiple bead incubations (19604) (Table 5-5). The converse was true for 

incubations using 12µl or 18µl beads, where single incubations produced higher peak areas 

than multiple bead incubations. However, the multiple bead incubations resulted in a larger 

percentage recovery. Although multiple incubations with 6µl produced the largest 

percentage recovery (9.3%) and produced the largest peak area, the signal to noise ratio 

(20.1) was lower than that of single incubations with 12µl (22.9) or 18µl (27.8) of beads. This 

is visually clear from the virtual blot which showed darker, better resolved bands for pepsin 

from single incubations with 12µl or 18µl of beads (Figure 5-17).  

Based on the larger peak area, percentage recovery and a good signal to noise ratio, a 

single incubation with 12µl pepstatin beads was selected for future experiments. 
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Table 5-5 Multiple incubations with pepstatin beads  
Peak Area S/N Percentage 

recovery 

Pepsin standard 
30ng/ml 

23681 67.7 
 

Pepsin standard 
20ng/ml 

13964 40.1 
 

6µl beads 10825 19.9 1.7% 

6µl beads x3 19604 20.1 9.3% 

12µl beads 14340 22.9 2.3% 

12µl beads x3 10096 12.9 4.8% 

18µl beads 14173 27.8 2.2% 

18µl beads x3 13513 14.4 6.4% 
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Figure 5-17 Multiple incubations with pepstatin beads 
Pepsin was spiked into saliva at 40ng/ml. Pepstatin beads were added at volumes shown and incubated for 30 minutes at room temperature. Beads were 
pelleted by centrifugation, supernatant removed, 8µl SDS elution buffer added to the beads and incubated for 30 minutes at room temperature. Beads were 
pelleted by centrifugation and eluent transferred to clean tube. Where beads were used three times (X3), supernatant from the first centrifugation was 
transferred to a clean tube, beads were added and incubation and elution was repeated. For repeated bead incubations, resulting eluent from each step was 
pooled. Eluent was run on Wes using Novus anti-pepsin antibody at dilution of 1:50. A standard curve of pepsin in saliva was run alongside samples. 

A) Virtual blot 
B) Electropherogram 
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5.4.3.3 Selecting a suitable elution buffer volume 

Although more pepsin may be eluted from beads using greater volumes of elution buffer, 

this may result in a less concentrated pepsin solution which might be more difficult to detect 

by Wes. The aim of this experiment was to determine the best volume of buffer to use to 

elute pepsin from the beads and produce a strong signal on Wes. 

Pepsin was spiked into saliva at 10ng/ml and split into 1ml aliquots. To each tube, 12µl 

pepstatin beads was added. Following incubation and pelleting, the supernatant was 

removed and SDS elution buffer added at volumes of 8µl, 16µl or 24µl and incubated for 30 

minutes at room temperature. Each volume was run three times. Beads were pelleted and 

eluent removed to a clean tube. From each tube, 8µl eluent was removed and mixed with 

2µl Wes Master Mix and run on Wes with primary antibody dilution of 1:50.  

On the virtual blot, bands for pepsin from beads eluted in 8µl or 16µl appeared darker 

than those bands for pepsin from beads eluted in 24µl (Figure 5-18A). This was reflected in 

the peak area of these bands, which were generally higher for pepsin from beads eluted in 

8µl or 16µl (Table 5-6). The mean percentage recovery of pepsin from beads eluted in 24µl 

(6.5%) was greater than that for pepsin from beads eluted in 8µl or 16µl. However, the best 

signal to noise ratio observed was for peaks for pepsin eluted in 16µl (Table 5-6). 

Thus, an elution volume between 16-24µl (20µl) was selected for all further experiments. 
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Table 5-6 Optimal elution buffer volume  

Peak 
Area S/N 

Percentage 
recovery 

Mean 
percentage 

recovery 

Pepsin standard 
50ng/ml 

23116 46.9 
  

Pepsin standard 
40ng/ml 

13770 31.8 
  

Elute in 8µl 

13272 14.9 2.3% 

2.6% 22084 22.3 3.8% 

10086 18.3 1.7% 

Elute in 16µl 

10021 17.4 3.4% 

5.5% 21102 23.7 7.2% 

16666 25.9 5.7% 

Elute in 24µl 

12033 14.5 6.2% 

6.5% 7357 17.1 3.8% 

18788 14 9.7% 
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Figure 5-18 Optimal elution buffer volume 
Pepsin was spiked into saliva at 10ng/ml and incubated with 12µl pepstatin beads for 30 
minutes at room temperature. Beads were pelleted by centrifugation, supernatant removed 
and SDS elution buffer added to beads at volumes shown. Buffer was incubated for 30 
minutes at room temperature. Beads were pelleted by centrifugation and supernatant 
transferred to a clean tube. Eluent was run on Wes using Novus anti-pepsin antibody at 
dilution of 1:50. A standard curve of pepsin in saliva was run alongside samples. 

A) Virtual blot 
B) Electropherogram 
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5.4.3.4 Selecting an appropriate elution temperature 

The aim of the following experiments was to determine if incubating elution buffer at 

higher temperatures would improve recovery of pepsin from pepstatin beads. Increasing 

temperature increases kinetic activity of molecules and thus may improve dissociation of 

pepsin from pepstatin.  

Pepstatin beads are made from agar which melts at approximately 85°C but agar will 

remain firm up to 65°C. With this in mind, the difference in elution at room temperature or 

at 65°C was tested. Pepsin was spiked in saliva at 10ng/ml and split into 1ml aliquots. To 

spiked saliva, 12µl beads were added and incubated. Following pelleting, supernatant was 

removed, 20µl SDS elution buffer was added and incubated for 30 minutes at room 

temperature or 10 minutes at 65°C. Following incubation, beads were pelleted and eluent 

removed to a clean tube. From each tube, 8µl eluent was removed and mixed with 2µl Wes 

Master Mix and run on Wes with primary antibody dilution of 1:50. 

On the virtual blot, darker bands appeared for pepsin from beads eluted at 65°C than 

beads eluted at room temperature (Figure 5-19A). The peak area, signal to noise ratio and 

percentage recovery were all higher when beads were eluted at 65°C (Table 5-7). 
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Table 5-7 Optimal elution temperature  
Peak 
Area 

S/N Percentage 
recovery 

Mean 
percentage 

recovery 

Pepsin standard 
40ng/ml 

35843 70.3   

Pepsin standard 
20ng/ml 

17682 27.1   

Room temperature 
elution 

18965 19.8 4.3% 

4.2% 22296 27.1 5.0% 

15121 19.6 3.4% 

65°C elution 

40209 55.1 9.0% 

7.8% 33421 36.7 7.5% 

30994 40.4 7.0% 
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Figure 5-19 Optimal elution temperature 
Pepsin-spiked saliva (10ng/ml) was incubated with 12µl pepstatin beads for 30 minutes at 
room temperature. Beads were pelleted by centrifugation, supernatant removed and 20µl 
SDS elution buffer was added to the beads for 30 minutes at room temperature or 10 
minutes at 65°C. Beads were pelleted by centrifugation and supernatant transferred to clean 
tube. Eluent was run on Wes using Novus anti-pepsin antibody at dilution of 1:50. A standard 
curve of pepsin in saliva was run alongside samples. 

A) Virtual blot  
B) Electropherogram  
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It was postulated that elution could be further improved by incubation at an even higher 

temperature. Beads were incubated at 95°C for 1 hour to test their stability and found to 

maintain structure. To further test the sensitivity of the method, a lower concentration of 

pepsin was used. 

Pepsin was spiked into saliva at 5ng/ml and split into 1ml aliquots. To spiked saliva, 12µl 

beads were added and incubated. Following pelleting, supernatant was removed, 20µl SDS 

elution buffer was added and incubated for 10 minutes at 65°C or at 95°C. Following 

incubation, beads were pelleted and eluent removed to a clean tube. From each tube, 8µl 

eluent was removed and mixed with 2µl Wes Master Mix and run on Wes with primary 

antibody dilution of 1:50. 

On the virtual blot, darker bands appeared for pepsin from beads eluted at 95°C than 

beads eluted at 65°C (Figure 5-20A). The peak area, signal to noise ratio and percentage 

recovery were all higher when beads were eluted at 95°C (Table 5-8). 

An elution temperature of 95°C was selected for all further experiments. 
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Table 5-8 Optimal elution temperature  

Peak 
Area S/N 

Percentage 
recovery 

Mean 
percentage 

recovery 

Pepsin standard 
20ng/ml 

12408 26.8   

Pepsin standard 
10ng/ml 

6689 17.1   

Elute at 65°C 

3985 12.6 2.5% 

2.4% 2403 7.3 1.5% 

5180 11.4 3.2% 

Elute at 95°C 

8110 15.3 5.0% 

6.2% 8131 14.5 5.1% 

13658 33.6 8.5% 
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Figure 5-20 Optimal elution temperature 
Pepsin-spiked saliva (5ng/ml) was incubated with 12µl pepstatin beads for 30 minutes at 
room temperature. Beads were pelleted by centrifugation, supernatant removed and 20µl 
SDS elution buffer was added to the beads for 10 minutes at 65°C or 95°C. Beads were 
pelleted by centrifugation and supernatant transferred to clean tube. Eluent was run on Wes 
using Novus anti-pepsin antibody at dilution of 1:50. A standard curve of pepsin in saliva was 
run alongside samples. 

A) Virtual blot  
B) Electropherogram 
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5.4.3.5 Optimising conditions for low concentrations of pepsin 

The assay protocol was further optimised using pepsin spiked in saliva at concentrations 

expected in BAL. In order to fine tune the protocol, different bead volumes, elution volumes 

and multiple incubations were tested again.  

Experiment 1: The aim of this experiment was to determine if a lower volume of beads 

and a lower elution volume would improve recovery of low concentrations of pepsin. Pepsin 

was spiked into saliva at 5ng/ml and split into 1ml aliquots. To spiked saliva, 12µl or 6µl beads 

were added and incubated. Following pelleting, supernatant was removed, and 20µl SDS 

elution buffer was added to tubes with 12µl beads. To tubes with 6µl beads, 10µl SDS elution 

buffer was added. Elution buffer was incubated at 95°C for 10 minutes, after which beads 

were pelleted and eluent removed to a clean tube. From each tube, 8µl eluent was removed 

and mixed with 2µl Wes Master Mix and run on Wes with primary antibody dilution of 1:50. 

To ensure the lower volume protocol also worked at a higher concentration, pepsin was 

spiked in saliva at 10ng/ml which was run through the above protocol using 6µl beads and 

10µl elution buffer. 

Where the start concentration was 5ng/ml, the virtual blot showed that bands were 

darker for pepsin eluted using 6µl beads/10µl elution buffer than those for pepsin eluted 

using 12µl beads/20µl elution buffer (Figure 5-21). Furthermore, the peak area and signal to 

noise ratios were generally higher when pepsin was eluted using 6µl beads/10µl elution 

buffer (Table 5-9). This smaller volume of beads and elution buffer also produced strong 

bands when a higher start concentration of 10ng/ml pepsin was used. 
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Table 5-9 Optimising conditions for small concentrations of pepsin expected in patient 
samples  

Peak 
Area S/N 

Percentage 
recovery 

Mean 
percentage 

recovery 

Pepsin standard 
40ng/ml 

10034 27.7  
 

Pepsin standard 
20ng/ml 

3222 10.4  
 

12µl beads eluted in 
20µl 

13446 1.9 24.3% 

12.0% 2813 5.7 5.1% 

3682 6.8 6.7% 

6µl beads eluted in 
10µl 

6313 6.7 5.7% 

5.8% 4441 13.9 4.0% 

8632 23.6 7.8% 

10ng/ml 6µl beads 
eluted in 10µl 

6302 14.9 2.8% 

4.1% 13076 25.1 5.9% 

8110 22.9 3.7% 
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Figure 5-21 Optimising conditions for small concentrations expected in patient samples 
Pepsin was spiked into saliva and pepstatin beads were added for 30 minutes at room 
temperature. Beads were pelleted by centrifugation, supernatant removed and SDS elution 
buffer was added to the beads for 10 minutes at 95°C. Beads were pelleted by centrifugation 
and supernatant transferred to clean tube. Eluent was run on Wes using Novus anti-pepsin 
antibody at dilution of 1:50. A standard curve of pepsin in saliva was run alongside samples. 

A) Virtual blot 
B) Electropherogram
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Experiment 2: The aim of this experiment was to determine if adding pepstatin beads 

multiple times to saliva spiked with a low concentration of pepsin would increase the 

recovery of pepsin and improve identification of pepsin by Wes. The experiment described 

in Chapter 5.4.3.2 was repeated using pepsin spiked in saliva at 5ng/ml and split into 1ml 

aliquots and the newly selected bead and elution buffer volumes (Figure 5-22). Briefly, 1ml 

pepsin-spiked saliva was incubated with 6µl pepstatin beads for 30 minutes at room 

temperature and eluted in 10µl SDS buffer for 10 minutes at 95°C once or three times. For 

multiple incubations eluent from each elution step was pooled. Finally, 8µl eluent was mixed 

with 2µl Wes Master Mix and run on Wes with primary antibody dilution of 1:50. 

The virtual blot bands for pepsin appeared darker from single incubation with beads than 

bands for pepsin from multiple bead incubations (Figure 5-23). Although percentage 

recovery was roughly similar for either single or multiple incubations, the peak area and 

signal to noise ratios were larger for pepsin bands from single incubations than with 

pepstatin beads (Table 5-10). 
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Figure 5-22 Workflow for multiple bead incubations with pepsin at low concentration 
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Table 5-10 Optimising conditions for small concentrations expected in patient samples   

Peak 
Area S/N 

Percentage 
recovery 

Mean 
percentage 

recovery 

Pepsin standard 
20ng/ml 

12408 26.8 

  

Pepsin standard 
10ng/ml 

6689 17.1 

  

Beads x1 

8110 15.3 5.0% 

6.2% 8131 14.5 5.1% 

13658 33.6 8.5% 

Beads x3 

4883 8.6 9.1% 

6.0% 3109 9.9 5.8% 

1651 3.6 3.1% 
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Figure 5-23 Optimising conditions for small concentrations expected in patient samples 
Pepsin-spiked saliva (5ng/ml) was incubated with 6µl pepstatin beads for 30 minutes at room 
temperature. Beads were pelleted by centrifugation, supernatant removed and 10µl SDS 
elution buffer was added to beads for 10 minutes at 95°C. Beads were pelleted by 
centrifugation and supernatant transferred to clean tube. Eluent was run on Wes using 
Novus anti-pepsin antibody at dilution of 1:50. A standard curve of pepsin in saliva was run 
alongside samples. 

A) Virtual blot 
B) Electropherogram 
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5.4.3.6 Testing optimised conditions on “pepsin positive” patient sample 

Based on the information gathered from the previous experiments a protocol was 

produced to use on a patient BAL sample which had previously been identified at pepsin 

positive by the mass spectrometry assay and the modified western blot assay. BAL from a 

healthy individual and BAL from a patient with cystic fibrosis (CF) were also run through the 

new protocol. A workflow of the protocol is presented in Figure 5-24. Briefly, the NaCl 

concentration of BAL samples was adjusted to 300mM before samples were incubated with 

6µl pepstatin beads for 30 minutes. Beads were pelleted by centrifugation and supernatant 

removed before beads were incubated with 10µl SDS elution buffer for 10 minutes at 95°C. 

Beads were pelleted by centrifugation, eluent removed to a fresh tube and mixed with Wes 

Master Mix before being run on Wes with primary antibody dilution of 1:50. 

On the virtual blot the pepsin standards appeared just above the 40kDa marker. There is 

no corresponding pepsin band visible in either the healthy control or pepsin-positive BAL 

sample lanes (Figure 5-25A). A very faint band is visible in the CF BAL lane, however, on 

inspection of the electropherogram (Figure 5-25B) there is only a very small peak at this 

molecular weight. On the virtual blot a large dark band appeared at 64kDa in the healthy 

control, CF and pepsin-positive BAL samples and a dark 50kDa band appears in the CF BAL 

lane (Figure 5-25A). A pepsin peak can be identified in each patient sample run and also in 

the blank, however, the area and importantly the signal to noise ratio of these peaks is very 

low (Table 5-11). 
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Figure 5-24 Workflow of finalised protocol 
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Table 5-11 Testing optimised conditions on “pepsin positive” patient sample 

Sample 
Peak 

Name 
Peak 
Area S/N 

MW 
(kDa) 

Pepsin standard 
20ng/ml 

Pepsin 11316 44.5 41 

Pepsin standard 
10ng/ml 

 378 3 35 

Pepsin 5706 11.4 41 

Blank 
 631 3.7 34 

Pepsin 543 4.2 43 

Healthy BAL 

 1287 5.2 34 

Pepsin 1157 3.8 37 
 15769 48.8 64 

CF BAL 

 4845 8.5 33 

Pepsin 2723 6.1 42 
 21028 59.5 50 
 31501 68.1 64 

Pepsin positive BAL 
 10124 9.1 32 

Pepsin 2844 1.7 40 

 
 



170 
 

 
Figure 5-25 Testing optimised conditions on “pepsin positive” patient sample 
The developed protocol was tested on a patient BAL sample which was pepsin positive by modified Western. The protocol was also used on BAL sample from 
a CF patient and a healthy patient. BAL samples were incubated with 6µl pepstatin beads for 30 minutes at room temperature. Beads were pelleted by 
centrifugation, supernatant removed and 10µl SDS elution buffer was added to the beads and incubated for 10 minutes at 95°C. Beads were pelleted by 
centrifugation and supernatant transferred to clean tube. Eluent was run on Wes using Novus anti-pepsin antibody at dilution of 1:50. A standard curve of 
pepsin in water was run alongside samples. HC BAL – healthy control BAL, CF BAL – cystic fibrosis BAL, P+ BAL – pepsin-positive BAL. 

A) Virtual blot 
B) Electropherogram 
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5.5 Discussion 

There is a clinical need for an accurate diagnostic test for reflux-aspiration which is both 

cost-effective and operator-friendly. Previously, attempts to validate a novel modified 

western blot assay were hampered by the discontinuation of the anti-pepsin antibody which 

had been used to develop the assay. In this chapter I have sought to select an appropriate 

replacement antibody and to develop and optimise an alternative novel assay for pepsin. A 

variety of commercially available anti-pepsin antibodies were tested for their specificity to 

pepsin and their sensitivity compared to the discontinued Abcam antibody. A Novus anti-

pepsin antibody was selected. However, its poor sensitivity compared to the Abcam antibody 

rendered it unsuitable for use with the modified western blot assay. The Wes capillary 

western system offers improved sensitivity over traditional westerns and it was felt that this 

system could be used to develop a novel pepsin assay. Despite good sensitivity for pepsin, 

the Wes system was unable to detect pepsin in patient BAL samples which had previously 

been identified as “pepsin positive”. Instead the Novus antibody bound non-specifically to a 

range of other proteins in the BAL samples. To counteract this issue, I investigated whether 

pepstatin beads could be used to isolate pepsin from BAL for identification on the Wes 

system. A protocol for isolating pepsin from BAL using pepstatin beads was optimised and 

tested on patient samples. Unfortunately, pepsin was not identified in patient BAL at an 

acceptable level. 
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Figure 5-26 Assay development aims and conclusions 
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Of the antibodies selected for testing, two were described as anti-pepsinogen antibodies, 

Protein Tech and R&D. To ensure that these antibodies would also bind active pepsin protein, 

they were incubated on blots containing pepsinogen and pepsin. Both antibodies bound to 

pepsinogen but only the Protein Tech antibody bound pepsin. The R&D antibody is a 

monoclonal antibody which recognises a single epitope of pepsin whereas the Protein Tech 

antibody is a polyclonal antibody which recognises multiple pepsin epitopes (Figure 5-4). It 

is likely that the R&D antibody recognises an epitope on the N-terminal polypeptide of 

pepsinogen which is cleaved during activation to pepsin. Ultimately the Novus antibody was 

chosen for future experiments as it bound to both pepsinogen and pepsin and produced a 

darker band than the Protein Tech antibody.  

I found that the Novus antibody was considerably less sensitive than the discontinued 

Abcam antibody. Indeed, when the Abcam antibody was used to detect pepsin in CF BAL, 

bands could be observed at molecular weights below pepsin (Figure 5-5A). These could be 

breakdown products from the digestion of pepsin in CF BAL, a purulent secretion known to 

contain many proteolytic enzymes which could cleave pepsin. Importantly, when probing for 

pepsin in CF BAL only a very faint band could be detected at 15ng/ml with the Novus antibody 

(Figure 5-5) whereas the Abcam antibody has previously been shown to detect pepsin at 

concentrations as low as 1ng/ml in patient BAL.  

Due to the poor sensitivity of the Novus antibody, the decision was taken to develop a 

new assay using the Wes system. All antibodies were again tested for sensitivity and 

specificity. Interestingly, because all antibodies were diluted 1:50 following Wes 

recommendations rather than the recommended dilutions on antibody datasheets, the 

Protein Tech antibody produced greater chemiluminescence than the Novus antibody. 

However, by spiking pepsin into a biological fluid such as saliva we were able to better 

observe that the Novus antibody had greater specificity than the Protein Tech antibody 
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(Figure 5-6, 5-7). The Protein Tech antibody produced multiple other peaks of heights greater 

than the pepsin peak compared to the single extra peak which was lower than the pepsin 

peak produced by the Novus antibody. For this reason, the Novus antibody and not the 

Protein Tech antibody was chosen to proceed. 

When the sensitivity of the Novus antibody was tested using the Wes technique (Figure 

5-8 – 5-10), it produced similar results to the sensitivity observed on the modified western 

blot (Figure 5-5). When pepsin was spiked into saliva and BAL, much more non-specific 

binding was observed. It is possible that the band produced at 66kDa was due to non-specific 

binding of the primary or secondary antibody to albumin which would likely be present in CF 

BAL. Interestingly, a very faint band for pepsin was observed in the BAL alone capillary, 

suggesting that this sample may contain some pepsin and implying that if the methodology 

can be optimised, Wes may be able to detect pepsin in BAL samples from patients suspected 

of aspirating.  

Once an appropriate antibody dilution factor had been selected, patient samples were 

run on Wes with the Novus antibody. No pepsin bands were observed in the virtual blot for 

those samples which had previously been designated “pepsin positive”. A band appeared at 

around 66kDa in most patient BAL samples, likely to be albumin, a common protein found in 

upper and lower respiratory secretions. A 52kDa band was observed in one “pepsin negative” 

sample and two “pepsin positive” samples, which had been taken from patients intubated 

on PICU at a time of respiratory exacerbation. Based on information from the modified 

western blot assay, pepsin was calculated to be at concentrations as low as 5ng/ml in these 

samples. It is possible that this was below the detection limit of the Novus antibody. 

Additionally the pepsin signal may have been lost in the “noise” caused by non-specific 

binding to other proteins such as albumin, which has been recorded to be around 900µg/ml 

in saliva [137]. Either way, using the Wes system to detect pepsin in BAL presents the same 
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problems that have been identified in pepsin assays using traditional western blotting 

methods, namely the non-specific binding of anti-pepsin antibodies to other proteins present 

in the BAL (Chapter 1.4.2.3, Figure 1-7). 

It was thought that the aforementioned issues could be overcome by purifying and 

concentrating pepsin from BAL. In this way pepsin would be easier to identify and the 

increased concentration would enhance signal and other proteins would be removed, 

preventing non-specific binding. Pepstatin beads had successfully been used to isolate pepsin 

for the mass spectrometry assay so this appeared an attractive method to utilise. Similarly, 

the advantages of an automated process made the Wes an attractive method to continue 

developing. As conditions for binding pepsin to pepstatin beads had been previously 

optimised, my efforts at optimising pepstatin beads for use with Wes concentrated on the 

elution step of the affinity chromatography process. When used for the mass spectrometry 

assay, pepsin was digested straight from the pepstatin beads. For use with Wes, pepsin had 

to be eluted as a whole protein from the beads.  

The composition of the buffer used to elute pepsin from the beads had to be compatible 

with the Wes system. A homemade 2% SDS elution buffer was tested for its ability to elute 

pepsin from pepstatin beads and for its compatibility with the Wes system. Wes Master Mix 

was also tested as it contained both SDS and DTT which would dissociate pepsin from 

pepstatin and denature it. The homemade buffer was compatible with Wes and eluted more 

pepsin from beads than the Master Mix. It is likely that this was due to the greater 

concentration of SDS in the homemade buffer. 

It was hypothesised that multiple bead incubations would improve the recovery of pepsin 

from biological samples. While this was true and often resulted in an improved percentage 

recovery value (Table 5-5 and Table 5-10), multiple bead incubations did not improve the 

identification of pepsin on Wes. Although more pepsin was eluted from the multiple bead 
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incubations, it was eluted into larger volumes than pepsin eluted from a single incubation 

and therefore the concentration of pepsin in the eluent was reduced. As Wes measures only 

small sample volume of the total eluent the concentration of that eluent is important. Having 

less pepsin in a smaller volume is more important than having more pepsin but in a bigger 

volume. It was for this same reason that elution volume was selected on the basis of peak 

area rather than percentage recovery. 

Throughout the course of this assay development, the percentage recovery of pepsin 

improved. Although this was mostly due to improvements in the assay protocol, the effect 

of the operator becoming more practiced with the technique will have contributed to the 

improved percentage recovery. Although this assay is certainly simpler to operate than the 

mass spectrometry assay, this highlights that operator ability still may have a considerable 

effect on assay success. 

Based on the poor percentage recovery values from the pepstatin bead protocol, it was 

felt that a large volume (2ml) of BAL would be necessary to pick up a positive pepsin signal. 

The finalised protocol was tested on only one pepsin positive BAL sample because of the 

large volume of BAL required. In all BAL samples used a band was observed at around 64kDa 

as had been observed in elutions from pepsin-spiked saliva. It is likely that this band was 

caused by non-specific binding of the primary antibody to albumin in the BAL.  

Only in the CF BAL sample did a band appear at 50kDa (Figure 5-25). Cathepsin D is an 

aspartic protease which can also bind to pepstatin and is often observed in BAL and saliva 

from patients with CF [100,135,138]. Despite having a predicted molecular weight of 45kDa, 

cathepsin D does sometimes appear on western blots around the 48kDa marker. Although 

this is merely speculation, it does raise a question about the potential use of a pepstatin 

based assay to diagnose reflux-aspiration in patients with CF. 
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Unfortunately, the assay developed in this chapter failed to identify pepsin in a previously 

designated pepsin positive BAL sample. Although a peak with an area of around 2844 was 

observed in the pepsin positive BAL lane, it had a paltry signal to noise ratio of 1.7 and so 

could it could not be said with much confidence that this peak was pepsin (Table 5-11). 

On reflection, a major issue for the pepstatin bead/Wes assay was the increased 

appearance of dark bands around 66kDa which may have drowned out any signal from 

pepsin. This band likely occurred because beads were not washed after incubation in saliva 

or BAL. It would be interesting to observe if a thorough wash step could remove these non-

specific bands.  

The combination of pepstatin beads and the Wes system was problematic, not least 

because of the restrictions of the elution buffer composition and volume. Increasing the 

elution buffer and using multiple bead incubations improved the percentage recovery of 

pepsin. Had a follow-up technique such as traditional western blotting been used to identify 

pepsin immunologically, a larger volume of eluent could have been assayed making pepsin 

more easily identifiable. Indeed, using pepstatin bead purification followed by SDS-PAGE and 

western blotting could have potential as an assay for pepsin. Using just such a method, all 

the pepstatin beads incubated in a BAL sample could be loaded onto a polyacrylamide gel. 

Thus any bead-bound pepsin would be concentrated on the gel. In this way pepsin could be 

identified by pepstatin binding, molecular weight and antibody binding. 

Ultimately, all the assays described in this chapter are attempts to circumvent the issue 

of poor antibody specificity for pepsin. Generating a highly specific anti-pepsin antibody may 

be the best solution for developing a robust clinical test for reflux-aspiration. 
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6. Chapter 6 – General Discussion 

Reflux aspiration, occurring as chronic microaspiration of aerosolised gastric contents, is 

implicated in a number of respiratory pathologies and is strongly linked with respiratory 

morbidity and mortality in children with severe neurodisability [22]. Reflux aspiration is often 

associated with gastro-oesophageal reflux disease (GORD), a co-morbidity reported in up to 

75% of children with severe neurodisability [23-25]. The increased risk of respiratory 

infections in children with severe neurodisability has been in part attributed to reflux 

aspiration, and airway inflammation and remodelling has been reported in children at high 

risk of reflux aspiration [10,20,27]. Treatment for reflux aspiration is generally aimed at 

preventing reflux. Proton pump inhibitors (PPIs) are the most widely prescribed 

pharmacological intervention however there is mounting evidence that PPIs do not 

effectively prevent reflux and subsequent aspiration [93]. Where medical interventions fail, 

patients may undergo surgical interventions such as Nissen fundoplication, a procedure 

increasingly recommended for lung transplant patients and children with severe 

neurodisability [115,117]. Determining which patients require these interventions and 

evaluating their efficacy in preventing aspiration of refluxate is limited by the lack of a specific 

and sensitive objective test for reflux aspiration. Diagnosis of reflux aspiration is currently 

made on combined evidence from both clinical and laboratory assessments. Although novel 

diagnostic tests have been developed in the past decade none have come into widespread 

use, likely due to limitations in specificity. The aims of this thesis were, to examine the 

pathogenesis of reflux aspiration by 1) investigating the effects of weakly acidic pH on airway 

epithelial cells (AECs), and 2) investigating the effects dilute gastric juice on AECs. An 

additional aim 3) was to develop a technically simple diagnostic test for reflux aspiration 

using pepsin as a biomarker.  
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The first specific aim of this thesis was to examine the effects of weakly acidic pH on 

airway epithelial cells (AECs). As detailed in Chapter 1.3 previous studies have described 

increased inflammation when airways were exposed to very low pH (pH<3). Whilst 

investigations of milder pH alterations have conflicting results depending on cell type – 

decreased TNF-α secretion by macrophages compared to increased IL-6 expression 

associated with airway smooth muscle cells (ASMCs). The experiments described in Chapter 

3 show that weakly acidic pH (pH6.5 – 5.5) treatment of AEC does not induce an 

inflammatory response, as measured by IL-6 and IL-8 production.  

In investigating if the response of AECs was more similar to macrophages than ASCMs, I 

tested how the response of AECs to simulation with bacterial LPS was affected by pH using 

weakly acid conditions. The results (Chapter 3.4.2) showed that at low pH there is a decrease 

in inflammatory cytokine expression. This is not due to intracellular cytokine retention, as 

had been observed in macrophages [74-76,124-126]. This decrease in expression of IL-6 and 

IL-8 was also observed when cells were either stimulated at low ph or “shock treated” in 

weakly acidic media prior to LPS stimulation at ph7.4. This shows not only that lower pH 

conditions (pH5.5.-6.5) affect the response to stimulation with this common bacterial 

product but also that prior exposure has a longer term effect on the AEC response to 

pathogen exposure.  

Airway inflammation is often reported in patients at high risk of reflux aspiration and it 

has been suggested that this may be, in part, due to a reduction in airway pH. Results from 

Chapter 3 suggest that a mild reduction in airway pH may not directly cause this 

inflammation. In fact, it may be the case that airway inflammation in patients with reflux 

aspiration is caused indirectly by predisposing the airways to infection. Indeed, patients at 

high risk of reflux aspiration are known to be vulnerable to repeated respiratory tract 

infections, which in itself would cause inflammation [10]. There is mounting evidence to 
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support the hypothesis that reflux aspiration and subsequent lowering of airway pH 

predisposes to infection by dampening innate immune responses. A recent study by Pezzulo 

et al. found that reduced airway pH attenuates the killing activity of antimicrobial peptides 

[130]; numerous papers have shown that weakly acidic pH inhibits secretion of inflammatory 

cytokines from alveolar macrophages [74-76,124-126]; and my work in Chapter 3 shows 

reduced inflammatory responses from AECs at weakly acidic pH. This disruption of innate 

immune responses when combined with evidence that reduced pH also increases mucus 

viscosity and impairs ciliary beat, may explain why chronic reflux aspiration results in 

repeated respiratory tract infection (Figure 6-1). 
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Figure 6-1 Potential pathway of airway pathology in reflux aspiration 
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In Chapter 3 I developed an experimental model to mimic the fluctuating pH of the 

airways following reflux aspiration events. As covered in Chapter 1.3.1, studies measuring 

airway pH in patients likely to have reflux aspiration report highly variable results, although 

these are often within a consistent range. These pH measurements capture only a snapshot 

of the airway pH at the time of measurement and it is likely that airway pH fluctuates. As 

discussed in Chapter 3.5, it is likely that the airway epithelium buffers the pH as each 

aspiration episode reduces airway pH; this buffering is partially due to the production of 

mucus by goblet epithelial cells and is an aspect of the effects of acid exposure that could 

only be examined in vitro using air-liquid interface (ALI) culture. In the absence of an ALI 

culture system, my model provides as good a physiologically relevant scenario as can be 

achieved with monolayer culture. Furthermore, monolayer cultures are relatively 

inexpensive, easy to culture and quick to set up, thus they have allowed for the effects of 

multiple pH conditions to be examined rapidly and the outcomes to be measured by multiple 

methods. Should this work be repeated, it may be more practical to measure multiple 

cytokines using a multiplex assay to fully evaluate the inflammatory responses of AECs to 

acid exposure. 

The model described in Chapter 3 was further utilised to address the second specific aim 

of this thesis, to determine the inflammatory and fibrogenic effects of chronic gastric juice 

exposure on AECs (Chapter 4). There has been much work previously published reporting the 

pro-inflammatory and pro-fibrotic effects of individual components of gastric juice, including 

pepsin and bile acids, on airway and hypopharyngeal epithelium. Studies exposing AECs to 

dilute gastric juice also report increased expression of IL-8. However, exposure was only for 

short time point (24h) and did not examine the effects of chronic exposure, as would occur 

in vivo. As described in Chapter 4, I evaluated the suitability of an experimental model for 

investigating effects of chronic exposure to dilute gastric juice. Two hypotheses were tested 
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1) that repeated gastric juice exposure causes inflammatory response from AECs, and 2) that 

repeated gastric juice exposure causes fibrosis through epithelial-mesenchymal transition 

(EMT). The results in Chapter 4 show that repeated exposure to dilute gastric juice causes 

increased expression of the inflammatory cytokines, IL-6 and IL-8 by AECs in a dose-

dependent and time-dependent manner. Repeated exposure to gastric juice did not induce 

expression of TGF-β, nor did it induce EMT, as measured by expression of cell phenotype 

markers E-cadherin, Vimentin and Fibronectin.  

The work presented in Chapter 4 highlights a number of ways in which this experimental 

model could be improved to provide more reliable data. It is apparent that using an ALI 

culture system is key to developing a physiologically relevant in vitro model of reflux 

aspiration. Moreover, Chapter 4 highlighted that the way in which gastric juice is processed 

and prepared can have important impacts on the outcomes of such exposure experiments. 

Indeed, in experiments where gastric juice is filtered and diluted prior to administration, a 

lesser inflammatory effect is reported. Unfortunately, in this instance, collecting a second 

gastric juice sample was not possible as the donor had begun a PPI treatment course. In 

bringing this work forward, it would be interesting to collect gastric juice samples from 

multiple individuals, as was done by Mertens et al. and Pauwels et al. [29,79], and examine 

the effects of chronic exposure to dilute gastric juice on primary paediatric AECs grown in an 

ALI culture system. In individuals who are aspirating small volumes of aerosolised gastric 

juice, the airways are less likely to be exposed to large food particulate or gastric mucus thus 

it would still be physiologically relevant to strain gastric juice prior to administration. It would 

however be interesting to examine the differences in response by AECs to “strained” and 

“unstrained” gastric juice.  

The use of PPIs for treatment of reflux aspiration is widespread however a number of in 

vitro studies, and the data presented in Chapter 3 and Chapter 4 of this thesis suggest that 
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PPI treatment may not be best course of action for preventing respiratory injury following 

gastric reflux. Mertens et al. examined the differences in response to gastric juice from 

patients “on” and “off” PPI therapy. They found that gastric juice from patients “on” PPI 

therapy induced a greater inflammatory response from AECs and concluded that this was 

likely due to the significantly higher endotoxin content in this gastric juice compared with 

gastric juice from patients “off” PPI treatment [79]. Increasing gastric pH is known to cause 

bacterial overgrowth in the stomach which would explain the observed increased endotoxin 

concentrations [139]. In Chapter 3, I show that weakly acidic pH does not induce 

inflammation in AECs and in Chapter 4 that gastric juice buffered to pH7.4, by dilution in cell 

growth media, still induces IL-6 and IL-8 expression.  

In reducing the acidity of gastric contents, PPIs are effective at reducing symptoms of GOR, 

however, they do not necessarily reduce reflux itself and consequently cannot prevent 

aspiration of refluxate. Worryingly, by reducing acidity and therefore masking symptoms of 

GOR, PPIs may contribute to occult reflux aspiration thus worsening respiratory damage. 

Indeed, a third of Dr Trinick’s cohort were on PPI therapy and many still had respiratory 

symptoms [92]. Interestingly, a report by Raghu et al. found that 63% of IPF patients on PPI 

treatment for GOR, still had acid reflux, indicating that we cannot always be sure that PPI 

treatment does prevent acidity of reflux [140]. This is particularly concerning in the case of 

children with severe neurodisability who cannot report GOR symptoms and in whom GOR 

may be “silent”. 

Despite these concerns surrounding the effects of PPI treatment on gastric juice and the 

consequences for reflux aspiration, there are numerous reports that PPI therapy causes 

stabilized or improved lung function in patients with reflux aspiration [141-143]. These 

improvements in respiratory health may not be solely due to the increase in gastric pH but 

rather the effects of PPIs on AECs themselves. PPIs are systemic drugs, absorbed in the gut 
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and delivered to the parietal cells of the gastric lumen through the blood, thus the drug can 

also be delivered to cells of other organs including the epithelial cells of the airways. A recent 

study by Ghebremariam et al. found that the PPI esomeprazole could inhibit the transcription 

of pro-inflammatory cytokines, including TNF-α and IL-6, in bleomycin treated AECs. It also 

increased cytoprotective transcripts such as heme-oxygenase-1 [144]. PPIs were also found 

to decrease proliferation of airway fibroblasts and reduce expression of ECM proteins. This 

study highlights that when investigating the use of PPIs in reflux aspiration in vitro, we should 

consider not just the effect of the drug on the aspirated gastric contents but also on the 

airway epithelium. Considering the in vitro work by Mertens et al. and Ghebremarmiam et 

al. and the observation that PPIs don’t always increase reflux pH [140], it would be 

interesting to examine how PPI treated AECs respond to gastric juice from patients “on” and 

“off” PPI therapy, using the chronic exposure model used in Chapter 4. This work would be 

of particular relevance because the reduced inflammatory response caused by PPIs may not 

always be beneficial. In a scenario where PPIs increase gastric pH and lead to bacterial 

overgrowth, and PPIs also reduce the inflammatory response from AECs, aspirated gastric 

juice containing bacteria could lead to airway colonisation and infection resulting in airway 

damage or pneumonia. 

More recently, azithromycin (AZI) has been suggested as a potential treatment for 

patients at risk of reflux aspiration. AZI is a macrolide antibiotic which has both pro-kinetic 

activities (quickens gastric emptying) and broad anti-inflammatory effects. Low doses of AZI 

can reduce LPS-induced cytokine expression by AECs and has been shown to be effective in 

reducing GOR and improving lung function in lung transplant patients [145-147]. A clinical 

trial of low-dose AZI treatment in children with severe neurodisability is due to start at Alder 

Hey Children’s Hospital shortly with respiratory symptoms being measured as a primary 

outcome (Prof Paul McNamara, personal communication). It would be interesting to study 
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the effects of AZI on AECs in response to chronic gastric juice exposure using similar 

methodology to the above suggested PPI experiments.  

The exposure experiments proposed above would be both costly and labour intensive, in 

terms of patient sample collection and ALI culture maintenance. Thus to gain as much 

information as possible from these experiments it would be advisable to use multiplex assay 

panels for markers of inflammation and fibrosis. Furthermore, a cDNA microarray assay 

would allow for the analysis of multiple gene expression changes in airway epithelium in 

response to both gastric juice and drug treatments such as PPIs and AZI. This kind of analysis 

would allow for better understanding of the biochemical pathways at play in the airways of 

patients with reflux aspiration and could also provide information on potential therapeutic 

targets. 

Until an effective pharmacological treatment for reflux aspiration is established, surgical 

treatment options, which are effective in suppressing both acidic and non-acidic reflux, may 

remain the most popular intervention of choice for clinicians [115,148]. However even 

laparoscopic surgeries, such as gastrostomy-fundoplication carry risk, especially for children 

with severe neurodisability, and therefore determining which patients require surgery 

should be carefully considered. This selection is often challenging, not least because of the 

lack of a specific and sensitive objective test for reflux aspiration. Hopefully, this clinical need 

can be addressed by the newly developed mass spectrometry based assay for reflux 

aspiration but widespread use of this kind of diagnostic test may be limited by cost and 

requirement for a skilled operator (Chapter 1.4). Furthermore, there is a paucity of studies 

evaluating the effectiveness of pharmacological and surgical interventions for reflux 

aspiration. This need could be addressed by development of a relatively cheap and easy-to-

use test which would be sensitive, specific and quantitative. The third aim of this thesis was 

to develop such a technically simple diagnostic test for reflux aspiration using pepsin as a 
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biomarker. Pepsin can be considered a good biomarker due to its specific production in 

gastric juice however its sequence similarity to other aspartic proteases, particularly those 

which may be highly expressed in inflamed airways, makes this challenging to measure using 

antibody based techniques. Furthermore, the low concentrations of pepsin expected in 

bronchoalveolar lavage fluid (BAL) from patients with reflux aspiration mean that any assay 

to measure pepsin requires a high level of sensitivity. 

In the work described in Chapter 5, I aimed to develop an antibody based assay for pepsin 

using the Wes capillary western system. The Wes system provides higher sensitivity than 

traditional Western blots as it eliminates protein loss during the transfer step and requires 

less sample for a positive signal. Additionally, Wes is an automated system which would 

transfer well into clinical use. The assay developed in Chapter 5 was ultimately unsuccessful 

at detecting pepsin in patient BAL, however pepsin could still be detected at very low 

concentrations in saliva and the development process outlined in this chapter highlighted a 

number of key areas which could be improved for further assay development. 

As an immunoassay, Wes still relies on antibodies to identify proteins of interest. As was 

demonstrated in Chapter 5.4.2, it is therefore vulnerable to the same issues of non-specific 

antibody binding as other antibody based pepsin assays (Chapter 1.4). In an effort to enhance 

the specificity and sensitivity of the assay I aimed to affinity purify pepsin using pepstatin 

beads. Pepstatin is a specific inhibitor of pepsin which binds pepsin with high affinity and 

these beads had previously been used in the mass spectrometry based assay for identifying 

pepsin. In the mass spectrometry assay, pepsin had been digested directly from the pepstatin 

beads however for use with Wes system, it was necessary to remove pepsin from pepstatin. 

Disrupting the bond between protease and inhibitor proved difficult and the elution step 

became a major issue in developing the pepstatin beads-Wes assay. In Chapter 5, efforts 

were made to elute pepsin from the beads using an SDS buffer, similar in composition to that 
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used for preparing protein samples for SDS-Polyacrylamide Gel Electrophoresis (PAGE). In 

my own experience and the experience of other users, pepsin will elute when incubated in 

SDS buffer for SDS-PAGE, therefore I felt that the buffer would be ideal for removing pepsin. 

Unfortunately, at the time, I had not considered that when used in these circumstances, the 

beads were loaded onto the polyacrylamide gel in the buffer. In this way dissociation of 

pepsin from pepstatin may have been aided by the electrophoretic force placed on any 

pepsin still bound on the beads, thus more pepsin could be recovered from the beads. For 

this reason, it may be worth exploring the use of pepstatin beads and traditional western 

blotting for further assay development. 

The major issue surrounding development of a good assay for reflux aspiration which uses 

pepsin as a biomarker is the poor availability of specific antibodies to pepsin. The anti-pepsin 

antibodies used in the Queen’s ELISA, the Newcastle ELISA, and indeed those used in Dr 

Trinick’s and this thesis are polyclonal antibodies [92,106-108]. Polyclonal antibodies are 

generated by injecting a target protein or peptide sequence into an animal, typically a rabbit 

or mouse. This target is an antigen which in binding B cells, activates them causing clonal 

expansion and production of antibodies against the foreign target. The resultant antibodies 

can be collected and purified from the animal’s serum. As the target antigen can bind 

multiple B cells a mixture of antibodies can be produced from different B cell clones against 

different epitopes of the antigen. Thus polyclonal antibodies have multiple antigen 

specificities which increases the likelihood of non-specific binding. Moreover, polyclonal 

antibodies are more likely to suffer from batch to batch variation as immunising an animal 

twice, even the same animal, will not result the same variety of antibodies being produced. 

Interestingly, this reproducibility issue could shed light of Dr Trinick’s variable findings when 

examining the Queen’s and Newcastle ELISAs (Chapter 1.4.2.3). Having repeated these 

assays a number of years after the other groups it is highly unlikely that the antibodies used 

would have had the same clonality, even if purchased from the same supplier. 
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A monoclonal antibody may hold the key to developing a specific pepsin assay, although 

at the time of assay development there were few anti-pepsin monoclonal antibodies 

commercially available and fewer still which could be purchased in small quantities for 

testing. Monoclonal antibodies have single antigen specificity and are produced by 

hybridomas – a cell line generated by the fusing of an “immortal” cancer cell and a single 

clone antibody-producing B cell. Unfortunately, longevity of these antibodies cannot always 

be guaranteed as the hybridoma may be lost due to cell death following multiple culture 

passages, or failures to grow following thawing from frozen stocks. 

The biomedical field has been hit in recent years with a reproducibility crisis as highlighted 

in a recent comment in the journal Nature co-signed by over 100 researchers [149]. The lead 

authors pointed to the fact that antibodies sold for research are not as well validated or 

characterised as those used for clinical therapeutics and this lack of quality control has led 

to the large number of contradictory studies in the literature. With this in mind, and in using 

pepsin as a biomarker, for future assay development it may be best to generate a monoclonal 

antibody “in house”. Hyperimmunisation of the host animal, through repeated antigen 

exposure, before harvesting would drive selection of high affinity somatically mutated B cells 

which could be used for hybridoma generation. Furthermore, following suggestions from the 

Nature article, in order to ensure the longevity and reproducibility of the assay, the 

generation of recombinant antibodies – engineering DNA plasmids containing the antibody 

sequence and thus immortalising antibody specificity – would be advisable. Importantly, this 

should be attempted following thorough validation and characterisation of the “in house” 

monoclonal antibody. 

Another option for developing an assay for reflux aspiration would be to select an 

alternative marker to pepsin. As covered in Chapter 1.4, pepsin is thought to be the best 

biomarker candidate due to its high abundance in gastric juice and its specific expression by 



190 
 

gastric epithelium however as observed in Chapter 5 and detailed above, it’s sequence 

similarity with other BAL proteins is troublesome. It would add strength to a diagnostic assay 

to use a panel of biomarkers, rather than one, pepsin, alone. Other candidate biomarkers 

could be identified by running proteomic analysis of multiple gastric juice samples, selecting 

the most abundant proteins to develop a multiplex panel assay. Important issues to consider 

when carrying out such a discovery run would be, not just the number of gastric juice samples 

required, but also the timing of collection and the pharmacological background of the 

donors. As has been highlighted above, many of the patients for whom this assay would be 

used, may be taking a variety of pharmacological treatments for reflux that may affect the 

constituents of their gastric juice. 

Final conclusions 

This thesis aimed to examine the pathogenesis of reflux aspiration in the context of 

chronic microaspiration, and aimed to develop a technically simple diagnostic test for reflux 

aspiration using pepsin as a biomarker. In Chapter 3, I found that a weakly acidic environment 

does not induce inflammation in airway epithelial cells and rather decreases inflammatory 

responses to bacterial endotoxin stimulus from these cells. In Chapter 4, I found that chronic 

exposure to dilute gastric juice does induce expression of inflammatory cytokines but does 

not induce fibrosis through EMT. These results showed that reduction in airway pH does not 

directly cause airway inflammation. Furthermore, they contribute to a body of in vitro 

evidence which questions the targeting of refluxate acidity through PPI therapy as a 

treatment for reflux aspiration. This discussion highlights the need for prospective studies 

into the use of PPIs and other drugs as treatments for reflux aspiration which use respiratory 

symptoms as a primary outcome measure. 

In Chapter 5, I aimed to develop an easy to use method of measuring pepsin for the 

diagnosis of reflux aspiration. The work in this chapter highlighted the issues around the 
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specificity of commercial antibodies and their reproducibility – a problem which is becoming 

more prevalent in research. Further work needs to be carried out to develop a simple, 

relatively inexpensive, and objective method of diagnosing reflux aspiration. Such a test 

could profoundly affect the way in which patients at risk of reflux aspiration are treated, by 

both enabling better selection of which patients receive what treatment, and allowing for 

wide-spread evaluation of the efficacy of both current and future treatments.  
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Appendix 1 – Published work from this thesis  
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